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Thesis abstract

The present dissertation presents the doctoral weskeloped during the last three years at the
University of Regensburg (UR, Regensburg, Germamy) at the Istituto Italiano di Tecnologia (IIT,
Genoa, ltaly). The work was focused on the develwpmand characterization of magnetic
nanoparticles for different applications, resultinghree main projects discussed herein. Thetfivet
were developed at the UR whereas the last one avésa out at the IIT.

The first chapter deals with the stabilization efrlmn-coated cobalt nanoparticles (CoAf,via
surface engineering in order to avoid their aggl@men in solution. In particular, different type$
surface coatings were applied to these magnetiopaaticles (MNPs) and their effect on the magnetic
properties of the materials was evaluated. Silmat@d Co/C nanoparticles (Co/C@gi@) were
successfully synthesized, revealing good dispersiodifferent solvents without compromising the
high saturation magnetization @which was kept at 140 emu.grhe inorganic silica shell offers a
new platform for further functionalization or ingmration of other molecules of interest e.g. metal
catalysts. In addition, polyethyleneimine (PEI)fgrey on the nanoparticles by direct polymerization
of aziridine resulted in remarkably stable nanaplas (Co/C-PEI, 14), which showed good
dispersibility in aqueous solutions even over mentifi incubation. This fact is attributed to the
significantly high loading of hydrophilic amino naties which results in a Mlecrease to 39 emit.g
Nevertheless, the MNPs could still be collectedanyexternal magnet in less than a minute. The
combined functionalization of Co/C nanoparticlesngssilica and PEI was also studied. For this
purpose, a silica shell was first developed and fiaectionalized by aziridine polymerization. The
resulting MNPs (Co/C@SIEPEI, 15) showed quite good dispersion in both aqueous agenic
solutions, revealing a Mcomparable to Co/C-PEI. Having a multitude of stefgoatings available
enlarges the number potential applications give€a®C nanoparticles e.g. as supports for catalysis,
reagent scavengers and for bioremediation. Moredlersurprising stability of Co/C-PEI dispersions
in water might as well allow their application dretbiotechnological field.

In the second chapter the ability of Co/C nanopladi to remove mercury ions from water was
explored. Especially Co/C-PEN4) nanoparticles showed high efficiency to remove®*Hgpm
contaminated water samples, even in the presenceowipetitive metal ions. These magnetic
nanoparticles showed a high extraction capacitypayed to other reported studies, accompanied by a
selectivity character that favors the extraction tokic mercury over other ions at relevant
concentrations. Furthermore, no cobalt leachinddcba observed and when using Co/C-PEI and the
MNPs could be reused for at least six consecutyetes. Moreover, the scale up of the process was
effectively proved by the decontamination pg.L* Hg®) of 20 L of drinking water, containing
30 pg.Lt Hg™, using just 60 mg of Co/C-PEI nanoparticles.



The third chapter discusses the preparation ohlsl@tmagnetic nanocarriers for small interfering
RNA (siRNA) delivery into living cells. It elucidas the functionalization of water soluble magnetic
nanocubes (NCs) with positively charged polymersstdbsequent electrostatic binding of negatively-
charged siRNA molecules and thairvitro evaluation. Two different approaches were followEde
first one consisted on the development of a polyowating on the surface of manganese ferrite
nanocubes, followed by functionalization of theypogric shell with N'N’-dimethylethylenediamine
(DMEDA) and polyethylene glycol molecules (catiomim-cubes,22). In the second approach iron
oxide nanocubes were functionalized with a copolyroé (dimethlyamino)ethyl methacrylate
(DMAEMA) and oligoethylene glycol methyl ether mathylate (OEGMEMA) (cationic IONC£5),
which revealed even higher surface charge. Thearefoationic IONCs 25) proved to be more
efficient for loading, protecting and deliveringetlsiRNA while limiting the non-specific protein
adsorption. In addition, no cytotoxic effects wdetected, proving the potential of this nanocaifioer
their usage in biological systems. At the lateagstof this work the efficiency of the nanocarriters
deliver the siRNA into living cells was assessedniyasuring the expression of green fluorescent
protein (GFP). Cationic IONC5) carrying anti-GFP siRNA revealed promising resultith an

overall 40% downregulation on protein expression.



Zusammenfassung

Die vorliegende Dissertation gibt die Arbeit ddzten drei Jahre an der Universitat Regensburg (UR,
Regensburg, Deutschland) und dem Istituto Italidn@ecnologia (IIT, Genua, Italien) wieder. Die
Arbeit war fokussiert auf die Entwicklung und CHagaisierung von magnetischen Nanopartikeln fir
verschiedene Anwendungen, von denen die drei Heajplgte hier diskutiert werden. Die ersten Zwei
wurden hierbei an der UR entwickelt, das Drittel&irdurchgefihrt.

Das erste Kapitel behandelt die Stabilisierung Wohlenstoffoeschichteten Cobaltnanopartikeln
(Co/C, 1) in Loésung mittels Oberflachenmodifikation. Hiarfl wurden verschiedene
Oberflachenbeschichtungen auf den magnetischenpgdatiiceln (MNPs) angebracht und deren Effekt
auf die magnetischen Eigenschaften der Materialigersucht. Silicabeschichtete Cobaltnanopartikel
(Co/C@SiQ, 4) wurden erfolgreich synthetisiert und zeigten gbispergierbarkeit in verschiedenen
Ldsungsmitteln, ohne dabei die hohe Sattigungsmaigreing (M) der unbehandelten Nanopartikeln
zu beeintrachtigen, welche bei 140 emuliggt. Die anorganische Silicahiille stellt eineume
Plattform fir die weitere Funktionalisierung odée &inlagerung anderer interessanter Molekile wie
z.B. Metallkatalysatoren dar. Auch durch das Angpem von Polyethylenimin (PEI) durch direkte
Polymerisation von Aziridin konnten erstaunlich bsi& Nanopartikel (Co/C@PE4) gewonnen
werden, welche selbst Uber Monate hinweg gute Digpdbarkeit in wassrigen Losungen zeigten.
Dies wird der hohen Beladung an hydrophilen Aminpgen zugeschrieben, welche zu einer
Reduktion der M auf 39 emu-§ fiihren. Nichtsdestotrotz kénnen die MNPs mit Héfees externen
Magneten in weniger als einer Minute gesammelt emrdie kombinierte Funktionalisierung der
Co/C-Nanopartikel mit Silica und PEI wurde ebersfalintersucht. Hierfir wurde zuerst eine
Silicahiille aufgetragen und anschlieBend durch idimpolymerisation funktionalisiert. Die so
erhaltenen MNPs (Co/C@SI{PEI, 15) zeigten verhaltnisméalig gute Dispergierbarkeits@wonhl
wassrigen als auch organischen Lésungen, mit &rearergleichbar zu Co/C-PEI. Die Verfugbarkeit
einer Vielzahl an Oberflachenbeschichtungen vemnoR die Anzahl an potentiellen
Anwendungsmdglichkeiten fir Co/C-Nanopartikel, z.Bls Tragermaterial fir Katalysatoren, als
Scavenger fur Reagenzien oder zur BioremediatiomzuHkommt auch die erstaunliche Stabilitéat von
Co/C-PEI-Dispersionen in Wasser, welche zusatalielen Einsatz in der Biotechnologie erlauben
kdnnte.

Im zweiten Kapitel wird die Fahigkeit von Co/C-Namaotikeln Quecksilberionen aus Wasser zu
extrahieren naher untersucht. Insbesondere Co/&NBRbpartikel {4) zeigten hohe Effizienz in der
Entfernung von HY aus kontaminierten Wasserproben, selbst in Anweservon anderen,
kompetitiven Metallionen. Diese magnetischen Nanid zeigten eine hohe Extraktionskapazitat
im Vergleich zu anderen veroffentlichen Studien, ierbindung mit einer Selektivitat fur die
Extraktion von toxischem Quecksilber in relevarit@mzentrationen gegeniber anderen lonen. Hinzu

kommt, dass kein Cobaltleaching festgestellt welkdemte wenn Co/C-PEI-Nanopartikel verwendet
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wurden und die MNPs in mindestens sechs aufeintoidenden Zyklen wiederverwendet werden
konnten. Zudem konnte die Hochskalierung des Psezgeserfolgreich am Beispiel der
Dekontamination< 2 pg-L* Hg?") von 20 L Trinkwasser, welches 30 pg-Hg?* enthielt, gezeigt
werden, wobei nur 60 mg Co/C-PEI-Nanopartikel \emdet wurden.

Das dritte Kapitel behandelt die Darstellung voeigeeten Nanocarrieren als Transporter fur ,small
interfering RNA® (siRNA) in lebende Zellen. Es artért die Funktionalisierung von wasserléslichen,
magnetischen Nanocubes (NCs) mit positiv gelad&wymeren flr die elektrostatische Bindung der
negativ geladenen siRNA-Molekile, sowie deren Eatidm in vitro. Dabei wurden zwei
verschiedene Herangehensweisen untersucht. Diee Ebsinhaltete die Entwicklung einer
Polymerbeschichtung der Manganferrit-Nanocubes,olgef von der Funktionalisierung der
Polymerhulle mit N‘-N‘-Dimethylethylendiamin (DMAEM) und Polyethylenglykolmolektlen
(cationic Mn-cubes,22). Der zweite Ansatz war die Verwendung eines Cppels aus 2-
Dimethylaminoethylmethacrylat (DMAEMA) und Oligogtenglykolmethylether (OEGMEMA) auf
den Eisenoxid-Nanocubes (cationic ION@$), welche eine hdhere Oberflachenladung zeigten. In
der Tat zeigten (cationic IONC25) eine hohere Effizienz bei Beladung, Abschirmund iransport,

bei gleichzeitiger Verringerung von nicht-spezifisc Proteinadsorption. Zudem konnten keine
zytotoxischen Eigenschaften nachgewiesen werdes fivadas Potential dieses Nanotransporter und
ihre zukunftige Anwendung in biologischen Systenspmnicht. Auf der letzten Stufe dieser Arbeit
wurde die Effektivitdt der Nanomaterialien als T8parter fur siRNA in lebende Zellen durch
Expression von grin fluoreszierendem Protein (GERtersucht. Mit anti-GFP siRNA-beladenes

IONCs @5) zeigte vielversprechende Resultate, mit eined0fb verminderten Proteinexpression.



Riassunto

La presente tesi di dottorato espone il lavoroickrca svolto durante gli ultimi tre anni presso
l'universitd di Regensburg (UR, Regensburg, Gerajam I'lstituto Italiano di Tecnologia (IIT,
Genova, ltalia). L'attivita scientifica si € focatiata sullo sviluppo e la caratterizzazione di
nanoparticelle magnetiche per differenti applicagiattraverso tre progetti principali qui discudsi
primi due progetti sono stati svolti all’'universitth Regensburg, il terzo presso I'lstituto Italiadio
Tecnologia.

Il primo capitolo riporta la stabilizzazione in smione di nanoparticelle di cobalto rivestite di
carbonio (Co/CJ1) per mezzo di modificazioni chimico-fisiche deBaperficie, al fine di evitarne
I'agglomerazione. In particolare, diversi tipi dvestimento sono stati studiati e si € analizzhtoro
effetto sulle proprieta magnetiche delle nanopaltéc Nanoparticelle Co/C rivestite di silicio sono
state sintetizzate con successo, dimostrando bstabdita in diversi solventi ed il mantenimento di
un valore di saturazione di magnetizzazione (Msj pal40 emu.d. Questo si presta inoltre a
successive funzionalizzazioni e all'introduzionenatblecole quali catalizzatori metallici. In aggiant
alla sopracitata funzionalizzazione, la sintesettir di un rivestimento di polietilienamina, ottemut
tramite polimerizzazione dell’aziridina, ha dimadtr essere in grado di incrementare la stabiliie de
nanoparticelle (Co/C-PE4) in soluzione acquosa fino diversi mesi. Tale faBno puo essere
attribuito al significativo aumento di gruppi idiladi, dovuti alla presenza delle amine, che tutiave
hanno determinato una diminuzione della Ms a 39.gmCiononostante, le MNPs possono ancora
essere raccolte in pochi secondi attraverso tatilidi un magnete esterno. E stato inoltre afftorita
studio dell'uso combinato di questi due materialiidestimenti. A tale scopo, un guscio di silicGo
stato sintetizzato e successivamente funzionatizgat mezzo della polimerizzazione dell’aziridina.
Le MNPs risultanti (Co/C-@Si&PEI, 15) hanno mostrato una discreta stabilita sia in &rspiosa sia
in fase organica ed una saturazione di magnetizzazparagonabile a quella riportata per Co/C-PEI.
La disponibilita di diversi rivestimenti superfiiigper le nanoparticelle di Co/C ne aumenta le
possibili applicazioni come supporti per cataliozee agenti di rimozione di inquinanti dalle acque
Inoltre, la notevole stabilita in acqua delle naamtipelle Co/C-PEI ne puo altresi permettere
I'applicazione in campo biotecnologico.

Nel secondo capitolo € analizzata la capacita defieoparticelle di Co/C di rimuovere ioni di
mercurio dalle acque. Nanoparticelle Co/C-PBEH)( hanno dimostrato un’elevata capacita di
rimozione deli ioni H§" da campioni di acqua contaminata, anche alla presei ioni metallici
competitori. La capacita estrattiva e la seletiiudi tali nanoparticelle si sono rivelate esserdtano
elevate se paragonata ad altri casi oggetto stydetorendo I'estrazione di mercurio rispetto Hd a
ioni presenti anche ad elevata concentrazione, idoun massimo di sei cicli di estrazione

BN

consecutivi. Nondimeno, la possibilita delle scafe del processo di estrazione é stata dimostrata



attraverso la decontaminazione di 20 L di acquaerante 30 pg:L di Hg* fino a livelli accettabili

(< 2 ug.L"), usando solamente 60 mg di nanoparticelle Co/C-PE

Infine, il capitolo 3 presenta la preparazione dnoparticelle magnetiche per il delivery di siRNA
(small interfering RNA) nelle cellule. Il capitologuarda la funzionalizzazione di nanocubi (NCs)
magnetici, solubili in acqua, con un rivestimentdirperico carico positivamente in grado di formare
legami elettrostatici con molecole di SIRNA chegergtano invece carica negativa, e la loro sucaessiv
valutazionein vitro. Due diversi approcci sono studiati a tal scopprimo consiste nello sviluppo di
un guscio polimerico sulla superficie dei nanocubiferrite di manganese, seguito dalla sua
funzionalizzazione con molecole di N'N’- dimetilethediamina (DMEDA) e polietilenglicole
(cationic Mn-cubes22). Il secondo approccio fa uso invece di nanoculssido di ferro con un
copolimero composto di (dimetilamino)etile metaatisl (DMAEMA) e oligoetilene glicole metil etere
metacrilato (OEGMEMA) (cationic IONC&P5) il quale reca una maggiore carica di superfigpatto

al primo. Infatti, IONCs 25) si sono dimostrati piu efficienti nel caricaregpfgeggere e rilasciare il
siRNA, limitando inoltre I'adsorbimento aspecifidoproteine che potrebbe diminuire la performance
delle nanoparticelle. In aggiunta, nessun effeitotassico e stato osservato rendendo tali palticel
potenziali candidate per applicazioni biologich&iltima parte di questo lavoro tratta I'efficienda
guesti nanovettori nel delivery di sSiRNA all'interdelle cellule attraverso lo studio dell’espressio
della green fluorescent protein (GFP). ION@S) (recanti il SIRNA anti-GFP hanno prodotto risultat

promettenti, con una riduzione dell'espressioné&daboteina fino al 40%.



Introduction

The potential of magnetic nanoparticles in a glance

1. Magnetic nanoparticles: motivation and overview

Nanotechnology is one of the major research figldsmodern science. The concept behind
nanoscience started, back in 1959, with the fansbatement made by physicist Richard Feynman:
“There is plenty of room at the bottorhWhereas Feynman, known as the “father” of nanaseie
brought out the concept of manipulating materidth wtomic precision, the term nanotechnology was
first used in 1974 by Norio TaniguchiAlthough modern nanoscience is quite recensigas were
unconsciously known for centuries. From the Lasceame paintings to the windows in the Notre-
Dame cathedral, alternate sizes of gold and iroideoyarticles created suggestive colors which
animated the everyday life of people. Back them, drtists were just not aware of the underlying
physicochemical principles which led to that plethof colors. Nowadays, nanotechnology allows the
controlled synthesis and functionalization of mialeron the nanometer scale, providing engineers,
chemists and physicists, the new “nanotechnoldgist®e possibility to work on a molecular or
cellular level. Such fundamental control of the en@ls at the nanoscale, promise a broad and
revolutionary technology platform for life sciencasd healthcare applications. Indeed, developments
in nanoscience have provided the manufacturing afomaterials for industry, biomedicine,
environmental engineering, safety and securitydfagater resources, energy conversion, and many

other aread.



Involved in the development of this current tecloiggl magnetic materials composed of metals such
as nickel, cobalt, iron and metal oxides have lmrefocus of research. They can be found in a wariet
of devices, e.g. batteries, hard disks and videstapnd the interest in miniaturizing these materia
led to the discovery of magnetic nanoparticles (MN®Rhich display different properties from the
bulk.* At the present time, the potential of magneticapanticles is well described for applications in
catalysis;® biomedicine’™! data storag& and even environmental remediatidn? Especially in
liquid systems they are very interesting as themy, agith an appropriate surface chemistry, be
homogeneously dispersed, highly reactive and easiharated with the aid of a magnet, due to their
high response to a magnetic fiétd®

There are countless methods of synthesizing diffekinds of magnetic nanoparticles and their
success depends highly on the chemical stabilitythef resultant materiafd®> Moreover, once
industrial applications of nanoparticles cover ador spectrum of solvent media they need to be
dispersible in various liquid phases. For instamtayater bioremediation, the MNPs need to give a
stable dispersion in agueous solutions, but als@gnetic moment high enough to allow their simple
and effective recovery by an external magnet, dheepurification is completed. Differently, for
biomedical applications, they must ensure biocoipi#g and colloidal stability at physiological
conditions. The stability of the particles in termisagglomeration and reactivity can be solved by
coating their surfac€. These coatings can be developed from organic epacich as surfactahtsr
polymers>*®* or inorganic material like siliéd* or carbort®?® In most of the cases, the shell not
only stabilizes the particles, but also acts as amthor or additional surface for further
functionalization.

Driven by the remarkable advances on magnetic ratioles research, this chapter revises their
features and applications, pointing out relevantlifigs for their potential use in the industrialan

biomedical fields.

2. Basics of magnetism for nanopatrticles

Magnetic effects are caused by movements of pastitiat have both mass and electric charges. A
spinning electric-charged particle creates a magripole, known as magneton. In ferromagnetic
materials, magnetons are associated in grodpee volume of ferromagnetic material in which all
magnetons are aligned in the same direction isedathagnetic domain, and this distinguishes
ferromagnetism from paramagnetism, being the latter defined as a single domain state. Magnetic
domains are separated by domains walls and deperttieosize of the particles. Below a certain
critical size, it costs more energy to create a aianwall than to support the external magnetostatic
energy of the single domain. Therefore, magnetissumes that the state of lowest energy of
ferromagnetic particles has uniform magnetizatioor fsmaller particles and non-uniform

magnetization for larger oné$>** As shown in Fig. 2, nanoparticles below a critisae are called



single domain, which means that they are uniform@gnetized with all the spins aligned in the same

direction; bigger particles instead are multi-domstructured?®
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Fig. 1 Schematic illustration of the coercivity-size redas of small particles.

The reaction of ferromagnetic materials to an a&gpihagnetic field is well described by a hysteresis
loop which is characterized by coercivity and resmare (Fig. 3B left). After achieving the saturation
magnetization (M and removed the magnetic field applied, ferronetignmaterials, instead of
retracing their original path, retain some memonpwn as remanence. To completely reduce the
magnetization to zero, a coercive force must bdieghpThus, coercivity measures the resistance of
the material to demagnetization, and is usuallyasgnted as a hysteresis curve (Fig. '38).

As shown in Fig. 2, coercivity is strongly size-dedent: it increases to a maximum as the particle
size is reduced until the critical value at whibtle transition from multi-domain to single domain is
reached, and then decreases toward zero. For danitain particles the inversion of the magnetic
moment occurs by the displacement of the magnetmath walls (Fig. 3A); this process requires
small amounts of energy and consequently leadeviocbercivity values®***##|nstead, for single
domain particles the direction switching of the metic dipole occurs through the overcoming of the

anisotropy energy barrieEf) which is defined by the following equation:
EA = Keffv

where K is the effective anisotropy constant of the phasicandV is their magnetic volumg.
Therefore, the higher is the volume of single dom@anoparticles and the anisotropy constant, the
higher is the value of coercivity.

When the size of the single domain particle ishiertdecreased to another critical value at which
thermal energy is high enough to easily overcoraeatiisotropy barrier, the magnetic moments of the

particles become independent from each other addhe spontaneously and continuously reversed



resulting in absence of coercivity (Fig. 3A). Thisenomenon is called superparamagnetism, because
like paramagnetism is characterized by absence adrcivity, while significant saturation

magnetization values are maintained (Fig. 3B rigit}®

Ferromagnetic A Superparamagnetic
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Fig. 2 A) Magnetic moment of ferromagnetic and superparamagnanoparticles. Under a magnetic field the
domain walls in ferromagnetic materials are remoared the spins aligned to the direction of the retigrfield,
saturating the magnetization. Whereas, superpamastiagmaterials which are defined as single domain
structures have no domain walls to be removed,sbuply the alignment of the magnetic moments to the
direction of the field. The domain structure of thagnetic materials has been drawn for simpli¢@gproduced
with permission from reference B) Typical hysteresis curves obtained for ferromaignéleft) and

superparamagnetic (right) nanoparticles.

The abovementioned properties make superparamagraipparticles actually magnetic only in the
presence of a magnetic field. The magnetic behasimverted to nonmagnetic state when the field is
removed ensuring a good dispersion of the partiates avoiding the typical aggregation problems
from ferromagnetic materials. For that reason, spiscific type of nanoparticles is very appealiog f

biomedical application&
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For any application, it is usually required a scef@oating of the MNPs with some organic ligands or
inorganic species to stabilize them and add speftifictionalities. The presence of these coatings o
the surface modulates the magnetic properties bgifyiog the anisotropy of the metal atoms
allocated on the surface. This usually leads te@ehse in the magnetic moment which is attributed
to the presence of a magnetically dead layer orofdpe MNPS2*° Therefore, smooth changes on
size and surface coating have an impact on thecieiigr and consequently on the magnetic
performance of the particles. Hence, MNPs have d¢o chrefully tailored to provide suitable

nanomagnets for the diverse applications envisage.

3. Surface coating effects on the magnetic propertiesf nanoparticles

Despite all the significant developments on thelsysis of magnetic nanoparticles differing in shape
size and composition, their protection and stadtiin in solution are crucial requirements for any
application. The stability of a magnetic colloidaispension results from the equilibrium between
attractive and repulsive forces. Theoretically,rf&inds of forces can contribute to the inter-peti
potential in the system: (1) van-der-Waals forg@3, dipolar forces, (3) steric repulsion and (4)
electrostatic attractive forces. Controlling theesgth of these forces, by applying different stefa
coatings, is a key parameter to obtain good didgikityg of the particles”’

However, it is well known that the addition of masstop of the magnetic nanoparticles modulates
the magnetization values, limiting the potentiaplagations of the final material. The Saturation
magnetization (I of magnetic particles is defined on a per grasidgemu.d), thus a non-magnetic
shell will necessarily decrease it. This reducti@s been mainly associated to the existence of a
magnetically dead layer on the particle’s surfa@ensequently, a commitment between stabilization
of the nanoparticles dispersion in solution ands@reation of high magnetic moments has to be
considered when designing coating methodoloGi#dVore specifically, ligands such as polyethylene
glycol, dextran and aminosilanes which are ofterduso improve the suspension of magnetic
nanoparticles in liquid phase, modulate their mégngroperties by modifying the anisotropy and
reducing surface magnetic moment of the metal atonsed at the surface of the partide¥.

This modulation in the magnetic properties was mdgereported by Borca-Tasciuet al. who
demonstrated, in commercial magnetic nanopartictest, the effect on the magnetic phase varies
according to the surface functionalization as wslith the solvent used for the measurerent.

The different types of coatings commonly used camdughly categorized in two groups: organic and
inorganic coatings. The first one includes the ofssurfactants or polymeric shells, while inorganic
coatings comprise silica, carbon or precious métals

In order to better understand the general implcatiof the surface coating on the magnetic response

of nanoparticles silica and polymer coatings wdlfarther discussed here.
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Silica coatings have been widely applied in irondexnanoparticles to prevent aggregation in the
liquid phase and enhance their chemical stabilibe inert silica shell inhibit particles aggloméoat

by two different mechanisms: (1) it shields the metie dipole interaction and (2) it improves the
coulomb repulsion of the nanoparticles due to égative charge. It also prevents the direct corthct
the magnetic core with other molecules which miggrpromise their activity, as it e.g. happens for
the attachment of dyes which usually leads to lesience quenchifgThese features are controlled
by varying the shell thickness (Fig. 4), which da@ achieved by altering the amount of silica
precursor, usually tetraethyl orthosilicate (TEQS)the amount of catalyst during synthésis.

Fig. 3 (A-C) Transmission electron microscopy (TEM) imagésron oxide nanoparticles whose surfaces have
been coated with silica shells of various thickessdn this case, the thickness of silica coatingld be
controlled by adjusting the amount of precursoreatith the solution{A) 10, (B) 60, and (C) 1000 mg of TEOS
to 20 mL of 2-propanol. (D) A high-resolution tramssion electron microscopy (HRTEM) image of thenir
oxide nanoparticles whose surface has been unijocodted with 6 nm of amorphous silica shell. Repred

with permission from reference 39. Copyright 20@gherican Chemical Society.

The preferred method to synthesize silica shelthdésStrober method also known as sol-gel process.
This synthesis provides an hydrophilic, readilydiionalizable additional shell on the nanoparticles
surface’™ Following such a procedure, the silica is generate situ by the hydrolysis and
condensation of a sol-gel precursor, usually TBS%This method was first applied to rod-like
particles, then to micrometer-sized hematite atet k iron oxide nanoparticlés.

For instance, Simardt al. synthesized multifunctional magnetic nanoparticiesolved in a silica

shell doped with a dye. The authors claim comparabhission properties to the free dye molecules,
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suggesting the successful hindrance of contactdetwlye and magnetic core offered by the presence
of an outer silica shell. However, the saturatiomgnetization of the silica-coated iron oxide MNPs
was observed to be much lower than that of theeesived MNPs. This fact is attributed to the
presence of the non-magnetic silica shell (10-1%migk) which drops the magnetization from about
60 to 10 emu-§*®

Another method to prepare the silica coating igrbhgroemulsion synthesis. In this case, micelles or
inverse micelles are used to confine and contmlsitica coating. This method requires greaterreffo
to separate the core-shell nanoparticles from gelaamount of surfactant associated with the
microemulsion systerf{.For example, Zhanet al. have reported the synthesis and characterization o
Mn and Co spinel ferrite silica coated nanoparsichdth tunable magnetic core, by using a reverse
micelle microemulsion approach. Also in this cdbke, authors clearly proved that both Cgbgand
MnFe,O, have reduced Mafter silica coatiné? More recently, the same effect was detected for
NiFe,O, which showed a reduceddMfter coating with silic&®

Surfactants or polymers are also often employedemthance stability, biocompatibility and
functionality of MNPs. These molecules can be cleaity anchored or physically adsorbed on the
surface of the MNPs, to form a shell which creaggmilsive forces that balance the attractive van de
Walls forces acting on the nanoparticleSpecifically, polymers containing functional greuguch as
carboxylic acids, phosphates and sulfates canydaisitl the surface of iron oxide nanoparticien
addition, a wide variety of suitable polymers wesed for the coating of diverse MNPs, including

42,43
e

polyamines; poly(methacrylic acid}® dextran (DXS) and poly(l-lysind}, polystyrené’?** among
others.

The effect of e.g. an N-isopropylacrylamide (NIPARDating on the magnetic properties ok@£
MNPs was shown to decrease the magnetization cfythinesized nanoparticles from 76 to 52 emu-g
1% Moreover, the magnetization of dextran-coated MRS evaluated to be around 7 emuSuch
low value, certainly makes magnetic detection aeghgation by application of a magnetic field very
difficult.* Differently, the coating of IONCs by an amphiphipolymer, developed by Pellegrir
al., resulted in no changes in coercivity and saittmamagnetizationThese findings indicate a bulk-
like behavior of the nanocub&s.

Another type of material which might provide betseiutions considering magnetic handling of the
particles are carbon-coated cobalt (Co/C) MNPs. Jindace of Co/C ferromagnetic nanoparticles,
first synthesized by Stat al, can be easily functionalized with different spséf Using diazonium
chemistry on the carbon outer shell allows theothtiction of a multitude of functional groups. Fenth
polymerization can be done directly from these fiomal sites or by click chemistry e.g. describgd b
Reiseret al™® Recently, Starlet al. have developed a versatile platform for clickctams of relevant
tag molecules with enhanced stability in solutibthe Co/C ferromagnetic nanoparticles (Fig. 5)e Th
materials were prepared by surface initiated atcensfer radical polymerization (SI-ATRP). A

reduction in My due to the presence of a non-magnetic layer waereeéd also in this case.
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Nevertheless, significantly high values of magraton are still observed (over 90 emt) gvhen

compared to the most conventional iron oxide nartigbes *°

o

({‘ Q’ N\,
~ §

;" 100 nm

B
[ & I

Fig. 4 TEM of stable Co/C MNPs showing the separation goedpolymer layer surrounding the metal cobalt
core. Adapted with permission from reference 53\@ight 2014, Royal Society of Chemistry.

Despite the obvious tendency of the magnetizaiwohet reduced upon the addition of nonmagnetic
mass on the surface of the particles, especiallynmers or silica, a clear correlation between these
two parameters cannot be established and genetdtizeall cases. For instance, gold-coated cobalt
nanoparticles have a lower magnetic anisotropy thamoated particles, whereas gold coating of iron
particles enhances the anisotropy, an effect whiak attributed to alloy formation with the gdfd.
Similarly, magnetic coatings on top of MNPs hawdramatic effect on the final magnetic properties,
since the combination of two magnetic phases edltito new magnetic nanocomposites.

Overall, the coercivity and hence the magnetic bieiaf MNPs to an inert coating is rather complex
and system specific. Therefore, the concept of migzation reduction on addition of mass cannot be
generalized, as the effects highly depend on the ¢f coating and its features as well on the eatfir

magnetic core, shape and size of the nanoparticles.

4. Applications of magnetic nanoparticles

4.1. Nanoparticles as potential tools in industry

Considering the developments on synthesis, funalization and detailed characterization realized on
magnetic nanoparticles, one can only imagine teakarch has resulted in thousands of potential
application for these nanotools. However, how mainhese applications can actually be translated to
relevant industrial processes is not clear. Thaathges of using magnetic nanoparticles in contivast
conventional materials are obvious: they offer pibesibility of magnetic separation together wita th
advantageous features of nano-sized materials., ffatential sustainable applications where MNPs

can actually replace conventional methodologiesmatérials are nowadays on focus of research.
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At the present time, chemistry allows cost-effexztmanufacturing of compounds in a variety of
processes. The key factor remains the separatidnisatation of reagents, catalysts or intermediates
Industrial conventional processes are based on-donsuming or costly techniques such as
distillation, chromatography, crystallization antirdtion. A novel approach using MNPs combines
provides fast and efficient magnetic separatidn. addition, chemical processes such as ore rgfini
active ingredient isolation, impurity removal andapmaceutical manufacturing present a common
problem related to the low concentration of impotrtsubstances or reagents in large liquid volumes.
Therefore, MNPs with high surface-to-volume ratiseras a very attractive solution due to the
possibility of capturing such reagents that aressgbently removed by magnetic separation.

The potential application of MNPs in different irsitial processes including catalysis and

bioremediation are discussed on the following paalgs.

4.1.1.(Bio)Catalytic applications

Catalysisis a field of great importance since it providesustainable way to convert raw materials
into valuable chemicals and fuels in an economieHiicient, and environmentally benign manner.
The rationale behind it is the synthesis of compisuwhile minimizing the use and generation of
hazardous substances and time-consuming wastdititation techniques. In short, an ideal catalytic
system must fulfil three main aspects: reactiésy recovery and possibility of re-(1§&°

The field of catalysis is undergoing an explosiegalopment on the design of catalysts with excellen
activity, greater selectivity and high stabilityeté, MNPs have been widely applied as supports for
heterogeneous catalysts. They allow the disperditime catalyst in solution combined with a fastl an
easy way to recover it from the reaction mediummiselating the produdf:*®

The easy and economic synthesis of magnetic namdpartfrom inexpensive raw materials in
combination with the simplicity of magnetic handjimight outperform and replace conventional
materials such as zeolites and silica at the imdilisscale in a near future. However, first,
environmental implications concerning the toxiafythese nanomaterials need to be soffd.

A broad assortment of catalytic reactions has bstadied using catalysts supported on magnetic
nanoparticles. They include hydrogenation, oxidatamd carbon-carbon coupling reactions. Bare
magnetic nanoparticles have been explored, witlc#tialytic activity relying solely on the magnetic
material itself or other metals directly depositedtheir surface. The most common nanoparticles are
iron oxide, however other metal ferrites generdigdoartial substitution of iron by a second metal
(Cu, Co, Zi, Ni, Mn) allows the expansion of scdpeoxidative and coupling reactioffs.

One of the most used hybrid supports used for ysisahre silica coated magnetite particfeNazifi

et al. prepared magnetite encapsulated in a silica bealling sulfonic acid groups, which can be used
as a solid acid catalyst for the synthesis of 1g8&aloctahydroxanthene derivatives. Such an apjproac
avoids hazardous reagents, thus being considersa @so-friendly alternative.

A specific class of MNPs, the Co/C nanomagnetse Hamen extensively exploited for application in

heterogeneous catalysfsReiser et al. have used these nanoparticles gujor the reversible
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noncovalent attachment of a pyrene-tagged Pd Ndwtelic carbene complex. This “boomerang”
catalyst was used for the hydroxycarbonylationrgf halides in water under an atmospheric pressure
of carbon monoxide, demonstrating high activitymiore than 16 iterative run%.Furthermore, they
reported the deposition of palladium nanoparticleshe surface of these carbon-coated MNPs for the
hydrogenation of alkenes. The authors showed higatiéveloped magnetic catalytic system compares
favorably to conventional palladium catalyst innterof activity, handling, leaching and recyclabilit

through magnetic decantation (Fig.’%).

Clean product

Fig. 5 Recover of catalytic Co/C nanoparticles and isotatof the product after reaction. The catalysis is
performed under magnetic stirring (right picturdjhen the reaction is finished the magnetic catak/stasily
collected with an external magnet (left picturgyirg the purified product. The nanocatalyst isrttevailable
for the next catalytic reaction. Adapted with pession from reference 2%opyright 2013, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

The use of magnetic nanoparticles as supportsdialytic processes has also been extended to the
field of biocatalysis. Herein, enzymes present keyantages compared to conventional chemical
catalysts: (1) high activity, (2) great selectivitgd (3) specificity. They are currently used imwas
chemical procedures such as redox reactions, Jastesification processes and enantioselective
synthesis. However, their widespread applicatiomamy of these processes is impaired by inherent
drawbacks including high costs, availability, reegvand recycling of the catalyst. For overcoming
these issues, several methodologies have beentedpoiciuding entrapment of the enzymes on
porous materials or their immobilization on theface of solid support$:>® The first refers to ion
exchange resins whereas the second one is relatedthe adsorption or covalent attachment to
different supports. Among these, MNPs provide itheaatage of simple and fast recovéty.

Enzymes can be attached to the surface of MNPsO§y &upling and used for pharmaceutical and
organic production, sensing and proteomics analy$mvever, the immobilization of the enzyme
should not impair its catalytic activity nor itsleetivity.® Therefore, innovative approaches are
necessary to prepare novel “magnetic enzymes”. gbeal. recently reported the development of a
magnetic enzymatic nanosystem consisting of an dxide core surrounded by polydopamine and

immobilized trypsin. The novel enzymatic nanohylpidved to work efficiently for the digestion of
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proteins while being conveniently separated frora thaction mixture by an external magtiet.
Additionally, several studies have been focusinghenuse of such nanocatalysts for the production o
biodiesel”*® This field draws much attention as biodiesel ieemewable biodegradable, non-toxic
alternative which can be generated from vegetableaste cooking oils. For instance, Laosiripojana
and co-workers have shown the efficient biocatelgttivity of immobilized lipase for the conversion
of vegetable oils to fatty acid methyl ester (FAMHhe biocatalyst supported on iron oxide
nanoparticles could be efficiently recycled for laast 5 cycles with more than 80% activity
remaining’® Similarly, Leeet al. have immobilized lipase onto MNPs and used thembfodiesel
production from waste cooking Sfl.

Compared to common petrodiesel, biodiesel has hehigetane number and does not contain
hazardous aromatic compounds and almost no sthifus,reducing the emission of carbon monoxide,
hydrocarbons, and particulate matter in the exhgaist This might considerably reduce air pollution

while attenuating our dependence on petrol&um.

4.1.2.Environmental applications

As mankind progress rapidly with industrializatian, modern civilization, it is natural to expect
increasing contaminations. The unavailability ofhiquality drinking water is a critical problem
across the world, especially in the so called thitorld countries. A significant amount of toxic
compounds have been found in drinking water indacgncentrations, including pesticides, heavy
metals and micro-organisms, especially around imdlisareas where the situation is quite severe.
Hence, a number of solutions have been used fofigation of drinking water, namely: sand
filtration, activated carbon based adsorption,iltiion and reverse osmosis. While all of themidi
great benefits, they are still far from ensuringikability of quality drinking water at an affordieb
price and fast time. Therefore, there is an inengademand to discover novel materials to further
improve the most conventional technolodes.

During the last decades, magnetic nanoparticleschwioffer great flexibility for theirin situ
application, have been widely studied for remedmatiof groundwater, soil and air on both
experimental and field scaldndeed, magnetically assisted chemical separghthCS) technology
might provide a cost-effective solution to the moballenging environmental clean-up problems.
Here, MNPs provide a convenient and simple metlmodemove a variety of contaminants from
complicated matrices in wide range of chemical domts. Such technology presents evident
advantages when compared to conventional usedlsaigsr as it requires considerably less complex
equipment which in turn facilitates the scale-upgessed®?

MACS technology for the separation of radionuclidlesank-separation has been reported as a new
approach to solve the critical problem of wastattrent at the US department of Energy and
Department of Defense sites. This type of expertase be used at any tank or location, including
situations where remote operation is necessaryik&nbn exchange processes, MACS does not

require preliminary filtration of the solution. Tieffectiveness of the process has been demonsttated
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bench scale for decontamination of uranium, amamciand plutonium at the Argonne National
Laboratory in Lemont, U&. Additionally, also dyes or hazardous metal ions ba removed from
wastewater of many industrial sectors, such aslaebdctories, tanneries and paint industry using
MACS technology?©***

A successful wastewater treatment must fulfil tledlofving criteria: treatment flexibility and
efficiency, reuse of the treatment agents, enviemal safety and low co¥&tMagnetic scavengers or
nanosorbents have been specifically explored fréimoval of heavy metals ions from water, which
is an issue of great concern due to their immidlaniger to health and environment and their tendency
for bioaccumulation even at low concentrations.

For instance, Nassar has shown that iron oxidepaatioles have a maximum adsorption capacity for
Pb(Il) of 36 milligrams per gram of nanomaterialigéhis considerably higher than the previously
reported low cost sorberftsThe small size of the nanoparticles allows théudibn of metal ions
from solution to the active sites of the adsorbengking them very effective and economic.
Moreover,Pang et al.demonstrated the efficiency of functionalized imtade MNPs for removal of
Hg(ll), revealing an extraction capacity as high 280 milligrams of mercury per gram of
nanosorbents. However, no selectivity tests in éoailon with other metals were report&d.

The mechanisms of decontamination can involve gdisor by surface site binding or electrostatic
interaction®® An overview of magnetic nanoparticles used as esogers or nanosorbents for metal

removal in polluted water is given in Tablel.

Table 1.Magnetic scavengers for decontamination of differeatal ions in polluted water.

Functional Maximum extraction
Scavenger Heavy metal ;
group capacity
Mesostructured silica magnefifte ~ -NH, Cu(l 0.5 mmol- g
8-FeOOH-coated-Fe,05>° - Cr(VI) 25.8 mg-¢
Magnetic iron-nickel oxid® - Cr(VI) 30 mg-¢
Montmorillonite-supported MNPS  -Alo; -SiO Cr(VI) 15.3 mg-g
Hydrous iron oxide MNP$ - As(V), Cr(VI) As(V): 8 mg-¢'
, B , Cu(ll): 12.43 mg-g
Amino-modified FeO, MNPS’ -NH, Cu(ll), Cr(VI) .
Cr(VI): 11.24mg-g
. Over 50% recovery for all
_ Ni(I1), Pb(l),
Poly-L-cysteine coated E@, ) metals. The best performance
5 -Si-0; -NH, Zn(11), As(1l), _
MNPS’ was found for Ni(ll) to be
Cu(ll), cd(l
89%.
Cu(ll): 30 mg-g; Pb(ll): 40
Cu(ll), Pb(l1), ( )1 g-¢:Pb(l)
m-PAA-Na-coated MNP$ -COO . mg-g*; Cd(ll): 5 mg- g
cd(1n, Nidn

Ni(l1): 27 mg-g*
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Over 90% extraction for both

Fe,O,-silica coated MNPS -Si-OH Pb(Il), Hg(I)
elements.
PEl-coated F#, MNPS'® -NH, Cr(VI) 83.3mg-g
Dimercaptosuccinic acid-coated Hg(ll) Ag(l),
P 7 -SH 9 Ag(h Hg(l1): 220 mg- ¢
Fe,0, MNPS Pb(ll), Cd(ll),
S S N Cu(ll): 39.9 mg-g; Cr(lll):
Salicylic acid functionalized silica- Cu(ll), Cr(lll),
. -COOH _ 39.8 mg- ¢; Cd(ll): 27.8
coated FgO, MNPS cd(in), Ni(l )
mg-g1; Ni(11):17.3 mg- ¢
PEI-coated Co/C MNP§ -NH, Hg(ll) 550 mg- ¢

Amino-functionalized silica
, _ , -NH, Cu(ll) 0.7 mmol- ¢
materials with a magnetic cdfe

The application of such materials for decontamorafprocesses in real situations must circumvent
aggregation of the MNPs as well as undesired iatiora with other substances. For instance,
phosphates might compete with the heavy metaladtive sites, thus limiting the effectiveness & th
scavenger. For resolving this constraint, againstrategy is to apply different coatings or funotb
groups on the surface of the MNP$%#°

Similarly, a vast amount of work has been donehenrémoval of organic pollutants from water using
MNPs as sorbents. Liet al. showed iron oxide hollow nanospheres could effityeremove red dyes
from water and be collected using an external mar®imilarly to heavy metal adsorption, the
adsorption of contaminants takes place via surdxchange reaction until the surface functionaksite
are fully occupied. Furthermore, different modifigdNPs have been studied for the removal of
polycyclic aromatic hydrocarbon (PAH) pollutantsrfr water, allowing the elution of analytes after
extraction and recycling of the adsorb&rt

Considering the advances achieved in MNPs resetinisitechnology might provide opportunities for
developing next-generation nanosorbents for theomtemination of polluted water. Such novel
scavengers compare well to conventional technadogigowing higher specificity and capacity, easier

separation and extended lifecyciés.

4.2. Biomedical applications

MNPs have also been explored for their potentiatliced application in clinic. In biomedicine or
biotechnology, the applications of such nanomagmeight be classified ag vitro or in vivo
according to their use outside or inside the badgpectively.n vitro applications are related with
magnetic separation, selection or diagnosis whareas/o applications include therapeutic areas as
hyperthermia, drug delivery and procedures like magig resonance imaging (MR).

Most particles currently used in the biomedicaldfiare superparamagnetic iron oxide nanoparticles

(SPIONS). They receive great interest as they eamégnetized with an external magnetic field and
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immediately re-dispersed once the magnet is remdwvadthat reason they provide enhanced colloidal
stability which is required for any applicationbiological system$>*’

Magnetic separation can also be used as a fagificiént method for the capture of specific proi
cells, DNAs or bacteria often required for analysiBor instance, Pawast al. developed a suitable
magnetic scavenger, comprising iron oxide nanagasicoated with silica and an additional shell of
chitosan, for the separation of DNA from biologisaimple$? The isolation results of genomic DNA
achieved from saliva indicated that the functiaredi magnetic nanoparticles have outstanding
advantages in operation, selectivity, and capamigr the present existing isolation protocols (fiten
chloroform extraction).

Berensmeieret al. have shown an efficient high-gradient magneticasgpn for technical scale
protein recovery using low cost magnetic hanopagicThe authors claim that using 100 grams of
functionalized nanomagnets containing a pentadematlate ligand, a purification performance of
around 12 grams of His-GFP per hour is achieveth an eluate purity of 96% and a yield of 93% for
the whole procesS. Actually, the successful performance of such naaterals forin vitro
applications made their translation into commeizgal products possible e.g. Dynabeads®, which can
be used for cell separation, protein isolation exaisome analysis.

In a typical bioseparation application, the biot@gientities are tagged with MNPs and then coltbcte
with an external magnetic field. Due to their higirface-to-volume ratio, magnetic nanopatrticles
have superior performance on the bioseparationadécules in large volumes of fluids. Additionally,
the attachment of antibodies to the MNPs can bel dse highly specific binding of the target
molecules.

Another application in which the use of magnetimgzarticles has received attention is cancer
treatment. Most pharmaceutical approaches used réat tcancer nowadays are based on
chemotherapeutic agents, which generally exhilgh laytotoxic effects but poor specificity for the
intended biological target. This practice oftenulssin systemic distribution of the antitumor drug
causing severe side effects in healthy tiséu€serefore, it is important to find different typs
therapies with improved performances to reduceediaets for the patient. Encouraged by these facts
researchers have been focus on the developmentteiftial drug targeting magnetic nanocarriers.
This concept was first introduced in 1970 by Widdeal. and to the present time the possibility of
suitable applications for magnetic nanocarriers Hesstically increase¥. Magnetic targeting is
defined as the guidance of drug-loaded MNPs taddwired site of action using a localized magnetic
field, holding them there during the treatment ah&n removing them once the therapy is
completed?® Significant advantages can be achieved perforrsinch a therapy, as it allows the
reduction of the drug dosage, diminishing the aslveside effects due to the high local concentration
of the drug at the desired part of the orgarism.

Despite the very promisinig vitro results, first clinical trials have revealed pedfective response.

Consequently, magnetic nanocarriers have not begmeed and used in clinic y&To accomplish a
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successful performance, the magnetic carrier, babet carefully tailored with specific chemical
properties. As described before, the stabilizabbthe nanomagnets must be ensured. This can be
achieved by the development of polymeric or siiballs on the surface of the MNPs. The additional
use of protein repellent species (e.g. PEG) isnoftee strategy followed to avoid interaction with
opsonins, increasing the circulation of the nanenmt in the blood stream. At any stage of this
synthetic route, different types of therapeutic @cales can be physically adsorbed or covalently
attached. Among them, doxorubicin (DOXO) and pag#l (PTX) have been widely studiéd.
Pellegrinoet al. have shown the efficiency of magnetic nanoculm®med with a shell of thermo-
responsive polymer to load DOXO and release it umaghealternating magnetic field. Such material
might be used in future for the combined cancerajne using hyperthermia and chemotherapy, while
circumventing the side effects of conventional chttrarapy?’ In another study, Xu and co-workers
developed a PTX encapsulated magnetic hanocarsiag uhermoresponsive molecules as coating
agent. High encapsulation efficiency and tumorbittin reflected the great potential of the casier
for specific binding and targeting release of thétamor drugf®

Similarly, the concept of magnetic delivery hasrbegtended to gene transfection, commonly known
as magnetofection. In the last few years, due éartiportance of nucleic acid delivery for producing
proteins or shutting down the production of endagmsn genes, magnetofection has attracted
considerable attention. The delivery is based emthgnetic force exerted upon the magnetic vectors
to direct them into the target cells bathvitro andin vivo.* Compared to conventional gene delivery
strategies, magnetofection has shown to signifigamtrease gene delivery to human xenograft tumor
models?® Planket al. have brought together gene vectors with magnetioparticles, showing the
potentiated efficacy of the vector up to severaidrad-fold, allowed the reduction of the duratidn o
gene delivery to minuté§.

In addition, Cheret al. used modified-SPIONs coated with polyethyleneim{R&Il) as a multiple
gene delivery system for transfection of porcingnkly cells. The PEI-coated SPIONS showed strong
binding affinity for DNA plasmids expressing thengs encoding a green (DNAGFP) or red
(DNADsRed) fluorescent protein. As a result, stadid efficient co-expressed of GFP and DsRed in
porcine kidney PK-15 cells was achieved by mageetain®

More recently, RNA interference (RNAI) technologgshbeen in the focus of research since siRNAs
or miRNAs can target and inhibits the expressionalfiost any gen#:®? The use of magnetic
nanoparticles as carries offer the mentioned adgast of reducing time of therapy and minimize
vector dosagé Currently,in vitro magnetofection products using cationic polymexted MNPs are
commercially available. For instance, Magnetioritet®™ offers a variety of products which cover a
wide range of cell as well as cargo type (siRNA,ANligonucleotides). RNAI will be described in
Chapter 3.

Additional to drug delivery and gene transfectibie so-called hyperthermia therapy is also being

explored as an alternative approach for cancetnieza. Hyperthermia is considered a supplementary
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treatment to chemotherapy, radiotherapy and alsgicst interventiond® The rationale behind this
therapeutic approach is the capacity of SPIONsrtmlyre heat when exposed to an alternating
magnetic field. This feature can be usedivo for destroying pathological cells in tumors, sinkey

are much more sensitive to temperature increass @#?C) than normal ceffd>*’

The key advantage of hyperthermia relies on theipiity to heat the restricted area of the tumor.
Specifically, when exposed to an alternating magniéld the magnetization of the SPIONs flips
randomly from the parallel to the antiparallel otagions. This causes the transfer of magneticggner
to the particles in the form of heat. The use didgumain magnetic nanoparticles is preferred toimult
domain microparticles due to their higher absorptid power at tolerable magnetic fieRighe
hyperthermia capacity of SPIONs strongly depends tleir properties: e.g. size, chemical
composition, shape, etc. Consequently, well-defadhetic routes for SPIONs are required in order
to enhance their heating performance and reducaadse to a minimum levet.

Pastoret al. evaluated the effect of Si@oating on F€, MNPs. Unfortunately, they confirmed a
reduced M and a lower coercivity, and consequently a lowneatimg capacity, for Siroated F©,
MNPs as compared to analogous uncoate®.Fenoparticle$® Depending on the severity of this
reduction, the ability of the materials for beingjng for example in hyperthermia therapy might be
compromised.

Nevertheless, several vitro studies for the selective remote inactivationanicer cells by oscillating
magnetic fields have been reported. For instaneéed?inoet al. have recently proved the potential of
superparamagnetic nanocubes for efficiently perfopmerthermia therapy. This study revealed more
than 50% of cancerous cell mortality over an hdureatment?®

The establishment of hyperthermia in clinical roathad encouraged the industrial sector to develop
suitable MNPs capable of generating heat when exptsan oscillating magnetic field. The German
company MagForce for example, developed suitabledymts (NanoTherm, NanoPlan and
NanoActivator) for the local treatment of glioblasta multiform, prostate and pancreatic catficer.
SPIONSs also proved to be a novel class of matefgalsellular and molecular imaging. As contrast
agents they have the advantage of inducing an eebawcontrast in MRI in comparison to
paramagnetic ones. Consequently, fewer amountaticies are needed to dose the human Body.
Most of the multimodal MRI studies include the agygtion of MNPs with organic fluorophores. This
conjugates provide high anatomical resolution ans#ivity. The optical component can be detected
by a variety of techniques boih vivo andin vitro, such as fluorescent microscopy, flow cytometry,
spectrophotometry, clinical endoscopy, €kor example, Hwangt al have developed a non-invasive
multimodal magnetic particle (labelled with fluocest, radioisotopic substances) as a potential tool
for in vivo imaging. MicroPET and MRI images showed intensdioactivity and ferromagnetic
intensities with MFBR-laden cells. Their imagingpapach provide time-course imaging analysis to
track cellular localization and distribution by migi optical, radionuclide, and magnetic resonance

agents in living subject$. A lot of other studies have been reported usingP¥Nor bio-imaging,
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including the monitoring of stem cell migration amtearance mechanisms of nanoparticles in
humans'

Thanks to the great advances on the synthesisumetidnalization of MNPs, these nanomaterials are
a strong candidate to set up an acceptable platformdiagnosis and therapy. However, their
application in clinic, avoiding any collateral effdo the patient, requires further work which ey

accomplished cooperatively by researchers of diffescientific areas.

5. Conclusions and future perspectives

This review shows the remarkable progress on MN#earch for the development of suitable
solutions on both industrial and medical fieldse ossibility of magnetic separation or accumuratio
represents the major advantage of MNPs when comhpgammost conventional technologies currently
used. In addition, other advantages can be poioted (1) they can be easily synthesized and (2)
conjugated with other molecules in a straightfodvary, expanding to a great extent their potential
applications.

One of the features which might compromise theiegpbn of MNPs is their stability in solution.
Circumventing magnetic collapse between partidesbisolutely necessary to ensure functionality and
good performance of the materials. Therefore, difie type of coatings can be applied including
carbon shells, inorganic coatings e.g. silica, oganic molecules like surfactants or polymers.
Nevertheless, when applying a surface coating @awihould be taken in order to minimize the effects
on the magnetic properties of the pristine nanageast safeguarding their easy magnetic recovery or
guidance.

With all the advances achieved on this field, theas a boost on the amount of suitable applications
found for MNPs. Properly tailored they can be ugmddiverse functions. From bioremediation of
water™’ passing through catalytic systems, until biomddinaterials, magnetic nanoparticles have
covered a broad range of applications, resultingagdly in the commercialization of some products.
Even though few limitations have still to be oven®y considering the speed at which research is
evolving it can simply be expected that in the néaure MNPs will substitute conventional

methodologies, modernizing both the chemical andbdical industries.
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Chapter 1

Towards the stabilization of readily recyclable
carbon-coated cobalt nanoparticles via surface

functionalization

Highly magnetic carbon-coated cobalt (Co/C) nanitigdlas were engineered via surface
functionalization for meeting different dispersityil requirements. Such nanoparticles are very
attractive due to their particularly easy magnettiection, being widely used in different chemical
processes e.g. synthesis or catalysis. Howevderldspersion of these nanoparticles in a varéty

reaction media is desirable in order to avoid gjretirring or continuous sonication. Circumventing
magnetic collapse of the particles in solution aety help to maximize their performance for any
envisage application. Therefore, here | report deeelopment of different surface coatings, more
specifically silica or polymeric shells, on Co/Cnogarticles rendering them dispersible in organic
solvents and most importantly in aqueous phasehowit compromising their facile magnetic

separation.

Parts of this chapter are published in:

« Kainz, Q. M.; Fernandes, S.; Eichenseer, C. M.; Besds.; Korner, H.; Muller, R.; Reiser, CGraraday
Discussions 2014, 175, 27-40. Reproduced with permission of The RoBdciety of Chemistry.
(http://pubs.rsc.org/en/Content/ArticleLanding/2(AZ/C4FD00108G).

. Fernandes, S.; Eichenseer, C. M.; Kreitmeier, P.;iRew J.; Zlateski, V.; Grass, R. N.; Stark, W.Reiser, O.
RSC Advance2015 5, (58), 46430-46436. Reproduced with permissibiee Royal Society of Chemistry.
(http://pubs.rsc.org/en/Content/ArticleLanding/2(RA/C5RA04348D).
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1.1 Introduction

Magnetic nanoparticles (MNPs) are of great intefestresearchers in a variety of fields
including catalysis;® magnetic resonance imaging (MRPbiotechnology/biomedicifié* and
environmental remediatioi*® Many suitable methods for the synthesis of nartapes,
applicable in the aforementioned disciplines hagerbdeveloped. However, the performance
of magnetic materials is highly dependent on thstability at the different surrounding
conditions to which they are exposg€dGenerally, the as-synthesized MNPs are chemically
unstable, being easily oxidized and prone to agglation. Therefore, it is crucial do develop
suitable surface coatings to protect and stabittze nanoparticles while simultaneously
ensuring high magnetization and dispersibility afusion.!” Coating strategies includes surface
grafting using organic species (e.g. surfactaand/or polymers™ or inorganic layers (e.g.

a®®% or carbof®>?. In most cases the surface coating does notmnalyide protection and

silic
stabilization but also offers an additional platiofor further functionalization with catalytic
active species, various drugs or specific bindingss Functionalized MNPs are particularly
promising for application in catalysi8,bioseparatioft and biolabeling due to the possibility
of magnetic separation from solution. Especialljignid-phase catalysis, one can combine the
high dispersion and reactivity of the nanoparticléth an easy and fast recovéfy® In fact,
magnetically driven separation makes the recovdrgabalysts much simpler than tedious
cross-flow filtration and centrifugation methoddoaling the recycling and reusability of
expensive catalysts or ligants.

Despite the significant advances on the synthekiBPs the possibility to scale up the
production process, as well as the need to ensgretability and recycling of the resulting
magnetic materials are still challenging. Not nregtihese requirements can significantly limit
their applicability especially when considering thdustrial sectot’

For instance metallic nanoparticles, having a mbayher magnetization than their oxide
counterparts have attracted much attention. Howeénrgh reactivity and undesired toxicity of
the metal core of these MNPs are two additionablenmas contributing for limiting their
application. Silica, polymers or surfactants arenownly used as a primary coating for
metallic MNPs to reduce the impact of the mentiorssties. Nevertheless, instability in basic
environments and high temperatures of these caatsigl need to be overwhelmed.
Differently, carbon-coated MNPs are remarkably stalmder harsh conditiort§ For instance,
Johnsonet al. have reported a direct salt-conversion approachldige-scale synthesis of
carbon-encapsulated magnetic Fe angCReanoparticles, by direct pyrolyisThe authors
proved the potential for scaling up the synthesisnall as the stability of the materials at
temperatures up to 400°C. Unfortunately, thereaadbrsize distribution of the nanoparticles
ranging from 20-200 nm was observed. In addition, dnd co-workers have shown the

fabrication of carbon shell protected cobalt nambgas, via pyrolysis, proving the high
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stability under acidic and basic conditiofisThe graphitic-shell provides a barrier against
oxidation and prevents metal leaching from the catgle preserving its high magnetic
moment’! However maintaining the particles in an isolatgidpersible state has proven to be
very challenging, especially in aqueous phidse.

Over the past few years ferromagnetic cobalt namigpes containing graphene-like carbon
layers (Co/C MNPs) have been investigdfe®uch commercially available nanoparticles,
firstly synthetized by Starkt al., have a number of attractive features. First of thik metal
core of these particles (20-50 nm in size) rendleesn highly magnetic with a saturation
magnetization (M of 130-160 emu:§®® This allows an easy recovery even if heavy
molecules are attached to the particle surfacedition which generally decreases the
magnetization to levels of unfunctionalized supesp@agnetic iron oxide particles (30-50
emu.g-1)}’ Additionally, the carbon shell, having a thickeesf only 1-3 nm, provides high
stability against oxygen as well as acidic and dgdi. Last but not least, the carbon shell
offers the possibility for covalent surface attaemn via diazonium chemistry or simple
adsorption bylI-IT stacking®® Nevertheless, due to their high magnetization laydrophobic

surface these particles are prone to agglomeréiesm Fig. 1), especially in aqueous phase.

Fig. 1. Transmission electron microscopy (TEM) picture simgwthe clear tendency for agglomeration of
ferromagnetic Co/C nanoparticles. Figure adaptati permission from reference 33. Copyright 2012y&Ro
Society of Chemistry.

Envisioning a real industrial application for suetaterials it is demanding to improve their
dispersibility in solution since most of the autdedhindustrial reactors allow simply shaking
and not stirring or sonication, usually needed isperse these MNPs. Indeed, even in our
laboratories dispersibility issues might impair thee of the nanoparticles e.g. in catalytic
reactions in water. Starkt al. recently showed that carbon-coated nanopartiotesilently
functionalized with highly charged polymers, alldive formation of stable dispersions in

aqueous medi¥. Additionally, Hongjie Dai and co-workers, have shothe use of water-
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soluble FeCol/graphitic shell nanocrystals as cehtragents by capping them with a
phospholipidic-poly(ethylene glycol) (PL-PE&).

Therefore the feasibility to attenuate the propsrtof Co/C MNPs by applying different

coatings was studied, aiming to achieve good dssipdity while keeping high magnetization

values. Herein, the comparison of various compldargn synthetic strategies for

functionalizing Co/C nanoparticles is reported. sThicludes organic and inorganic coatings,
and the extensive evaluation of such materials wagpect to their dispersibility in various
solvents. Furthermore, the magnetic performancethef MNPs, regarding recovery and

recyclability, was also assessed and comparedhéodifferent type of coatings applied.

1.2 Silica-coated magnetic Co/C nanoparticles

Inorganic silica coating offers a biologically iheand chemically reactive shell which has been
intensively studied during the last decades forliegiions in chemistry and biomedicine. The
hydrophilicity and biocompatibility of silica makésvery attractive for biotechnological applicat®
such as protein separatidror photothermal cancer theraflyLikewise, studies on silica-coated
supports for catalysis® or peptide synthesfs have been reported. Commonly, the direct coaifng
silica on different physical supports is done bynmamia-catalyzed hydrolysis and condensation of
tetraethyl orthosilicate (TEO$)?**"**This low cost sol-gel process usually offers ghothogeneity

of the formed shell.

In this subsection, the development of a silicdldtarting from the pristine Co/CL), as shown in
Scheme 1is discussedFirstly, the cationic surfactant cetyltrimethylammiam bromide (here
referred as CTAB) is adsorbed on the outer graplikedayer of the MNPs 1) by hydrophobic
interaction of its alkyl chain exposing the ammanigroup on the surface of the MNPs. In this
manner, it forms a positive wrapping around theopanticles in aqueous solution. Subsequently, the
injection of TEOS under basic conditions leads t® hydrolysis and condensation into silicate
polyanions. These can interact with the positivekposed charges from the CTAB simply by
electrostatic interaction or hydrogen-bonding (Smsheme 1). Therefore, the presence of CTAB
should facilitate the growth of a silica shell anduthe nanoparticles while preventing TEOS own

nucleation process.
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1) CTAB, H,0, UB, 1h
2) EtOH, NH,OH, TEOS, UB, 2h

Scheme 1Synthesis of Co/C@SiJ)2) from pristine Co/C 1), using CTAB as the surfactant for the silica

growth on the nanopatrticle’s surface.

In a study reporting silica grafting onto carbomotabes, Zhang and co-authors claim that one of the
parameters affecting the morphology of the silioated MNPs is the ratio (w/w) CTAB/MNPs
used® Thus, the variation of CTAB added to the MNPs waglied for the following ratios: 2:1;
20:1; 60:1. The presence of silica was immediatelyfirmed by attenuated total reflection infrared
spectroscopy (ATR-IR) in confront with the pristi@®/C MNPs {) which have no detectable peaks.
According to the spectra obtained for all the thsaenples (Fig. 2) a strong band at 1100"dm
assigned to the Si-O-Si asymmetric stretching. Olaads at 950 and 800 ¢rare recognized as the
Si-OH stretching and Si-O-Si symmetric vibratf8nconfirming the silica coating on the

nanoparticles.

rel

4000 3500 3000 2500 2000 1500 1000 500
Wavelenght (cm?)

Fig. 2 ATR-IR spectra of Co/C@SiO(2) prepared from pristine Co/CL)( using different ratios (w/w) of
CTAB/MNPs. Green line: ratio 2:1; red line: rati®:2; black line: ratio 60:1.

Indeed, TEM analysis confirmed the presence dfssiior all three samples. Despite slight difference
between each ratio CTAB/MNPs tested, the resultsBbw significant aggregation of the beads. For
the lowest amount of CTAB used (Fig. 3A), very kighells are formed and the homogeneous

nucleation process of TEOS is favored, most lildi to the insufficient amount of CTAB on the
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surface of the particles. In contrast, using higlatios of CTAB to MNPs (see Fig. 3B and 3C) one
can reduce the formation of silica hanopatrticlewels as the thickness of the silica-coated nandbea
However, defined silica shells around the beads rae obtained in any of these samples, as
considerable agglomeration of the initial magnetaterials is detected.

Accordingly, a significant decrease in the satoratmagnetization of the MNPs was detected. As
shown in Fig. 4, the Mvalues are similar and approximated to 55 ethuldis value is much lower
than the one registered for the pristine MNB¥ Which have a M around 150 emuly ?® This

phenomenon is directly related to the huge incregasdica mass around the nanomaterials, as seen i
the TEM pictures (Fig. 3).

0.2pm 100nm ' i 1.2;1@

Fig. 3 TEM pictures of Co/C@Si©(2) prepared from pristine Co/CL)( using different ratios (w/w) of
CTAB/MNPs:A) 2:1;B) 20:1;C) 60:1.
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Fig. 4 Saturation magnetization of the different synthedizCo/C@SiQ (2). Green line: ratio (w/w)
CTAB/MNPs 2:1; red line: ratio CTAB/MNPs 20:1; bladine: ratio CTAB/MNPs 60:1.

In order to avoid the decrease in magnetizatioB@C MNPs, a strategy for the synthesis of a thinne
and more defined silica shell around the nanopestizas developed. Here, the silica was grown from
the exposed amine groups on the surface of furaltimad nanoparticle8)* as illustrated in Scheme
2.
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H2N_®J 2 1) EtOH, NH,OH,
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H,0, HCI, NaNO, 2) TEOS, UB, 2h
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Scheme 2Synthesis of Co/C@SiJ4) from Co/C-NH (3). The volume ratio TEOS:EtOH for the growth of

silica was varied as: 0.05, 0.2 and 2%.

The functionalized nanoparticles were obtained dyatently attaching linkers bearing amine groups
to the surface of Co/Cl). To do this4-(2- aminoethyl)aniline was converted to the cgpmnding
diazonium salt which subsequently reacts with theba@n surface of pristine nanobead¥ @pon
sonication (Scheme 2). The loading with amino gsowps determined by elemental microanalysis to
be 0.1 mmol.g. To grow the silica on the surface of Co/C-NE@), the MNPs were dispersed in
ethanol with catalytic amounts of ammonia whileoluson of TEOS was added dropwise to promote
a controlled shell formation.

In this case, the volume ratio TEOS to EtOH wasedairom 0.05, 0.2 up to 2% in order to check the
impact on the morphology of the silica shell. Agdahe formation of silica was confirmed by ATR-IR
spectroscopy showing the most pronounced band-6f-Si asymmetric stretching at 1100trand
950-800crit (Fig. 5).
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Fig. 5 ATR-IR spectra of Co/C@SiD(4) prepared from Co/C-NH(3) using different volume ratios of
TEOS/EtOH. Blue line: 0.05% TEOS; green line: 0.2EOS; black line: 2% TEOS.

Generally, according to the TEM pictures in Figttes synthesis gives much nicer coated nanobeads
than the one described for the previous methodolbgyeasing the amount of TEOS leads to the
formation of less defined shells, much thicker aaddomly distributed (Fig. 6C). On the contrary,

using 0.2 and 0.05% of TEOS (Fig. 6B or 6A, respebt) results in fine encapsulated magnetic
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beads surrounded by a much thinner shell. Moremample aggregation, which was detected by
TEM in Fig. 3 for the previous reported materiaggssmuch less pronounced here. These facts are in
good agreement with the values measured for thaetagtion of the MNPs (see Fig. 7) which were
found to be higher when the silica shell aroundNifgs was smaller. Usually thesh4 lowered with

the gain of mass as detected for the sample prepeith 2% TEOS in which the silica coating is
considerably bigger. By adjusting the parameterthefsynthesis it is possible to keep the magnetic
properties of the nanoparticles in the range of tbe-functionalized ones (150 emt)g® In fact,
from Fig. 7, one can see that for nanobeads prdpaigh 0.05% of TEOS the saturation
magnetization of the material is practically unajeh (140 emu: and decreases as the amount of
TEOS used for the reaction increases (114 emfag TEOS 0.2% and 60 emi.dor TEOS 2%).
Such properties evidence Co/C nanopatrticles toigidyhattractive when compared even to the most

common unfunctionalized magnetite nanoparticleth) wimaximum M value measured at 92 emu.g
123

A

Fig. 6 TEM pictures of Co/C@SiO (4) prepared from Co/C-NH(3) using different volume ratios of
TEOS/EtOH. A) 0.05% TEOS; B) 0.2% TEOS; C) 2% TEOS.
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Fig. 7 Saturation magnetization of the synthesized Co/GI® &) using different volume ratios of TEOS/EtOH.
Blue line: 0.05% TEQOS; green line: 0.2% TEOS; blhec&: 2% TEOS.

In confront to the saturation magnetization std@dsilica coated-magnetite nanoparticles, which
drops usually to values as low as 15 emjilghe impact of these results becomes even grédéiter.
et al. reported an excellent magnetization of silica-edatagnetite nanoparticles to be about 64.1
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emu.g,? which is still 2 times lower than the values obeal for the best synthesis conditions of
silica-coated ferromagnetic Co/C nanobeads (140@hu

As shown in Fig. 8,He developed coating, improves the stability of tla@oparticles in different
solvents (water, ethanol and DCM) while allowingaat recovery from solution within a few seconds
(Fig. 8D). Despite their high magnetization, itpsssible to keep such materials in solution with a
simple continuous shaking mechanism which is defiyi not enough for the pristine Co/C
nanomagnets. Even after collection or depositiogingle hand shaking is enough as depicted in Fig.

8C for dispersing them again in the respectiveesulv

A B - || € \/27 —
L1 N = N N

DCM H,O0 EtOH DCM H,0 EtOH DCM H,0 EtOH

- /p-
4 B _Ba g

b N8

30 seconds

Fig. 8 Co/C@SiQ (4) dispersion in DCM, BD and EtOH after 5 minutes of sonicatioh),( deposition /
precipitation over timeR), re-dispersion with hand shaking)( Fast recovery of the nanobeads with an external

magnet D).

The improvement in dispersibility of the beads oi#d by applying a silica coating on the surface
allows for the possibility to explore the potentilthese nanomagnets for example in catalysi$ as i
will be discussed further in this chapter. Addiadiy, the presence of silanol groups on the surtare

easily react with various coupling agents to caviijeattach molecules to the Co/C MNPs. 3-
(aminopropytriethoxysilane (known as APTES) haero commonly used to introduce amine groups
on the surface of silica coated magnetite nanapest’ Later in this chapter another approach will be

discussed for the attachment of amine-rich polyroersilica-coated Co/C MNPs.

1.3 Polymer-coated magnetic Co/C nanoparticles

Bearing in mind the stabilization of Co/C MNPs muaous phase, polymer coatings comprising high
number of polar groups arise as a promising styaiedpe explored. Highly ramified dendrimeric-like

molecules are very attractive since they offer phasibility of changing charge, functionality, and
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reactivity of magnetic supports, enhancing theibiity and dispersibility**> Two different
methodologies, shown in Fig. 9, can be adoptedhi®isynthesis of these polymers: a convergent or a
divergent growth. The convergent pathway startsnfimeripheral molecules and proceeds inward
building dendrons which are then coupled togethénefocal point. On the other hand, the divergent
approach starts from a reactive core molecule wisieixpanded giving rise to different generatiohs o
the dendrimer. The resultant molecules contain niigher number of functional terminal groups in

contrast to linear polymef$*>*

Divergent growth

g. Dendritic growth

a. Activation of the peripheral groups

a*. Activation of the focal point

Convergent growth

Fig. 9 Schematic representation of convergent and divémsythesis of dendrimers. Adapted with permission

from refrence 44Copyright 2012, Royal Society of Chemistry

The preparation of dendron-functionalized MNPs bardone by directly synthesizing the dendrons
on the surface of the nanopartiéfesr by attaching the previously synthesized molesulsing e.g.
click-chemistry*® *® Either way, the nanomaterials can be functiondlimith different generations of
the desired dendrons. On one hand, the direct ssistifrom the surface, a “grafting from” approach,
of the nanoparticles leads to higher loadings lomgromises the control on the synthesis due to the
difficulty of analysis on the MNPs. On the othembathe synthesis of the dendrons followed by
“clicking” on the surface, here referred as “gmadtito” strategy, provides a much better controiten
purity but decreases the loadings of polymer acuét

A grafting to methodology for the covalent attachmef poly(amidoamine) PAMAM dendrons on
the surface of Co/C MNPs was preformed and thelteediscussed here. Second generation (G2) of
PAMAM dendrons were synthesized according to agutace described in literatufé.
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Briefly, propargyl amine is successively reactedhwmethyl acrylate and ethylenediamine via
conventional divergent growth, giving consecutivengrations of the dendrons with duplicated
number of functional groups, after each completeegation (2 steps). The propargyl group on the
focal point allows the dendrons to be easily clitke the surface of the Co/C nanoparticles preWous

functionalized with azide moieties (Schemé?3).

1) Diazonium chemistry

\__—PAMAM G,
7 N’ E(‘
OH N

5
s 3 oo, (O
itsunobu O
@ N3 / CuSQy4 5 H,0 (5mol%)
Na Ascorbate (15 mol%)

1 THF / H0 3:1

1) Diazonium chemistry

2) Suzuki coupling N3
(H%B@—\\ PAMAM G2 PAMAM G,
Oy, NH
3) Radical polymerization 7
\ <:> NH
: N o
Cl o) /_/ ‘\—ﬁ

4) Cl exchange for N3

Scheme ovalent immobilization of PAMAM dendron G2 on CoMINPs via click chemistry? Benzyl azide-
functionalized nanoparticle§)and nanoparticles enwrapped in a Wang type retinazide moietiest) were

used to click the dendrons under similar reactimmddions.

Two different routes were followed to link PAMAM G Co/C nanoparticles: benzyl azide-

46, 48

functionalized Co/C nanoparticles (Co/G;MN¥) or a Wang type resin having azide end groups

25, 49, 50

covalently attached to Co/C nanoparticles (Co/CNB %), were found to be suitable platforms
to accommodate PAMAM dendrons via ligation by ap#Epcatalyzed azide/alkyne cycloaddition
using conditions previously describ&d*® Co/C-PS-N (6) generally offer higher loading of azide
groups, up to 2.4 mmol azide per gram of nanopasticcompared to Co/CzN5) which have
loadings in the range of 0.1 mmol azide per gramiPs’?

The click reaction was conveniently followed andhfimned by IR spectroscopy, monitoring the

attenuation of the azide band at 2100 dmafore and after reaction (see Fig. 10).
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Fig. 10 ATR-IR spectra of azide-functionalized nanoparscl€o/C-N (5) (black line) and Co/C-PS4\(6)
(blue line); and the respective PAMAM-functionalizeanoparticles after click reaction: Co/C-PAMAM G2
(red line) and Co/C-PS-PAMAM G3) (green line).

The loading of dendrons on the surface of the narigtes 7) and @) was estimated by
thermogravimetric analysis (TGA) analysis to be2Cadd 0.6 mmol of PAMAM molecules per gram
of nanomaterial, respectively. Both the loadings @wnsiderably low in view of the loadings of the
initial azide-tagged MNP<5] and 6). This might be easily explained by the stericdnamce of such
ramified dendrons which cannot fit more than aaeramount of molecules due to a limitation on
space organization. From Fig. 11, one can confivan the higher gain in mass for NB§ (lesults in a
lower saturation magnetization (50 emt).gvhen compared to the nanomateri@ls (105 emu.g).
However, both types of PAMAM —functionalized MNP a&till quite easily recovered from solutions
simply by applying an external magnet. Unfortunatdespite the presence of the polar groups on the
surface, none of the material§ or (8) is well dispersible in aqueous solutions most {ikddie to the
low loadings of PAMAM obtained.
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Fig. 11Saturation magnetization of the synthesized Co/GARM G2 (7) (red line) and Co/C-PS-PAMAM G2

(8) (green line) in comparison to pristine Co/J. (

Polyethylenimine (PEI) has been used to functiaealhagnetic nanoparticles making them water
stable through its high density of amine groupsegs studies describe the grafting of commercially
available PEI with different molecular weights e tsurface of different nanoparticfés?

Following a “grafting to” strategy reported by Lalicheet al.>*

commercial PEI (25 KDa) was
attached on divinyl sulfone (DVS) functionalizednogparticles (Scheme 4). For this purpose, DVS,
which is a homobifunctional molecule, was usedeact with the amine groups of Co/C-NE3) by
rapid Michael additions. The subsequent additiobrahched PEI to the readily prepared Co/C-DVS
(9) resulted in PEI-coated MNP4&(). The total content of nitrogen for Co/C-PED) was estimated

to be 0.36 mmol per gram of nanomaterial by elealemticroanalysis. Repeating both steps, an
increase in the nitrogen loading to 0.64 mmol pemgwas achieved. Unfortunately, even at such

loadings the dispersibility of the nanoparticleagueous phase was not improved.

A
W, g ‘ W
i-PrOH, 2h

3

Q=
S

o) /\/NHZ
\\S/ N (\NH2 (\N
N\/\ /\/N\/\ /\/er\NHz

PEI (25 KDa) N H
i-PrOH, 14h N
HNTN NSNS,

Scheme 4Synthesis of Co/C-PEWLQ) by Michael addition of DVS and subsequent reactd CO/C-DVS 9)
with branched PEI (25 KDa).
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Another approach reported by Adronev al>® for the PEI functionalization of carbon nanotubes
(CNTSs), revealing impressive solubility in aquesatution, was tested for the Co/C MNPs (Scheme
5). Here, benzoic acid was first attached to thistipe Co/C nanoparticlesl) by diazonium
chemistry. This step was carried out using twoedéht reaction conditions: (1) the one described in
Scheme 4 and (2) the conditions usually describethe diazonium chemistry applied to these Co/C
nanobeads described e.g. in Scheme 2 for the systhieCo/C-NH (3). As a result it was found that
route (1) resulted in 10 times higher loadings efiznic acid than route (2). Thus, Co/C-COCH) (
from route (1) were used to react with thionyl chlde producing chloride acid functionalized
nanoparticles (Co/C-COCINLD). The last step consisted on the reaction of GOl (12) with a
large excess of branched PEI resulting in PEI-ab&e/C nanoparticlesl®) with a total content of
nitrogen estimated to be 0.7 mmol per gram of naterial. However, once more the developed
polymer coating revealed to be insufficient to ardeathe dispersibility of the MNP43) in aqueous
phase. Together with the results showed for th&Kiclg” of PAMAM on Co/C-Ny MNPs these
findings confirm the unsatisfactory polymer loadittgthe nanoparticles following a “grafting to”

methodology.

o]

oy i

S
e = O i O
~ OH > cl

isoamyl nitrite, H,0, 100°C DMF, 4h, N,
1 1 12

/\/NH2
PEI 25KDa _ @ O o N(\NHz N(\N "
. - __/,_ \/\N/\/ \/\N/\/N\/'\NH2
DCM, Ny, overnight HN H
13 H

N
H2N/\/ \/\NH2

Scheme5 Grafting of PEI (25 KDa) to Co/C-COCI nanopartgl@2). First benzoic acid is attached to the
nanoparticles via diazonium chemistry giving Co/O@H (11). Subsequentlyld) are reacted with thyonil
chloride to produce Co/C-COC12%) which are subsequently reacted with branchedrBé&llting on Co/C-PEI
(13).

In contrast, Leonget al, have shown that the direct polymerization ofridme under acidic

conditions leads to higher amounts of polymer cently attached to the surface of CNTs.
Therefore, a “grafting from” approach of the PEt@mthe MNPs by aziridine polymerization on the
surface of Co/C-NKI(3) was attempted. Using 1000 equivalents of azieid®o/C-PEI nanoparticles
(14) were obtained (Scheme 6) with a loading of 10rishol amino functionalities per gram of
nanomaterial based on the nitrogen content detedniby elemental analysis or by TGA

measurementt.
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Scheme 6Synthesis of Co/C-PEIL#) by aziridine polymerization on the surface of CH, (3), under acidic

conditions®?

The chemical structure of PEI-coated MNP4) (was identified by infrared spectroscopy. As shamn
Fig. 12, the recorded spectrum reveals the chaistitepeaks of PEI at 3417 ¢h{N-H stretching),
2934-2812 cr (C-H stretching), 1604 cm(N-H bending), 1458 cth( C-H bending) and 1350-1000
cm* (C-N stretching§®
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Fig. 12 Characteristic ATR-IR spectra of Co/C-MNEB) (black line) and Co/C-PEL#) (green line).

Moreover, as shown in Fig. 13, TEM analysis indicathat Co/C-PEI14) consisted of discrete
particles contrasting the pristine Co/C nanopasidhowed in Fig. 1 where major agglomeration can
be observed. The magnetization of Co/C-PEI| wasiderably decreased to 39 eniti(§ig. 14). This
reduction is consistent with the significant gainmass of the PEI-polymer (60 wt% by TGA). Indeed,
this nanomaterial proved to form stable dispersiomswater over days with no tendency for
agglomeration or sedimentation. Interestingly, teisdency was also observed in a biphasic systems
with dichloromethane present as a second layer Fége 14 right flask), contrasting the Co/C-
PAMAM particles {) and @), as well as the PEI-coated nanoparticlg® and (L3) described above.
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Fig. 13 Stability of Co/C-PEI 14) in water (left flask) and in biphasic system (WEDCM - right flask). The
stability is also confirmed from the TEM micrograpihere single MNPs can be distinguished. The deatds
20 nm.
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Fig. 11 Saturation magnetization of Co/C-PHEHJ (green line) in comparison to pristine CdAJ (black line).

These nanoparticles proved their stability over therin aqueous solution, opening the possibility
their use in biotechnological applications. On toeatrary if freeze-dried, the particles can be well
dispersed in water or polar solvents and colletig@dn external magnet, as shown in Fig. 15. This
makes them also interesting for applications imubeal processes where water is used as the solvent
or in water bioremediation as it is discussed lat@hapter 2.
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Fig. 15 Lyophilized Co/C-PEI 14) re-dispersion by sonication (5 minutes) and cbita with an external

magnet. The recovery is done in a few seconds pititing the magnet on the side of the flask.

1.4 Combined silica-polymer coating on magnetic Co/C naoparticles

Once optimized the synthesis and development gfnpadic and inorganic silica coatings on top of
Co/C MNPs, the combination of both strategies wadied and the stability in solution for different
solvents was evaluated. PEI-coated MNEY §howed very good stability in water, but not igaomic
solvents. For instance, in DCM these MNPs are mgpedsible even using sonication. Aiming to
produce a more versatile material, containing & rdgnsity of NH reactive groups while being
dispersible also in organic solvents, the combamatif both types of coatings was studied. To aehiev
this purpose, first the silica shell was implemdntes described in Scheme 2. Then, aziridine
polymerization was carried out using the conditidascribed by Lindést al for grafting PEI on the

surface of silica materials (Scheme?).
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Scheme 7Synthesis of Co/C@SKPEI (15) from Co/C@SiQ (4) by polymerization of aziridine under acidic

conditions.

The presence of hyperbranched PEI, which was grfoem the free hydroxyl groups on the outer
silica shell, was confirmed by IR spectroscopy.nfiiBig. 16 one can see that the starting matdrial
exhibit only the bands for silica, at 1100tmnd 950-800cih while the spectra of Co/C@SHPEI
(15 matches also with minor shifts the peaks assigiwedCo/C-PEI {4) at 3417 ci (N-H
stretching), 2934-2812 ¢h(C-H stretching), 1604 ci(N-H bending), 1458 cth( C-H bending) and
1350-1000 cr (C-N stretching).
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Fig. 16 Characteristic ATR-IR spectra for Co/C@$iQ}) (blue line), Co/C-PEI 14) (green line) and
Co/C@SIiQ-PEI (15) (red line).

As expected, the saturation magnetization measiore€o/C@SiQ-PEI (15) (45 emu.d) drops to
comparable values of those found for Co/C-PH) @lue to the gain in mass during the polymerization
(see Fig. 17).
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Fig. 17 Saturation magnetization for Co/C@3%i(@) (blue line), Co/C-PEIX1) (green line)and Co/C@ SiQ
PEI (12) (red line).
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Regarding the dispersibility in solution of thes®&Rk it was found that the combination of silica and
PEI indeed result in a nanomaterial, highly loadéti amino groups, which can be easily dispersed in
both aqueous and organic systems. Fig. 18A shdwsdispersion of Co/C@SJHPEI (15) in water,
DCM and ethanol, proving the improvement achieveégmcomparing with the Co/C-PEL{) which
revealed a great stability in water systems buimotganic media. The stability of the beads wae a
confirmed for other organic solvents such as: NEARIA and DMF. Moreover, the materials can be
collected, using a magnet, within less than a neimstdepicted in Fig. 18B. This outcome enlarges th
range of applications suitable to Co/C nanopadielgpecially as supports for catalysis and scavenge

for intermediate reagents.
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Fig. 18 Co/C@SIiQ-PEI (15) dispersibility in water, DCM and ethan@\) and recovery from solution applying

an external magneBj.

1.5 Outlook and applications

As described along this chapter, Co/C MNPs offerddvantage of easy and fast collection applying
an external magnet due to their extremely high rmigmmoment. However, this feature brings also
disadvantages considering their dispersibility @tugon. Typically continuous sonication or strong
stirring are applied to ensure the dispersion afhsnanoparticles. Unfortunately, for industrial
applications this is not always possible. Rathantkonication or stirring, industrial reactors uiyua
offer the possibility of simple shaking. For thisason better dispersion of the nanobeads in diverse
solvents is required. Therefore, the aim of thigjgut was to develop different surface coatings to
stabilize the dispersion of Co/C MNPs in solutiamproving their performance and increasing the
range of applications possibly given to these naadb. Both silica and polymers were grafted on the
surface and the obtained magnetic materials fulharacterized and compared in terms of
dispersibility and easiness of recovery. Similathg combination of the two coatings was tested
giving promising results for developing a more wadits material dispersible both in aqueous and
organic phase.

Silica coated magnetic nanoparticles, showed mtteibdispersibility in solution than the pristine
MNPs (1) without compromising the high magnetization o tmaterials, which are easily and fast

collected with a magnet. Bringing and maintainitigrh dispersed in solution requires a simple

a7



shaking of the flask. On the other hand, PEI-codiétPs (14) showed a surprising stability in water
which might be interesting for using these materia biotechnological applications. If kept in
solution these materials seem to be stable oveithmaf incubation. Once lyophilized, despite the
significant decrease in the magnetization mas$ege samples, they could still be recovered from
solution within few seconds of collection with axtexnal magnet.

Different applications have been explored for theadoped magnetic supports. Generally it was found
that a “grafting from” approach leads to higherypatric functionalization of the nanoparticles and
consequently better dispersions than a “graftifigrnethodology. Polymer coated-MNPs have been
used as scavengers for metal recovery from contdedn water samples proving the great
recyclability and potential of Co/C-PElI nanomagn€ld) to be used in a real upscale process
(described in detail in chapter 2). PEI-coated naaterials show a much better performance than the
PAMAM-coated ones specifically due to the improvemé aqueous dispersion and the higher
amount of amine groups available on the surfaceirTpotential in catalysis was also explored by
incorporating Pd nanoparticles and testing them Hydrogenation reactions. Additionally, other
metals such as Ru, Pt and Au have been successfatiyporated and are very promising for being
used in catalytic reactions having water as theesu| which is not possible for Co/C MNPS.(

Similarly, Co/C@SiQ were used as a platform for incorporating metats their use in catalysis was
explored. Fe, Ru and Pd were successfully incotpdraith loadings of: 0.06, 0.11 and 0.17 mmol of
catalyst per gram of material. The amount of catalycorporated can be tuned by changing the initia
amount of the respective precursor added to thtéhegis. Given the work which has been done on
Co/C nanoparticles for catalytic applications usidyas the active catalystPd-doped silica-coated
magnetic nanoparticles (Co/C@ S@Pd)were also prepared and their performance comparduet
previous developed systems. The synthesis of thesebeads was done according to Scheme 8. The
procedure is adapted from the synthesis of Co/C@@iDadding Pg(dbay- CHCkL complex while
growing the silica shell. These catalysts have shpvomising results for Suzuki-Miyaura coupling
reactions between phenyl boronic acid and aryldealiodide and bromide), using very low amounts
of catalyst (0.1 and 0.3, respectively) and shedction times in the microwave, allowing the

recyclability of the catalyst for at least 6 cycles

1) EtOH, NH4OH,

O NH,  TEOS, UB, 30min

2) TEOS, UB, 1h
3 3) Pd,(dba)3CHCl3, UB, 1h

Scheme 8Synthesis of Pd-incorporated Co/C@SiO2 MNRS).( The same procedure was followed to

incorporate ruthenium and iron.

48



Moreover, the potential of Co/C-PEL4) and Co/C@SIQPEI (15 MNPs for being used as reagent
scavengers has been studied in collaboration with Feter Meier from NOVARTIS (Basel,
Switzerland). ((1R,8S,9s)-bicyclo[6.1.0]non-4-yrndmethyl 4-nitrophenyl carbonate (here referred
as BCN ligand) was attached on the surface of tieefunctionalized magnetic beads following the
synthesis depicted in Scheme 9. The resulting GZGHnanoparticles exposing the triple bond were
explored for scavenging a variety of azide-taggesleoules revealing very promising results. The
high loading of amino groups on nanoparticte4) @nd @5) allows higher loadings of the BCN ligand
thus reducing the amount of nanoparticles needethéocopper-free click reaction of different azide

labeled molecules.

e
o~ DCM, Et:N,

40 °C, 48h

Scheme Bynthesis of BCN-functionalized particles’) from PEI-functionalized nanomaterials4 and (5).

1.6 Experimental section

Materials and methods

The Co/C nanomagnet$)(were purchased from Turbobeads Llc, Switzerl&ribr to use, they were
washed in a concentrated HCI / water mixture (B:fijnes for 24 h. Acid residuals were removed by
washing with Millipore water (5x) and the particlegre dried at 50°C in a vacuum ovérlhe
magnetic nanobeads were dispersed using an ulicadath and recovered with the aid of a
neodymium based magnet (15 x 30 mm). ATR-IR waseazhout on a Biorad Excalibur FTS 3000,
equipped with a Specac Golden Gate Diamond Singfee&ion ATR-System or a Varian FTS 1000
spectrometer. Elemental microanalysis was carrigdby the micro analytical department of the
University of Regensburg using a Vario EL 1l orkvih-Rapid CHN apparatus (Heraeus).

The ICP-OES was measured on a Spectroflame EORt(Spat the University of Regensburg.
Termogravimetric analysis (TGA) was done on a TGA(Perkin Elmer). The magnetization
measurements and TEM pictures of all silica-endapsth nanoparticles was done at the Trinity
College of Dublin, while for all the other samplbsth characterizations were performed at the
Physics Faculty of the University of Regensburg.

%859 and azide-

Amine-functionalized nanoparticles3){®, azide-functionalized nanoparticlets)
functionalized polystyrene-coated nanoparticl6¥”(were prepared on the gram scétdlowing

previously reported procedures.
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Synthesis of PAMAM dendrons

NH,

i S 8 ;
\)LOMe j \)LOMe ,—>\;
Zz N, ————————_ = N - = N
NNz L}NH NS N2 \—>/—NH
o o NTN\NH,
NH; N
G1 j\
G2 5 N\H\\
NH,

Scheme MDivergent synthesis of clickable PAMAM dendronshwitropargyl amine at the focal point.

The synthesis of PAMAM dendrons was done accorttirgprocedure described elsewhBriderein,
propargyl amine (1.0 equiv.) was reacted with miethgrylate (83 equiv.) under ;Nat room
temperature giving rise to the dendron GO0.5 (95Ptgn, ethylenediamine (60 equiv.) was added (1.0
equiv.) to yield dendron G1 with two amino functbrgroups (98%). After repetition of these two

steps, second generation dendrons could be obtairgabd yields (88%). For every half-generation

dendron purification by silica column chromatognaphas performed. NMR and EI-MS are in

accordance with the literature valués.

Nomenclature of the magnetic nanopatrticles

The nomenclature of the beads is done as follows:

Co/C

Co/C@SIiQ
Co/-NH,

Co/C -N;
Co/C-PAMAM G2

Co/C-PS-N
Co/C-PS-PAMAM G2

Co/C-DVS
Co/C-COOH
Co/C-COCl
Co/C-PEI
Co/C@SIQ-PEI
Co/C@ SiQ@Pd
Co/C-BCN
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Carbon-coated cobalt nanoparticles
Silica-encapsulated carbon-coated cobalt nanafesti
Amine -functionalized carbon-coated cobalt nantglas
Azide-tagged carbon-coated cobalt nanopatrticles
Second generation PAMAM-functionalize carbon-coated cobalt
nanoparticles
Azide-tagged polystyrene-coated carbon-coateditnhaoparticles
Second generation PAMAM-functioretl polystyrene-coated carbon-
coated cobalt nanoparticles

Divinyl sulfone functionalized carbon-cedtcobalt nanoparticles

Benzoic acid functionalized carbon-coateloialt nanopatrticles

Chloride acid functionalized carbon-cdatebalt nanopatrticles
PEI-functionalized carbon-coated cobattaparticles

PEI-functionalized silica-encapsulated carboated cobalt nanoparticles
Palladium doped silica-encapsulated carboredaatbalt nanoparticles

BCN ligand-functionalized carbon-coatetalb nanoparticles



Synthesis of Co/C@SiQ(2)

000

2

The synthesis of Co/C@Si@2) was adapted from a procedure described in tastiire for silica
coating of CNTS! Typically, 50 mg of Co/C1) were dispersed in 50 mL of EtOH together with the
desired amount of CTAB (0.1, 1 or 3 g) and sonitébe 1h. Then, the NPs were decanted in order to
remove non-attached CTAB and re-dispersed in 20ahlEtOH for 30 minutes. When a stable
dispersion is obtained, 2mL of NIOH (32%) is added to the solution and sonicated®fminutes,
followed by the addition of a TEOS solution (0.5 mi 20 mL of EtOH) in a dropwise manner.
Sonication was done for 90 minutes and then thetimawas left to stir overnight. In the end the

MNPs @) were magnetically decanted, intensively washall ®tOH and dried under vacuum.

IR (v/cmi®) (0.1 g CTAB): 1067, 943, 789; (1 g CTAB): 105579802; (3 g CTAB): 1058, 937, 787.

Synthesis of Co/C@SiQ(4)

4

In a typical synthesis, 50 mg of Co/C-pKB) were sonicated in 100 mL of EtOH and 8 mL of
NH,.OH (32%) for 30 minutes. Then, TEOS (2, 0.2 o50nGL) was added into the solution reacted
for 2 hours. After completion of the reaction tintke obtained MNP<4] were intensively washed

with EtOH and dried under vacuum.

IR (vicmi®) (2%TEOS): 1074, 929, 786; (0.2%TEOS): 1039, 9IB; (0.05%TEOS): 1080, 777.

Synthesis of Co/C-PAMAM G2 (7)

N PAMAM G,
N

@0~

7
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In a typical experiment, 100 mg of azide functiared nanoparticles (0.019 mmol fNper gram
nanoparticles, 0.007 mmolp)(and 5 equivalents (70 mg, 0.095 mmol) of the sdcgeneration
PAMAM dendron, containing 4 functional groups, wesed. The PAMAM was previously dissolved
in 5 mL of degassed THFD (3:1) mixture followed by the successive additwdrCo/C- N; (5), Na-
ascorbate (30 mol%, 0.029 mmol, 5.75mg) and Gu% mol%, 0.0095 mmol, 2.37 mg).
Afterwards the reaction mixture was sonicated fér miinutes and stirred for 48 hours at room
temperature. The magnetic nanoparticles were segbapplying an external magnet and washed with
acetone (5x 5 mL), #D (5x 5 mL) and acetone (3x 5 mL). In the end,rtherobeads were dried under
vacuum. The reactions were monitored by ATR-IR |l#ating the attenuation of the azide peak (Fig.
10) and the loadings estimated by TGA (Fig. 19).

Co/C-PAMAM (7): TGA (N,): 0.02 mmol.g; 1.4 % mass loss.

100

80 +

(o]
o
!

1

Weight (%)
S

N
o
-

0O 100 200 300 400 500 600 700 800
Temperature (° C)

= C0/C-N3 = C0/C-PAMAM G2
- C0/C-PS-N3 Co/C-PS-PAMAM

Fig. 19 TGA spectra of the azide tagged nanoparticlqtflack) and §) (blue) and the subsequent PAMAM-
clicked magnetic beadd)((red) and §) (green). The loadings can be estimated from taight loss % of the

materials.

Synthesis of Co/C-PS-PAMAM G2 (8)

PAMAM G,
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In a typical experiment, 100 mg of azide functiawed nanoparticles8f (2.42 mmol (N) per gram
nanoparticles, 0.242 mmolp)( and 5 equivalents (894 mg, 1.21 mmol) of the sdcgeneration
PAMAM dendron, containing 4 functional groups, wesed. The PAMAM was previously dissolved
in 5 mL of degassed THFBD (3:1) mixture followed by the successive additarCo/C-PS-N (8),
Na-ascorbate (30 mol%, 0.363 mmol, 72 mg) and Gu$l®d mol%, 0.121 mmol, 30 mg).
Afterwards the reaction mixture was sonicated fér miinutes and stirred for 48 hours at room
temperature. The magnetic nanoparticles were segbapplying an external magnet and washed with
acetone (5x 5 mL), #D (5x 5 mL) and acetone (3x 5 mL). In the end,rthrobeads were dried under
vacuum. The reactions were monitored by ATR-IR |l#ating the attenuation of the azide peak (Fig.
10) and the loadings estimated by TGA (Fig. 19).

Co/C-PS-PAMAM B): TGA (N): 0.6 mmol.g"; 42 % mass loss.

Synthesis of Co/C-DVS (9)

=
S

%
O NH

9

Co/C-NH; (3) (500 mg, 0.05 mmol, 1.0 equiv.) were disperseddmL of i-PrOH in the ultrasonic
bath for 5 minutes. A solution of DVS (10 uL, 0.48nol, 3 equiv.) in 5 mL of i-PrOH was added to
the reaction and the mixture sonicated for 5 misumere followed by vigorously stirring for 2 hours.
Finally Co/C-DVS 0) were washed three times with i-PrOH and driedennvdicuum.

Elemental microanalysis [%]: Co/@)( C, 10.5; H, 0.2; N, 0.14; Co/C-DVS) C, 10.6; H, 0.2; N,
0.14; Loading (C): 0.02 mmol'y

Synthesis of Co/C-PEI (10)

NH,
O‘\s HN I~ (N (\H/\/ H
N N\/\N/\,N\/\N/\/N\/z\NH2

A
— O
e O NH H H
HN NN,
10

Co/C-DVS Q) (500 mg, 0.01 mmol) were dispersed in 20 mL Bf®H in the ultrasonic bath during
5 minutes. 500 mg of branched PEI (25 KDa) wasotires! in 5 mL of i-PrOH and the solution added

to the nanoparticles dispersion. The reaction wHsr ultrasonic bath for 5 minutes and afterretir
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for 14 hours. The resulting nanoparticlé®)(were washed with i-PrOH (3x) and water (2x), bee

dried and the loading of nitrogen estimated by elata microanalysis.
Elemental microanalysis [%]: C, 11.21; H, 0.39;0\§5; Loading (N): 0.36 mmol-gy

Synthesis of Co/C-COOH (11)

@-0<.

100 mg of pristine Co/C1j (0.82 mmol carbon) in 10 mL of water were dispdrin the ultrasonic
bath during 30 minutes. After, 315 mg of 4-aminatma acid (2.3 mmol, 2.8 equiv per mol carbon)
were added to the flask, followed by 154 puL mL sbdmylnitrite (1.15 mmol, 1.4 equiv per mol
carbon) and the reaction was refluxed for 18h. im@woparticles1) were washed with DMF until
the solution became colorless. DMF was removed aghing with diethyl ether, and the particles

were dried under vacuum.

Elemental microanalysis [%]: Co/Q)( C, 9.84; H, 0.12; Co/C-COOHLY): C, 13.67; H, 0.63; N,
0.83; Loading (C): 0.46 mmol-g

Synthesis of Co/C-COCI (12)

@-0<

12
Co/C-COOH nanoparticled ) (50 mg, 0.025 mmol, lequiv.) were dispersed imilOof anhydrous
DMF and stirred at 0°C under nitrogen. Thionyl cide (18 pL, 0.25 mmol, 10 equiv.) was added
slowly. The reaction temperature was raised to réamperature and allowed to stir for 4 hours. The
resulting Co/C-COCI nanoparticle$g) were washed with anhydrous DCM (3x) to removeekeess
of thionyl chloride and directly used for the neiep.

Synthesis of Co/C-PEI (13)

/\/NHZ
e Yot eSSy
HN—-/— \/\N/\/ \/\N/\/N\/\NH2
13 H

N
HZN/\/ \/\NH2

- = n
The as-prepared Co/C-COQlZ) were immediately dispersed in 10 mL of anhydrb@M and added
slowly to a solution of 5 gram PEI (25 kDa) dissavin 50 mL of anhydrous DCM at 0°C. The

reaction was stirred for 16 hours under nitrogemogphere, after which the temperature was raised to
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55°C over a period of 4 hours. The resulting PEited nanoparticlesl) were washed with DMF

(3x), water (3x) and diethyl ether (2x) and fredred for elemental microanalysis.
Elemental microanalysis [%]: C, 14.18; H, 0.89;IN37; Loading (N): 0.7 mmol-g
Synthesis of Co/C-PE| (14¥

NH,

HN
2 NH
N_/—

|/

I\

@0

11

NH,

In a typical experiment, amine-functionalized CMBIPs @) ** (100 mg, 0.015 mmol, 1.0 equiv.),
were pre-dispersed in 10 mL DCM using an ultrasdrath for 15 min. Under stirring, aziridine
(778 pL, 15 mmol, 1000 equiv.) and catalytic amewftconc. HCI (15 pL, 15 M) were added to the
reaction mixture which was heated up to 80 °C #h2Afterwards, the NPs were collected using an
external magnet, washed with DCM (2x 50 mLYOH5x 50 mL) and again DCM (3x 50 mL). In the
end, the beads were re-dispersed in water or fireezd. The extent of polymerization was estimated
by TGA (59 wt%), as depicted in Fig. 20.

IR (v/cm™):3417, 2934, 2821, 2362, 1648, 1604, 1458, 1389811014.
Elemental microanalysis [%]: C, 28.69; H, 5.30:118,27; Loading (N): 9.5 mmol’y

——Co/C-NH2 Co/C-PEI

100 f
80 -+

60 -+

Weight (%)

20 +

I B
0 100 200 300 400 500 600 700 800

Temperature (° C)

Fig. 20 TGA analysis of the amine-coated Co/C nanoparti3egblack) and PEI-coated MNP&4) (green) to

estimate % of polymerization.
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Synthesis of Co/C@SI@PEI (15)

HN  |NH,

2 /—NH

"1 ¢
7
I\

N

_\—NH
12

M\ NH,
NH,

n
Adapted from a procedure described in literatfitdnder a nitrogen controlled atmosphere, 60 mg of
Co/C@SiQ (4) were dispersed in 3 mL of toluene together witL6of acetic acid, for 5 minutes by
sonication. Then, 360 uL of aziridine were addedl thie reaction refluxed undes, for 24 hours.

The washing was preformed 5 times with toluenethadbtained Co/C@SKPEI (15) freeze-dried.

IR (v/cm'): 3408, 2926, 2844, 1631, 1524, 1485, 1419, 1031,
Elemental microanalysis [%]: C, 10.38; H, 2.03;385; Loading (N): 1.5 mmol N /g.nanoparticles

Synthesis of Co/C@SiQ@Pd (16)

16

250 mg of Co/C-NH (3) were sonicated in 500 mL of EtOH and 40 mL of NPH (32%) for 30
minutes. TEOS (2, 0.2 or 0.05 mL) was added intodblution and reacted for 1 hour, after which
Pd,(dba)- CHCE (50 mg, 0.048 mmol) was added. The mixture wascated for 1 hour more. After
completion of the reaction time, the obtained CofI@2@Pd {6) were intensively washed with

EtOH and dried under vacuum.
The amount of incorporated metal per nanopartistes estimated by ICP to be 0.107 mmidl.g

Synthesis of Co/C-BCN (17)
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In a typical experiment, 100 mg of Co/C-PE#) (0.177 mmol N) were dispersed in 4 mL anhydrous
DCM in the ultrasonic bath for 10 minutes, unddragen atmosphere. After, §&t (740 pL, 5.31

mmol, 30 equiv.) and BCN ligand (111 mg, 0.354 mn2oéquiv.) are added to the mixture which is
left to stirr at 40°C during 48h. In the end of theaction, the resulting BCN-functionalized

nanoparticlesl7) were washed wth DCM (5x) and freeze-dried.

1.7 References

10.

11.

12.

13.
14.

Kainz, Q. M.; Linhardt, R.; Grass, R. N.; Vilg,; Pérez-Ramirez, J.; Stark, W. J.; Reiser, O.
Advanced Functional Materia014,24, (14), 2020-2027.

Lu, A.-H.; Schmidt, W.; Matoussevitch, N.; Bommenn, H.; Spliethoff, B.; Tesche, B.; Bill,
E.; Kiefer, W.; Schiith, FAngewandte Chemie International Editi@d04, 43, (33), 4303-
4306.

Wittmann, S.; Schéatz, A.; Grass, R. N.; Stark, W Reiser, O.Angewande Chemie
International Edition2010,49, (10), 1867-1870.

Bruns, O. T.; lttrich, H.; Peldschus, K.; KaM, G.; Tromsdorf, U. I.; Lauterwasser, J.;
Nikolic, M. S.; Mollwitz, B.; Merkel, M.; Bigall, N C.; Sapra, S.; Reimer, R.; Hohenberg, H.;
Weller, H.; Eychmuller, A.; Adam, G.; Beisiegel,;WHeeren, JNature Nanotechnologg009,

4, (3), 193-201.

Fang, C.; Zhang, Mlournal of Materials Chemistr§009,19, (35), 6258-6266.

Sokolova, V.; Epple, MAngewandte Chemie International Editid008,47, (8), 1382-1395.
Guardia, P.; Di Corato, R.; Lartigue, L.; WilhelC.; Espinosa, A.; Garcia-Hernandez, M.;
Gazeau, F.; Manna, L.; Pellegrino,ATS Nan®012,6, (4), 3080-3091.

Guardia, P.; Riedinger, A.; Nitti, S.; Puglie§; Marras, S.; Genovese, A.; Materia, M. E.;
Lefevre, C.; Manna, L.; Pellegrino, Journal of Materials Chemistry B014,2, (28), 4426-
4434,

Deka, S. R.; Quarta, A.; Di Corato, R.; Riedmgde; Cingolani, R.; Pellegrino, TNanoscale
2011,3, (2), 619-629.

Chomoucka, J.; Drbohlavova, J.; Huska, D.; Adawh; Kizek, R.; Hubalek, J.
Pharmacological Resear@010,62, (2), 144-149.

Mattingly, S. J.; O'Toole, M. G.; James, K. Tlark, G. J.; Nantz, M. H.angmuir2015,31,
(11), 3326-3332.

Fernandes, S.; Eichenseer, C. M.; Kreitmeier,RRwitzer, J.; Zlateski, V.; Grass, R. N.;
Stark, W. J.; Reiser, ®SC Advancez015,5, (58), 46430-46436.

Elliott, D. W.; Zhang, W.-xEnvironmental Science & Technolo2§01,35, (24), 4922-4926.
Takafuji, M.; Ide, S.; Ihara, H.; Xu, Zhemistry of Material2004,16, (10), 1977-1983.

57



15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

58

Liu, J.-f.; Zhao, Z.-s.; Jiang, G.dBnvironmental Science & Technolog§08,42, (18), 6949-
6954.

Rofouei, M. K.; Rezaei, A.; Masteri-Farahani, Mhani, H.Analytical Method2012,4, (4),
959-966.

Lu, A.-H.; Salabas, E. L.; Schiith, Anhgewandte Chemie International Editid007,46, (8),
1222-1244,

Kainz, Q. M.; Reiser, QAccounts of Chemical Resear2014,47, (2), 667-677.

Quarta, A.; Curcio, A.; Kakwere, H.; Pellegrifo Nanoscale2012,4, (11), 3319-3334.
Singh, R. K.; Kim, T.-H.; Patel, K. D.; Knowle3. C.; Kim, H.-W.Journal of Biomedical
Materials Research Part 2012,100A, (7), 1734-1742.

Liu, S.; Han, M.-YChemistry — An Asian Journa010,5, (1), 36-45.

Bahadur, N. M.; Furusawa, T.; Sato, M.; Kuragaf.; Siddiquey, I. A.; Suzuki, Nlournal
of Colloid and Interface Scien@911,355, (2), 312-320.

Grass, R. N.; Athanassiou, E. K.; Stark, WAnjewandte Chemie International Editid@07,
46, (26), 4909-4912.

Seo, W. S,; Lee, J. H.; Sun, X. M.; Suzuki,Mgnn, D.; Liu, Z.; Terashima, M.; Yang, P. C;
Mc Connell, M. V.; Nishimura, D. G.; Dai, H. NMature Materials2006,5, 971.

Kainz, Q. M.; Spéth, A.; Weiss, S.; Michl, T.;3chatz, A.; Stark, W. J.; Konig, B.; Reiser,
O. ChemistryOpe2012,1, (3), 125-129.

Freitas, M.; Viswanathan, S.; Nouws, H. P. @liveira, M. B. P. P.; Delerue-Matos, C.
Biosensors and Bioelectroni2®14,51, 195-200.

Zhang, L.; Li, P.; Li, H.; Wang, [Catalysis Science & Technolog912,2, (9), 1859-1864.
Shokouhimehr, MCatalysts2015,5, (2), 534.

Geng, J.; Jefferson, D. A.; Johnson, B. FCBemical Communication8004 (21), 2442-
2443.

Lu, A.-H.; Li, W.-C.; Matoussevitch, N.; Spletff, B.; Bonnemann, H.; Schuth, Ehemical
Communication2005 (1), 98-100.

Chan, H. B. S.; Ellis, B. L.; Sharma, H. L.pst;, W.; Caps, V.; Shields, R. A.; Tsang, S. C.
Advanced Material2004,16, (2), 144-149.

Kainz, Q. M.; Fernandes, S.; Eichenseer, C.Bdésostri, F.; Korner, H.; Muller, R.; Reiser,
O. Faraday Discussion2014,175, 27-40.

Zeltner, M.; Grass, R. N.; Schaetz, A.; BubdehoS. B.; Luechinger, N. A.; Stark, W. J.
Journal of Materials Chemistr§012,22, (24), 12064-12071.

Zhang, M.; Wu, Y.; Feng, X.; He, X.; Chen, EZhang, Y.Journal of Materials Chemistry
2010,20, (28), 5835-5842.

Baig, R. B. N.; Varma, R. £hemical Communicatior)12,48, (50), 6220-6222.



36.

37.
38.

39.

40.

41.
42.

43.

44,

45.

46.

47.
48.

49.

50.

51.

52.
53.

54.

55.

Stutz, C.; Bilecka, I.; Thunemann, A. F.; Nidmwger, M.; Borner, H. GChemical
Communication2012,48, (57), 7176-7178.

McCarthy, S. A.; Davies, G.-L.; Gun'ko, Y. Kature Protocol®012,7, (9), 1677-1693.
Yang, Y.; Qiu, S.; Cui, W.; Zhao, Q.; Cheng; i, R. K. Y.; Xie, X.; Mai, Y.-W.Journal of
Materials Scienc2009,44, (17), 4539-4545.

Setyawan, H.; Fajaroh, F.; Widiyastuti, W.; \afidi, S.; Lenggoro, . W.; Mufti, Nlournal of
Nanoparticle Research012,14, (4), 1-9.

Laurent, S.; Forge, D.; Port, M.; Roch, A.; Rol&€.; Vander Elst, L.; Muller, R. NChemical
Review2008,108, 2064.

Dykes, G. MJournal of Chemical Technology & Biotechnol@&§01,76, (9), 903-918.

Pan, B.; Cui, D.; Sheng, Y.; Ozkan, C.; Gag,He, R.; Li, Q.; Xu, P.; Huang, TCancer
Researcl2007,67, (17), 8156-8163.

Tomalia, D. A.; Fréchet, J. M. Journal of Polymer Science Part A: Polymer Chemistr
2002,40, (16), 2719-2728.

Tomalia, D. A.; Naylor, A. M.; Goddard, W. Angewandte Chemie International Edition in
English1990,29, (2), 138-175.

Liu, W.-M.; Xue, Y.-N.; Peng, N.; He, W.-T.; db, R.-X.; Huang, S.-WJournal of
Materials Chemistr2011,21, (35), 13306-13315.

Kainz, Q. M.; Schatz, A.; Zopfl, A.; Stark, \l/; Reiser, OChemistry of Material2011,23,
(16), 3606-3613.

Lin, Y.-J.; Tsai, B.-K.; Tu, C.-J.; Jeng, Jh€ C.-C.Tetrahedror?013,69, (7), 1801-1807.
Schatz, A.; Grass, R. N.; Stark, W. J.; Rei€eiChemistry — A European Journ2008, 14,
(27), 8262-8266.

Kainz, Q. M.; Zeltner, M.; Rossier, M.; Stal/. J.; Reiser, OChemistry — A European
Journal2013,19, (30), 10038-10045.

Keller, M.; Perrier, A.; Linhardt, R.; Travels,; Wittmann, S.; Caminade, A.-M.; Majoral, J.-
P.; Reiser, O.; Ouali, AAdvanced Synthesis & Cataly@813,355, (9), 1748-1754.

Buchman, Y. K.; Lellouche, E.; Zigdon, S.; BechM.; Michaeli, S.; Lellouche, J.-P.
Bioconjugate Chemistr013,24, (12), 2076-2087.

Liao, K.-S.; Wan, A.; Batteas, J. D.; BerglagiD. E.Langmuir2008,24, (8), 4245-4253.
Lawson, G.; Gonzaga, F.; Huang, J.; de Sily&ka Brook, M. A.; Adronov, AJournal of
Materials Chemistr2008,18, (14), 1694-1702.

Liu, Y.; Wu, D.-C.; Zhang, W.-D.; Jiang, X.; HE.-B.; Chung, T. S.; Goh, S. H.; Leong, K.
W. Angewandte Chemie International Editid@05,44, (30), 4782-4785.

Wang, F.; Liu, P.; Nie, T.; Wei, H.; Cui, lternational Journal of Molecular Scienc2613,
14, (), 17.

59



56.

57.

58.

59.

60

Rosenholm, J. M.; Duchanoy, A.; Lindén, ®@hemistry of Material2008, 20, (3), 1126-
1133.

Rossier, M.; Koehler, F. M.; Athanassiou, E. &rass, R. N.; Aeschlimann, B.; Gunther, D.;
Stark, W. JJournal of Materials Chemistr®009,19, (43), 8239-8243.

Schatz, A.; Long, T. R.; Grass, R. N.; Stark, W Hanson, P. R.; Reiser, @dvanced
Funcional Materials2010,20, 4323-4328.

Schatz, A.; Grass, R. N.; Stark, W. J.; Rei€eiChemistry - A European JournaD08, 14,

8262-8266.



Chapter 2

Reversible magnetic mercury extraction from water

A facile and efficient way to decontaminate Hgolluted water with the aid of magnetic, highly
stable and recyclable carbon-coated cobalt (Co/@)oparticles is reported. Comparing non-
functionalized Co/C nanomagnets with particles tate functionalized with amino moieties, the
latter one proved to be more effective for scaveggnercury with respect to extraction capacity and
recyclability. A novel nanoparticle—polyethyleneirai hybrid (Co/C-PEI) prepared by direct ring
opening polymerization of aziridine initiated by amine functionalized nanoparticle surface led to a
high capacity material (10 mmol amino groups pa@ngnanomaterial) and thus proved to be the best
material for scavenging toxic mercury at relevaohaentrations (mg-L/ ug-L™) for at least 6
consecutive cycles. On a large-scale, 20 literdriviking water with an initial Hg concentration of
30 ug-L™ can be decontaminated to the level acceptabldrfoking water €2 pg-L™") with just 60

mg of Co/C-PEl particles.

' Reproduced with permission from The Royal SocigtyChemistry: S. Fernandes, C. M. Eichenseer, P. iiesédr, J.
Rewitzer, V. Zlateski, R.N. Grass, W.J. Stark, O. BeiRSCAdvance015 5, 46430-46436. This manuscript was jointly
written by S. Fernandes and C. M. Eichenseer. (fitgas.rsc.org/en/Content/ArticleLanding/2015/RA/C5RA288D).

I The synthesis and characterization of Co/C-PAMAM (@2 and Co/C-PS-PAMAM G28] were done by S. Fernandes.
The synthesis of NOVA PEG Amino Resin PHEB) was performed by C. Eichenseer. The large scgbererent was
carried out by S. Fernandes and V. Zlateski aEthe, Zurich. All other experiments were carried bytS. Fernandes and
C. Eichenseer at the University of Regensburg.
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2.1 Introduction

Removal of organic and inorganic waste from wats become an issue of major interest for
the last few decades. In particular, the decontatitn of heavy metals is still a matter of great
concern, since these harmful substances can cawseesthreats to human health. In this
context, mercury is considered one of the mostctgxillutants to the environment and public
health, being involved in several disasters of fpogsoning in different countries around the
world.*? The cumulative character of this metal leads te@mrichment in the environment and
the food chairt;* which in turn may cause permanent adverse effedtse liver, lung, brain or
kidney of living organisms, even at very low do$&szurthermore, its solubility in water
brings along additional problems concerning thedibk especially for the aquatic systém.
Indeed, in its divalent form mercury is often foundfresh water, seawater, ground water and
soil in considerable amounts. Therefore, mercury and its derivatives are considleas
priority hazardous substances (PHS$)y several environmental associations that hasrtest
mercury monitoring programs worldwide.

Facing the above-mentioned harms, different metlogies have been used for water
treatment such as centrifugation, ultrafiltraticesrystallization, sedimentation, solid-phase
extraction and chemical precipitatidh.Usually, the extraction of particular heavy metials
performed by using insoluble adsorbehtsHowever, this method requires further filtration
which involves energy-intensive pumping and tedimcovery of the materiaf§.

In an attempt to develop more sensitive, simple earst-effective materials, nanotechnology
has attracted much attention in this fiéfd Magnetic nanoparticles in particular might
contribute to such applications due to their digtiadvantages like high surface area-to-
volume ratio and therefore higher extraction cdjesi compared to micrometer-sized
particles. Another major advantage is the facild ennvenient separation of the nanoparticles
by applying an external magnetic field, enabling easy recovery and recycling of the
scavenget;*® potentially even in the open environment.

Additionally, materials that selectively bind Hdn the presence of other metals are needed in
order to prove feasibility in a real water decontaation situation. For instance, studies with
1-naphthylthiourea—methyl isobutyl ketdher mesoporous crystalline material functionalized
with mercaptopropyf showed that these selectively extract Hg(ll) framueous samples.
Nevertheless, recovery and regeneration of theatihgl agent proved to be impractical.
Considering this, a selective magnetic mercury snger would make the entire process much
easier and faster as well as enhance the reugatfilihe chelating agent.

Functionally modified magnetic nanobeads have direbeen used for the extraction of
different metals from aqueous solution such as @ac®'* coppert®**® lead!®*** zinc}®

14,16,17

mercury’ cobalt®*® and nickel® under various conditions. However, concerning merc
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limitations related to selectivity in the presenct other metals and reusability of the
scavengers are being encountered. Iron oxide naidpa were primarily considered as an
attractive solution for magnetic separation. RelgerRanget al!’ reported the synthesis of
functionalized iron oxide nanoparticles which a#iatly remove Hg2+ from water samples
(380 mg Hg" extracted per mol adsorbent) but selectivity in bamation with other metals or
recyclability of this scavenger material was natdgd. In addition, Khanet al'® have
developed magnetite nanoparticles functionalizeth Wiiazene groups showing selectivity
towards mercury in binary systems, which could Iseduin 2 cycles with an extraction
capacity of 10.26 mg Hg per gram nanomaterial. Mandet al. have reported that thiol-
modified magnetic microparticles are capable ofamting mercury preferentially over other
metals. However, co-adsorption of copper and cadmitas also observed in some cases. The
release of adsorbed mercury (Il) in order to reeythe scavenger was possible to an extent of
about 30%, and the estimated extraction capacitys waround 74 mg Hg

per gram microparticle®.Magnetic Co/C nanoparticles, which exhibit excelldrermal and
chemical stability as well as higher magnetizati@mtently appeared as a promising alternative
for improving the extraction capacity and reusapibf scavengers:** Such nanoparticles
provide an additional carbon surface that stalslizse metal core and allows for
functionalization using established diazonium cretm??®

Herein, the potential of Co/C nanomagnets to bel wse magnetic scavengers for mercury
extraction from water is reported. In addition, thduence of amino functionalities on the
nanoparticles to improve the extraction efficiermyd selectivity was assessed, providing
functional nanomagnets that show an extractionagpas high as 550 milligrams of Bgper

gram of nanoparticles.

2.2 Results and Discussion

Carbon-coated nanobeads have proved their effeessin a variety of applications such as
supports for scavengers, reagents or cataljéisRelevant for this study, this type of
nanoparticles was previously used for complexagixtnaction of cadmiun®, copper;® lead;*
arsenic®* as well as noble metals like géld® and platinunt”> However, no studies for the
removal of H§* from contaminated water were reported.
In order to remove Hg ions from contaminated water, firstly pristinepmmercially available,
Co/C nanoparticles1f,”® were investigated as a possible scavenger. Tw@unesolutions
with different concentrations were prepared (15 a@dng- L") and the progress of extraction
was monitored by inductively coupled plasma optialission spectrometry (ICP-OES) over
10 minutes, aiming at practical decontaminationetnin real case scenarios, to study the
adsorption kinetics and estimate the maximum etitnaccapacity of the nanobeads. From
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these results, using 5 mg of nanoparticles to decemate 5 mL of both Hggbkolutions, it
was concluded that approximately 13 mgHgan be scavenged using 1 gram of nanoparticles
within 10 minutes, even at low initial mercury centrations of 15 mg-‘L However, also
considerable leaching of €dions from the nanoparticle core was observed. atsorption of
Hg®* onto the carbon layer of the nanoparticles wasficoad by X-ray photoelectron
spectroscopy (XPS) analysis and is in agreemerit thi¢ results obtained for multi-walled
carbon nanotubes (MWCNTS).

Although the extraction of Hg ions using unmodified Co/C nanoparticld$ proved to be
possible to some extent, there are three majotdtions: (1) the occurring cobalt leaching
leads to an undesired contamination that neede fwrdwvented. (2) The extraction capacity (13
mg Hd" per gram of nanoparticles) is relatively low raiug a high amount of nanoparticles
to remove H§ on large scale. (3) An efficient release of meycfiom the particles, thus
allowing their recycling, was not possible underi@as conditions tried (aqua regia; heating at
150 °C; aqua regia combined with high temperature).

Therefore, the surface of the nanomagnets was iumadized to improve the extraction
capacity, also aiming to avoid cobalt leaching aerduring recyclability. Non-magnetic,
amino-functionalized materials have been reportedHeir extraction capability towards Hg

, and especially Masri and Friedman have demomstréhe high affinity of polyamine
derivatives towards Hg ions in aqueous solutiof$. Furthermore, amino-functionalized
carbon nanotubes have been successfully appliedxivacting H§" from water sample$.
However, selectivity studies with these materialsreveither not performed or limited to
binary systems. Taken these precedents as a leagyroject focus on the development of high
capacity amino-polymers, such as polyethyleneinfji?tel) and poly(amidoamine) (PAMAM),
supported on readily recyclable magnetic nanob&adselective H§" removal.

Thus, propargylated PAMAM dendrimeG2, having four terminal amino groups was
connected in two different ways to the surface loé tNPs (Scheme 1): benzyl azide
functionalized Co/C nanoparticles)t¥?® (0.1 mmol azide per g nanomaterial) or a Wang type
resin having azide end groups covalently attache@a/C nanoparticless)?° (2.4 mmol azide
per g nanomaterial), were found to be suitabld@lats to accommodate PAMAM dendrimers
via ligation by a copper catalyzed azide/alkynel@gddition using conditions previously
described in our grouf:?® The reaction was conveniently followed by monitgrithe
characteristic azide peak at 2100 twith attenuated total reflection infrared spectoysc
(ATR-IR) spectroscopy, to give rise t@)((0.02 mmol PAMAM per gram nanomaterial) and
(8) (0.57 mmol PAMAM per gram nanomaterial), respegly. Higher magnetization values
were observed for Co/C-PAMAM GZ7) (106 emu-g) when compared to higher loaded
Co/C-PS-PAMAM G2 8) (50 emu-g-1), reflecting the different amounts ohimagnetic

material attached to the nanobeads.
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Scheme 1Covalent immobilization of PAMAM dendron G2 on Co/hanoparticles via click chemistry.
Reagents and conditions: i) CuS8®H,0 (10 mol%), sodium ascorbate (30 mol%), THFH3:1), 24 h, at

room temperature.

PEI-functionalised Co/C nanobeads were preparatirggarom Co/C-NH (3)?* (0.15 mmol
amine per g nanomaterial) following a proceduretifi@r functionalization of carbon nanotubes
described by Liwet al. (Scheme 2§° Using 1000 equivalents of aziridine, high loadirafs
approximately 10 mmol amine per gram nanomatetid) were obtained, by growing the PEI
polymer on the nanoparticle surface. These nanicfestform stable dispersions in watér,
thus avoiding agglomeration, which is a generabfmm for unmodified Co/C nanoparticles.
The saturation magnetization of this material wasfl to be still high (39 emu®y rivalling
that of low-loading magnetite particl®s.Therefore, an easy and effective recovery by

magnetic separation is still possible within secnd

HN _\NHz
2 y—NH
N_/
N —
L N NH,
O NH,  HCI DCE, 80°C O \_\N_\
\MNH
3 14 (Co/C-PEI)
HN\_ NH,

NH,
—n

Scheme 2Synthesis of polyethyleneimine-functionalized rngemticles(14) by ring opening polymerization of

aziridine®’

65



A comparison of the extraction efficiency of allndeads (Fig. 1) using 5 mL of an aqueous
solution of HgC} (30 mg-L") and 5 mg of nanomaterial during 10 minutes fandbenarking
purposes showed that Co/C-PAMAM () was found to extract mercury (50%) comparable
to unmodified Co/C nanoparticles, which is attrémitto the low loadings of PAMAM, and
consequently amine groups, obtained during the tiomalization. Improved extraction
capacity (73%) was found for Co/C-PS-PAMAM G3),(which can be ascribed to increased
loadings of terminal amino groups made possibleuth the additional polystyrene layer on
the surface of the nanoparticf@$/?°**3%or both materials no significant cobalt leachivas
detected. The Hg removal efficiency was found to be even betterGofC-PEI (4) (> 98%,
reaching the detection limit [100 pg-Lof the ICP-OES), while still avoiding cobalt ldang

from the nanoparticles into the solution.

100

80 |

Hg?*removal (%)

Fig. 1 Comparison of the extraction capacity of the dédfé nanobeads. Reaction conditiorfis mg of
nanoparticles, 5 mL of H§ solution (30 mg-L!), 10 min extraction time, solution pH 6.53. Theygbar is for
Co/C (1), the blue bar for Co/C-PAMAM GZJ, the red bar for Co/C-PS-PAMAM G8)(and the green bar for
Co/C-PEI (4).

The maximum extraction capacity of Co/C-PE#)(was subsequently estimated by extracting
solutions of higher mercury concentration. The reatocof mercury from a 5 mL solution
containing 580 mg Hg per litre was possible using 5 mg of nanopartic{@éd). The
scavenging efficiency was estimated to be 95%r  dfteminutes of reaction. This corresponds
to an extraction capacity of 550 mg Higer gram of nanomateriall4), which compares
favorably to the results obtained for Co/f} (15 mg Hg" extracted per gram of nanoparticles)
and for previously reported magnetic mercury scgees (5.6 — 152 mg Hgextracted per
gram nanomateriaf)'®°

Hg®* could also be efficiently removed from much moilated solutions using Co/C-PEL4).
Starting from 100 mL of an aqueous solution coritgrl.87 mg-[* Hg?*, 3 mg Co/C-PEI
nanoparticles14) are sufficient to bring the mercury concentratimwn to the detection limit

(100 pg.[*) of the ICP-OES analysis again within 10 minuféig(2).
66



Hg’' in solution (mg.L")

o

0,0 T T T T T T T T T T T
0 2 4 6 8 10

Extraction time (min)

Fig. 2 Hg®" extraction over 10 minutes of reaction. 100 mLawf aqueous solution (1.64 mg"L
solution pH 6.71), 3 mg Co/C-PEI nanoparticldgl)( The dashed curve represents the exponential
decay fit of the data set (decay constant: 1.82+min™). After 10 min, the detection limit (100 ug*L

of the ICP-OES analysis was reached.

To validate that the Hg uptake occurs due to a complexation of the mets by the amino
groups the extraction capacity of the PEI-polynteelf was tested. A commercially available
PEG-resin with terminal amino group®9) was functionalized with PEI in the same manner
(Scheme 3) as for the Co/C-BMparticles 8) described above.

HN/——\NHz
2 NH
H N—/_
A —
PEG —(NHZ) » | PEG —N NH,
n HCI, DCM, 80°C M
N
18 (NOVA PEG Amino Resin) NH
HN NH
N 2
.
NH,

19 (NOVA PEG Amino Resin PEI)

Scheme 3Synthesis of PEI functionalized PEG-resitO)( by ring opening polymerization of aziridin as
described for Co/C-PEL4).

The so obtained PEl-resiil9) (10.9 mmol of nitrogen per gram of resin) was duser
extraction, applying identical conditions as in ghrevious experiments. A similar extraction
capacity for the PEI-functionalized resih9}, when compared to the Co/C-PEI nanomagnets
(14) was determined, while the PEG-amino redi8) (tself showed nearly no ability to extract
mercury (see Fig. 3). In fact, using PEl-resi8)(an extraction efficiency of 90% is achieved,

as for the amino-resiri8) only 10% of the Hg is extracted.
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These findings suggest that indeed the amino fanatities on the surface of the nanoparticles
are responsible for the removal of mercury, whighni agreement with literature reports for
amino functionalized multi-wall carbon nanotulf@sor chitosan based absorbéhtor

polyamine derivatived'
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m Initial amount of metal= Remaining amount of metal

Fig. 3 Hg** extraction of 100 mL of an aqueous solution (1.8 b7, solution), using 3 mg of the

amino-resin 18) and PEI-resin19), within 10 minutes.

It is known that PEI can also chelate metal ionshsas Ni*, C/#*, zr**, Cd* and PBH".*
However, no selectivity studies using PEI for ectireg mercury in the presence of other metal
ions have been reported up until now. Testing thieaetion of HG" against other competitive
metals in solution at the same time, indeed it fwasd that Co/C-PEI nanomagnelgl show

a high preference for Hy (Fig. 4A and 4B). Experiments were done with atraetion time

of 10 minutes and 3 hours in a pH range of 5.2; fepresenting the range that is obtained
upon dissolving the metal salts in pure water. igmificant changes were detected between
these two time points indicating that under thedtbons applied, the equilibrium time for all
tested metals has been reached, after 10 minutesti@ction. The preferential extraction of
Hg®" is supported by the selective extraction also shéav the PEl-resin19) (see Fig. 4D).
Moreover, XPS analysis on the NPs used to obtaénrdsults in Fig. 4A confirmed the
preferential uptake of mercury against the othetalseln addition, an experiment at basic pH
8.3 was performed to evaluate the influence ofpgheon the adsorption of the metals (Fig.
4C). Again, a preferential uptake of Higvas detected (68%), however absorptio" G5i1%)

and PB" (17%) occurred to a significant extent as well.
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Fig. 4 Selective extraction of H§ within 10 minutesysing Co/C-PEI14) in the presence of competitive metal
ions: A) 3 mg of NPs were used to decontaminate a 100ahitisn containing H§, CU/**, P, Ni**, B&" and

Cr" in equimolar amounts (10 pM), solution pH 5.58) 8 mg of NPs were used to decontaminate an aqueous
100 mL solution containing H§ PK*, Ni**, zr** and Cd", solution pH 6.16(C) 3 mg of NPs were used to
decontaminate a 100 mL solution containing HEW*, PF*, Ni**, B&" and CF*, solution pH 8(D) Selective
extraction of H§" using NOVA PEG amino resin PEL8) in the presence of competitive metal ions: 3 mgewe

used to decontaminate 100 ml aqueous solution.

Having developed a scavenger that combines thensalyas of using a selective adsorbent
with the magnetic properties of a solid supporg gerformance of Co/C-PEI nanoparticles
(14) was testedn tap water samples. For these experiments waben the facilities of the
University of Regensburg was used and artificiatigntaminated with Hg (2 mg-LY).
Especially, the water sample was analysed witheesip the content of mercury, magnesium
and iron before and after treatment with nanoplagi€l4). The concentration of Gawas also
measured to be around 100 mg;lthus being present in large excess with respe¢hée
extraction capacity ofl@d) used in this experiment. However, the values iobthfrom ICP
measurements for calcium before and after extmaottere somewhat erratic, and cannot be
taken into consideration. Despite the presenchadd other ions that are naturally occurring in
drinking water mercury was still efficiently remaVv€Table 1, Sample 1).
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As iron can occur in higher concentrations in watdr different ared$ an additional
experiment was performed in the presence of an ssxad iron. Still 90% HF was
successfully extracted even if the content of was approximately 20 times higher than that

of mercury (Table 1, Sample 2).

Table 1 Extraction results in tap water.

Metal ions before / after extraction

(mg-LY)
Hg° Fe Mg°
Sample 1- Regensburg drinking water spiked with#lg 2.2/0.3 <0.1/<0.1 19.1/19.1
Sample 2 - Regensburg drinking water spiked wittfFe 2.2/0.2 35/325 -

and Hg"

2 Hg** artificially added to the tap water samples (tharse of mercury used is Hgfl In addition, the
sample contained approx. 100 mg-C&* (see text)’ Fe* and Hg* artificially added to the tap water
samples (the source of iron used is RedH,0). ¢ Values determined for tap water samples from the
University of Regensburg. Extraction conditionsng Co/C-PEI NPs14) were used to decontaminate
100 mL aqueous solution (pH 6.71) within 10 minutes

Having proven the feasibility of the nanomagnetseiktracting mercury in real water samples,
a simple recycling methodology of the magnetic so@er had to be established. More
specifically, mercury has to be released afteraetion in order to regenerate and reuse the
nanomaterial. Considering the fact that the amiraugs on the surface of the nanoparticles
(14) are responsible for scavenging the mercury ianggical approach is the protonation of
these groups lowering the pH to reverse their cemgilon ability. For the release the
following procedure was established: after the aotton time, the nanobeads were collected
with a magnet and the aqueous decontaminated solwas completely decanted, followed by
the addition of 20 mL of an acid. In the coursalefermining the conditions for the release of
mercury, different acids (0.01 M) were tested. Ehegperiments showed that strong acids like
H,SO,, HCl and HNQ are suitable for achieving high mercury releaseewveak acids like
acetic acid are less effective. Further optimizstiavere performed with 330, solutions
differing in molarity and thus in the pH. The besinditions were found to be 0.5 M,E0,,
corresponding to a pH value of approximately 0.éteworthy, ICP measurements revealed
that no significant cobalt leaching from the coffettte nanomaterial is detected during the

release of mercury.
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Thus, a multicycle extraction/recycling protocolsaestablished (Fig. 5) for aqueous solutions
(tap water) containing mercury. The #igontaminated water containing the nanomagriets (
was shaken for 10 minutes and then the NPs areveéesth applying an external magnet. The
decontaminated water is then decanted and the aaiges (4) were subsequently treated
with H,SO, (20 mL, 0.5 M, 20 minutes) in order to release ninercury. Finally, a magnet is
used once more to collect the NPs and decant fidéc aolution. This was then followed by
washing the nanomaterials with a 0.5 M potassiurbarzate solution and water to regenerate

the amino groups, and the nanoparticles are uséteinext cycle.
Hg?*contaminated solution Magnetic separation

Decontaminated
solution

Adsorption of Hg*
to nanoparticles

. []
Magnetic oo, o
L}

«* Nanoparticles charged with Bl

& D & D & <>
Acidic solution w : ‘t@
L s L A S

Desorption

nanoparticles«®

‘ Concentrated Hg solution

Recycling of nanoparticles

Fig. 5 Graphical representation of the recycling protqmeiformed for the extraction of mercury in tap wate
samples. The nanoparticlesd) were shaken with the contaminated water for 10uheis. After completing the
extraction time, the magnetic materials are cadlédiy using an external magnet and thé'tdgsorbed by the
protonation of the amine groups in,$0, solution for 5 minutes. The particle34) were regenerated by

washing with a 0.5 M potassium carbonate solutimh\sater and re-used for the next adsorption emyari.

Following the scheme in Fig. 5, it was demonstrated in six consecutive cycles more than
90% of the mercury could be extracted from tap watmples (6x 100 mL spiked with 2
mg-L* Hg?* each), after 10 minutes extraction for each singtperiment (Fig. 6). Even
though the release step was not complete each tiraegxtraction capacity remained nearly
unchanged during the six runs. In some cases thasewas observed to be higher than 100%,
probably due to incomplete release of mercury atpitevious step, which was apparently set

free in the next cycle.
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Fig. 6 Reusability of Co/C-PEI14) in six consecutive runs (extraction and subseguetease).
Reaction conditions: Co/C-PE14) (3 mg) were shaken in 100 mL of 2 mg-Hg?" containing aqueous
sample (pH 6.7) for 10 min. Release: 20 mL 0.5 M@, within 20 min.

Fig. 7 Large-scale experiment was performed in a reamataining 20 L of an aqueous mercury solution (30
ng-Lh). The extraction was done at room temperaturendusine hour using 3 mg of Co/C-PHY per liter,

which were recovered by an external neodymium migmnegnification, right picture).

In addition, TEM analysis (see experimental sedtiproved that there are no significant
changes or alterations in the appearance of thepaaticles visible after the recycling process.
Aiming to prove their use in a realistic industriapplication, the applicability of these
magnetic scavengers in a large-scale experimentdenas in cooperation with the group of
Prof. Wendelin Stark at the ETH Zurich. For thiggmse a 20 liters reactor, from ETH Zurich,
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was used (see Fig. 7) and filled with normal Zuririnking water artificially contaminated
with 30 pg-L* Hg*™. An even lower concentration of particles tharthie previous recycling
experiments was employed (3 mg)LGratifyingly, after one hour reaction time thater was
detoxified from mercury to 93%, leaving behind arcuey content of 2 pg.L as determined
by atomic fluorescence spectroscopy (AFS). Thisi@as within the limit for drinking water
according to World Health Organizati6hThus, the simple and efficient scaveng&#)(
developed here has proved its potential to decdnttswater samples from Egpoisoning,
which also might be applicable in the open envirentndue to the facile recovery of the

magnetic support.

2.3 Conclusion

Unfunctionalized carbon-coated nanobeatjspfoved to have potential for mercury removal from
water, however, with some major limitations. A sfigant improvement was achieved with PEI-
functionalized nanomagnet&4), which showed a very high capacity for extractiogic Hg* in a
multimetal environment from drinking water sampdselevant concentrations. The extraction occurs
through the complexation of Egions by the amino groups of the functionalizedagamticles {4).

The recyclability of the nanoparticles was ensui@dat least 6 consecutive cycles with no loss of
extraction capacity. The nanoparticldgl)(showed as well the ability of extracting from @ Iers
reactor, which proved the potential of4] for the detoxification of drinking water in resiic
applications.

In summary, a simple and efficient scavenger han lmeveloped to decontaminate water samples
from Hg'" poisoning, which might also be applicable in theem environment due to the facile

recovery of the magnetic support.

2.4 Experimental section

Materials and methods

Commercially available chemicals were used withfather purification. NovaPEG amino resin
Novabiochem® (batch number: S6625326; loading: 0.59 mmol/g) was purchased from Merck KGaA.
Column chromatography was performed with silica ¢dlerck, Geduran 60, 0.063-0.200 mm
particles size) and flash silica gel 60 (Merck4000063 mm particles size). Attenuated total reitec
infrared spectroscopy (ATR-IR) was carried out oBiarad Excalibur FTS 3000, equipped with a
Specac Golden Gate Diamond Single Reflection ATRtSy or a Varian FTS 1000 spectrometer.
Solid and liquid compounds were measured neatlytaedvavenumbers are reported as'cMass

spectrometry was performed using a Finnigan ThemesQ TSQ 7000 at the Central Analytical
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Laboratory (University of Regensburg). Elementalcnmanalysis was carried out by the micro
analytical department of the University of Regemgbusing a Vario EL 1ll or Mikro-Rapid CHN
apparatus (Heraeus). The inductively coupled plasptecal emission spectrometry (ICP-OES) was
measured on a Spectroflame EOP (Spectro) at theeksity of Regensburg while the atomic
fluorescence spectroscopy (AFS) was performed ah&aa AG Switzerland. Termogravimetric
analysis (TGA) was done on a TGA 7 (Perkin Elm&tagnetization measurements were performed
using superconducting quantum interference dev®8®UID) at the Physics Department at the
University of Regensburg. X-ray photoelectron $pmescopy(XPS) analysis was performed at SuSoS

(Switzerland).

Nomenclature of the magnetic nanoparticles

The nomenclature of the nanoparticles is as folldd@C for magnetic nanoparticles with cobalt core
and carbon shell. Co/C-R for functionalized Co/CsN¥here R indicates the functional groups on the
graphene-like layers: PAMAM G2 for the dendrimepoly(amidoamine) coating of the second
generation and PEI for the polyethyleneimine ceat@o/C-PS-PAMAM G2 for polystyrene coated
cobalt nanoparticles with an additiot@ndrimeric functionalization.

Synthesis of the nanoparticles
The ATR-IR spectra and TGA profile of Co/C-PAMAM G&d Co/C-PS-PAMAM G2 are shown in
Chapter 1.

Magnetic Co/C-PAMAM G2 (7)

N —PAMAM G,
N f
QL

7

In a typical experiment, 100 mg of azide functiamed nanoparticles (0.019 mmol fNper gram
nanoparticles, 0.007 mmolp)( and 5 equivalents (70 mg, 0.095 mmol) of the sdcgeneration
PAMAM dendron, containing 4 functional groups, wesed. The PAMAM was previously dissolved
in 5 mL of degassed THF/B (3:1) mixture followed by the successive additidrCo/C- N; (5), Na-
ascorbate (30 mol%, 0.029 mmol, 5.75 mg) and Gu$® mol%, 0.0095 mmol, 2.37 mg).
Afterwards the reaction mixture was sonicated fbr rhinutes and stirred for 48 hours at room
temperature. The magnetic nanoparticles were segbapplying an external magnet and washed with
acetone (5x 5 mL), #D (5x 5 mL) and acetone (3x 5 mL). In the end,rtherobeads were dried under
vacuum. The reactions were monitored by ATR-IR Jeating the attenuation of the azide peak and

the loadings estimated by TGA.

Co/C-PAMAM (7): TGA (N): 0.02 mmol.g; 1.4 % mass loss.
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Magnetic Co/C-PS-PAMAM G2 (8)

PAMAM G,

In a typical experiment, 100 mg of azide functidred nanoparticlesdf (2.42 mmol (N) per gram
nanoparticles, 0.242 mmolp)(and 5 equivalents (894 mg, 1.21 mmol) of the sdcgeneration
PAMAM dendron, containing 4 functional groups, wesed. The PAMAM was previously dissolved
in 5 mL of degassed THFBD (3:1) mixture followed by the successive additarCo/C-PS-N (8),
Na-ascorbate (30 mol%, 0.363 mmol, 72 mg) and Gu$l®d mol%, 0.121 mmol, 30 mg).
Afterwards the reaction mixture was sonicated fbr rhinutes and stirred for 48 hours at room
temperature. The magnetic nanoparticles were sepbapplying an external magnet and washed with
acetone (5x 5 mL), #D (5x 5 mL) and acetone (3x 5 mL). In the end,rthrobeads were dried under
vacuum. The reactions were monitored by ATR-IR l@atng the attenuation of the azide peak and

the loadings estimated by TGA.
Co/C-PS-PAMAM B): TGA (N): 0.6 mmol.g"; 42 % mass loss.

Magnetic Co/C-PEI (14)

N
i | N
2 NH
e
—
N NH,
Q-0
—
N—NH
14
HN
| NH,
NH,

For this specific batch, amino-functionalized carooated cobalt nanoparticle8)¢ (Co/C-NH,)
(946 mg, 0.1 mmol, 1.0 equiv.) were pre-disperse@b mL DCM using an ultrasonic bath for 15 min.
Under stirring, aziridine (5.4 mL, 103.6 mmol, 108§uiv.) and conc. HCI (141.6 pL)) were added to
the reaction mixture which then was heated to 8@t@8 h. Afterwards the NPs were collected using
an external magnet, washed with DCM (2x 50 mLYOH5x 50 mL) and again DCM (3x 50 mL).
Then the nanobeads were dried under vacuum at 5&sG@he degree of polymerization was not
satisfactory the whole procedure was repeated &sddgmg of the herein synthesized nanoparticles
(1.0 equiv.) in 49 mL DCM, 2.85 mL aziridine (10@quiv.) and 100 uL conc. HCI. After a reaction
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time of 69 h the nanoparticles were washed with D@kI50 mL), HO (5x 50 mL) and again DCM
(3x 50 mL). The extent of polymerization was estedaby TGA (66 wt%).

IR (v/cm™): 3417, 2934, 2821, 2362, 1648, 1604, 1458, 13838, 1014.
Elemental microanalysis [%]: C, 30.46; H, 7.09; N, 14.97; Loading (N): 10.7 mmol- ¢ nanoparticles.

——Co/C-NH2 Co/C-PEI
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Fig. 8 TGA analysis of the phenylethylamine-coated Co/Goparticles 8) (black) and PEI-coated MNP§4)
(green).

NOVA PEG Amino Resin-PEI (19)

N
HN/_ NH,
2 y—NH
N_/
|/
PEG —N NH,
_\N
—
12 g N—NH
HN NH
N 2
NH,

The commercially available Nova PEG amino redif) (50 mg, 29.5 pmol, 1.0 equiv.) was pre-
swollen in 5 mL DCM. Then aziridine (775 pL, 14.9nol, 506 equiv.) and conc. HCI (15.5 pL) were
added under stirring. The resulting reaction mixtwas heated to 80 °C for 24 h. Afterwards theresi
was filtered off, washed with DCM (2x 20 mL), H26x(20 mL) and DCM (3x 20 mL) and dried
under vacuum at 50 °C.

IR (v/cm™): 3413, 2936, 2823, 1653, 1614, 1457, 1357, 12098.

Elemental microanalysis [%]: C, 38.27; H, 8.18; N, 16.24. Loading (N): 10.9 mmol- .
TGA (Ny): 65 wt% PEI.
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Fig. 9 TGA analysis of the commercially available NOVA PE@&ino Resin 17) (black) and the respective
PEl-coated resinl@) (blue).

Metal extraction experiments

Adsorption of mercury from aqueous solutions

A given amount of the magnetic nanoparticles wadeddto an aqueous mercury solution with a
defined concentration of the heavy metal. The érpm1t was carried out at room temperature and the
pH of the solutions specified at the results sactibhe metal salts used are HgaCl-2H,0,
CuCh, CrCk-6H,0, PbC}, Ni(CsH-0,) 2, Zn(CIQy) - 6H,0 and CdG H,0.

First, the nanopatrticles in solution were disperfsgdne minute in the ultrasonic bath and then the
dispersion was agitated in a mechanical shaketGaninutes. Afterwards the particles were collected
with the help of a magnet and the solution was wliech The remaining mercury in solution was
determined by ICP-OES (detection limit: 0.1 mg).LFor the large scale experiment the remaining

solution was analyzed by atomic fluorescence spsotpy (AFS) with a detection limit of 1 pgtL

Desorption of mercury and re-usability of the nanonagnets

After extraction, the nanoparticled4) (3 mg) were collected with an external magnet asd
dispersed in 20 mL of 430, (0.5 M). The solution was sonicated for 3 mindaled by 5 min of
mechanical shaking. The nanomagnets were collezbeg more using by the aid of an external
magnet, washed with a 0.5 M potassium carbonatgigol(10 mL) and water (10 mL), and re-used
for the next extraction experiment. This procedwaes repeated six times to study the materials’
recyclability.

To determine the amount of mercury desorbed, tiek saution used above was diluted with aqua
regia 32% (v/v), filtered and analyzed by ICP-OES.
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Transmission electron microscopy pictures
TEM pictures of the Co/C-PEI nanoparticldd) before A) and after recycling procesB)(

4 e e
f *; L b \
% :B Rty
,

X-Ray photoelectron spectroscopy
XPS analysis was performed on three samples of @afBparticles after extraction of metals:
» Col/C (@) after the extraction of Hg&l
e Co/C-PEI (4) after the extraction of Hg&l
e Co/C-PEI (4) after the extraction of Hg&from a mixture of different metal salts (HgClI
BaCl 2H,0, CuC}, CrCh:-6H,0, PbC}, Ni(CsH70,),)

Results:

 Co/C (@): The metallic Co core of the particle can st tetected, indicating, that the C-
coating is less than 10 nm thick. Mercury is itedeeed form.

» Co/C-PEI (4): The metallic Co core of the particle is not déde anymore on these particles.
Hg is detected, in its oxidized form.

» Co/C-PEI (4): The metallic Co core of the patrticle is not déte anymore on these particles.
Hg is detected in its oxidized form. Additionallpree Cu was detected. Ni, Cr, Pb and Ba
could not be detected.
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Chapter 3

Development and characterization of suitable
antifouling magnetic nanocarriers for RNAI therapy

Herein, the potential of two nanocarriers for RNAerapy was studied. Two different procedures
were followed to coat the different magnetic naf@esu(NCs), composed of iron oxide or manganese
ferrite, with positively-charged species that candbthe negatively-charged siRNA simply by
electrostatic interaction. Both the cationic narmms) were fully characterized to assess their
physicochemical properties, their behavior in hiidal environment and the capacity to deliver
siRNA to living cells. Iron oxide nanocubes coateidh a pH-responsive copolymer containing
(dimethylamino)ethyl methacrylate (DMAEMA) and adigthylene glycol methyl ether methacrylate
(OEGMEMA) moieties showed to be quite promisin@dmg high amounts of siRNA and reducing
the non-specific adsorption of proteins, therefatewing its delivery into the cells without cytodo

signs.

The functionalization of cationic IONC&%) was performed by my colleague Thanh-Binh Mai anitl is confidential since

is not yet published and subject to patenting etau.
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3.1 Introduction

RNA interference (RNAIi) technology is an endogenqeghway for post-transcriptional gene
silencing which is triggered by small double strethdRNA (dsRNA) molecules, such as small
interfering RNAs (siRNA) and microRNAs (miRNA)By activating this path, RNAs can target and
downregulate the expression of specific genes,itgndo their complementary messenger RNA
(MRNA) sequencesThus, the use of synthetic siRNA, endogenous miRiKAligonucleotides, has
emerged as a very promising and revolutionary tierac approach for genetic based diseases such
as cancer, since they were found to work in mananaiells:®

The RNAI machinery (Fig.1) starts with the bindinfjthe siRNA to the RNA-induced silencing
complex (RISC) which separates the two strandsiRRNA, allowing the guiding activated-RNA
strand to identify, bind and cleave complementafigNA. As a result, the biosynthesis of the
correspondent protein is suppressed. Once incdgubiia the RISC, the siRNA can catalyze hundreds

of times the gene silencing of identical MRNAs.
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Fig. 1 RNAi machinery scheme. Natural occurring long detgiranded RNAs are introduced into the
cytoplasm, where they are cleaved into small ietérf) RNAs (siRNAs) by the enzyme Dicer. Alternatiy
synthetic siRNAs can be introduced directly inte tell. The siRNA is then incorporated into RIS€ulting in

the cleavage of the sense strand of RNA. The detivdRISC—siRNA complex binds to and degrades
complementary mRNA, which leads to the silencingheftarget gene. The activated RISC—siRNA compéax
then be recycled for the destruction of identicdRNA\ targets hundreds of times. Scheme adapted with

permission from reference 5. Copyright 2006, NaRwuelishing Group.

This type of therapy offers some advantages wherpaoed to conventional drugs of synthetic origin:
(1) it can target and inhibit mostly any gene, gemore than 20 RNAi-based drugs already involved
in clinical trials>® (2) siRNAs can be easily synthesized in contrasbther biomolecules such as
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antibodies or proteins(3) siRNAs are highly selectieHowever, there are still some limitations on
the current siRNA formulations which need to be rowene prior to consider RNAi a valuable
alternative therapeutic approach for human dise@gsesng them it is possible to distinguish at least
four critical issues: (1) the protection from deatation; (2) efficient targeted delivery; (3) silémg
specificity; (4) immunogenicity/toxicity. In partidar, the delivery of the RNA molecules remains the
biggest challenge in clinical applications, for sl reasons. It has passed over a decade since Dr.
Inder Verma proclaimed “There are only three protdein gene therapy: delivery, delivery and
delivery”>” but the issue remains an open challenge and apyityrt Also, SiRNA by its own has a
limited capacity to breakdown the protein exprasswue to its instability in the blood stream, the
possibility of causing immune responses and thapacity of diffusing across the cell membrane as a
negative, hydrophilic large molecléSpecifically, when administered in the blood strearaked
SiRNA can be degraded very quickly by serum nuegaand stimulate the immune system.
Additionally, there were found indications that etltiactors, involved in the RNAiI machinery, can be
saturated by over-expressed exogenous SiRNAs.fligist result in major implications, as reported
for the death of mice after Pollll promoter-driverpression omall hairpin RNA (shRNASs) in the
liver.® Therefore, research is pushing forward on the ldeweent of good delivery systems to bring
RNA to its activity site in low effective doses ageprived of any toxic effec?.

An ideal carrier aiming a successful delivery hasovercome both extracellular and intracellular
barriers once administered into the bloodstrearg. (B). The carrier must payload and protects the
siRNA from degradation and clearance, thus incngatlie circulation time in the blood stream by

reducing the non-specific interactions with serustgins (antifouling effect)®™?

Extracelullar s @ sty 1  > A){
barriers | } "0 )\’(
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Fig. 2 Schematic trafficking of siRNA-carriers after systic administration. Both extra and intracellularriers

must be overcome in order to successfully silemrget genes. The carriers have to be able to (djdav
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filtration, phagocytosis and degradation in theoblstream; (2) be transported across the vascutiotlieslial
barrier; (3) diffuse through the extracellular mat(4) enter the cells; (5) escape the endosdnigdosomal
degradation; (6) release the siRNA inside the @gthsol for RNAI machinery. Scheme adapted withngission
from reference 11. Copyright 2009, Nature Publigh@roup.

Indeed, the carrier interaction with serum compdsiecan cause undesired aggregation with
erythrocytes or interaction with other particulaoteins, which might tag the delivery vehicles for
other cells rather than the target cells for tremtmFor instance, the adsorption of opsonins en th
carrier promotes its uptake by the mononuclear pbyg system leading to undesired clearance of the
carriers from the bloodstreath™ In addition, the carrier has to be able to promuBular uptake,
escape the endosomal-lysosomal degradation systémltamately release the siRNA into the cytosol
for entering the RNAi machinery (see Fig.*2}?

Considering the endosomal escape, the most commesey strategy is to induce the so-called
“proton sponge” effect. For this purpose, catiopatymers are widely used. However, even though
they actually improve the cellular uptake they wereven to induce undesired cytotoxicity and non-
specific accumulation in the bo8y* As an alternative, less toxic pH-responsive pokgnehich can

be protonated under acidic pH to assist endosostalpe, can be usédhe proton sponge effect is
directly related with the pH-buffering capacity tife RNA-carrier to retain the protons, during
endosomal acidification upon cellular uptake. Alsidg, the accumulation of Glounter ions disturbs
the osmotic pressure inside the endosomal veselntually leading to its swelling and disruption
releasing the nanocarriers into the cell cytoplasm.

The two main strategies in RNAI technology are thelivery of shRNA-encoding genes, by
engineering viruses which ultimately generate siRNAr the non-viral delivery of synthetic
siRNAs!”?No ideal delivery system had been found so fars this important to accurately study the
advantages and disadvantages of each of theseaappso for clinical translation. Viral vector-
dependent delivery systems are generally moreteféedue to their intrinsic capacity to infect cell
However, they have big constraints concerning imogemicity. On the other hand, non-viral therapy
arises as a less expensive and less immunogeeioative®® It is worth mentioning, that already few
years ago, some of the artificial SIRNA carriersdshon liposomes and siRNA-protein conjugates
have been under clinical trial evaluation as siRb&sed therapeutics in several human disédSes.
Compared to naked siRNA sequences the aforemedticagiers showed improved performance in
delivery efficiency, targeting specificity and siteng efficacy*®

Currently, the most commonly studied RNA-carriems polycations like polyethylene imitfé®*’and
poly-L-lysine® or lipid-like particle$’ bearing positively charged head groups, such as
Lipofectamin® 2000. The main benefit of using such carrierdhartability to form polyelectrolyte
complexes with the negatively charged-RNAs simphelectrostatic interactiohNevertheless, other
nanomaterials such as silica coated nanoparticlebon nanotubes and magnetic nanoparticles, are

gaining much attention for RNAI therapyindeed, the proper functionalization of all thes@oscale
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materials has the potential to provide a succesiige of SiRNAs or miRNAs required for gene
delivery, given their high surface to volume rdtioe size range of these nanoparticles is 10-5@¢s1m
150-200 nm of liposomes like particles or poly-Isilye complexes). Magnetic nanoparticles in
particular have the advantage of magnetic guidamok accumulation on the desired site of action.
They were first introduced for drug delivery purpsdate in the 1970s by Widdet al** Here, the
authors show the efficacy of magnetic albumin nsgpfweres for tumor therapy and as magnetic
resonance contrast agents, in animal experimditis. study prepared the ground to the use of
magnetic nanoparticles surrounded by a biocomgatibating in biological systems. Ideally, in a real
application, the complex NP-therapeutic agent gshdnd injected into the blood stream, via blood
vessels close to the body region where the cangeds to be delivered. Then a magnetic field is
applied at the target site forcing the particlesriter the defective ceff§?

In the last few years, an increasing attention basn paid to the efficient synthesis of shape-
controlled, stable and monodisperse iron oxide particles (IONPs¥ Indeed, various studies have
proved the potential of magnetic hanoparticlesbieing used in a variety of biomedical applications
like hyperthermia treatmeft? drug delivery’*?® MRI contrast agent$ and transfection carriefS.
For instance, Boyest al. have shown that IONPs coated with poly(oligoethglglycol) methyl ether
acrylate (P(OEGMA)) and poly(dimethylaminoethyl date) (P(DMAEA)) could be used at the
same time as siRNA transfection carrier and be toced as MRI contrast agernits vitro.*® Other
studies, have demonstrated the effectiveness ofPEDModified with cationic polymers to yield
SiIRNA-IONPs complexe¥:*

Following the aforementioned evidences, the mabwabf this research work was to test new pH-
responsive magnetic materials, recently synthesiaeBellegrino’s group as magnetic carriers for
siRNA molecules. A protocol to obtain controlledlomal synthesis of monodisperse magnetic iron
oxide nanocubes (IONCS)and their subsequent transfer in water was recetatveloped>* The
possibility to further functionalize these IONCs tlwgut compromising their stability and
biocompatibility, would enable their use in biologi applications such as dfigr gene delivery” In
addition, since Pellegrino’s group is focused abgothe synthesis of new magnetic nanoparticles
having available different type of iron oxide orrfee particles with enhanced features for magnetic
hyperthermia, this work explored the possibility ¢dombine heat mediated gene delivery with

1% showed that their nanocubes were

hyperthermia. Indeed a synergistic therapy repdrietleecet a
capable of targeting tumor cells for combined siRA#d hyperthermia-based therapy, resulting in a
significant inhibition of proliferation and induoti of apoptosis in tumor cells. For this purposeat
efforts were done to synthesize and fully char&deantifouling positively-charged nanocubes of two
different chemical natures: manganese ferrite esrdoxide nanocubes. The characterization involved
the determination of physicochemical properties &lsb the biological evaluation of the systems’
stability in biological fluids and its interactiowith cells including a comparative study of their

citotoxicity. In particular, positive-functionalidelONCs were exploited for the loading of siRNA
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molecules. Then, the characterized conjugates IGHNRINA were applied for gene silencing therapy
studies. Thanks to its suitability, anti-green fiegrent protein (GFP) siRNA was used as a model
RNA for validating the effectiveness of nanocasiess delivery tools for mammalian cells
transfection. The carriers’ efficiency was evaldaby the downregulation of GFP in human cervical

carcinoma cells (HeLa) assessed by fluorescenyassa

3.2 Results and discussion

3.2.1 Preparation and characterization of cationic MnFeO,4 cubes by polymer coating

and further functionalization of the polymeric shel

The effectiveness of cationic hanocubes (NCs) &al land delivery siRNA, was done by comparing
two types of different materials. The first samplas prepared accordingly with the synthesis in
Scheme 1. Manganese ferrite nanocubes (here mfasrénFegO,, 20), with a size of 13 £ 2 nm,
were prepared according to non-hydrolytic wet-cleamiprotocol, still under development in
Pellegrino’s group. Then, the as-synthesized narex@0), were modified with a positively charged
coating (here referred as cationic Mn-cul#3,by a two-step approach: (1) they were first tramsd
into water enwrapping them in a polymeric amphiptshell of poly(maleic anhydridat-1-octadene)
(hereafter referred as PC18)2) followed by the covalent attachment, via ED@mistry, of amino
bearing tertiary amine named N,N’-dimethylethyleinedne (hereafter referred as DMEDA) in order
to render them positively-charged and methoxypbljene glycol amine (hereafter referred as

monoamino-PEG), to improve colloidal stability.

DMEDA+PEG

3
Y
Y
SI

1) polymer coating L. 2) functionalization of +K/ <
the polymeric shell +
21 22
Mn-PC cationic Mn-cubes
0 I
e e S HNN~ 1o~ nk,
decanoic acid DMEDA monoamino-PEG

Scheme 1Sketch of the synthesis of water soluble posiyiatlarged MnFgO, nanocubedater used for the
delivery of siRNA. Starting from hydrophobic Mnf& nanocubes2Q) in CHCL they were first transferred to
water by means of polymer coating with poly(malaithydride-alt—1-octadecene), followed by the covalent

linkage of a tertiary amine (DMEDA) and monoaming@ molecules to give cationic Mn-cub@).
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Briefly, a large excess of the amphiphilic polynR€18 was mixed with the as-synthesized Makge
nanocubes20) in chloroform such that a ratio of monomeric poér units of 500 molecules per im
was set. The development of the polymeric shglrsnoted by the intercalation of the hydrophobic
alkyl chains of the polymer with the aliphatic amaiof the surfactant which coats the nanocubes
during solvent evaporation. The hydrophilic regadrthe polymer is developed during exposure of the
maleic anhydride groups at the surface of nanocubethe water solution added to the dried
nanocubes in a second step. The polymer-coated ¢hbes mentioned as Mn-PZl) were brought

in water by sonication and the excess of polymes efficiently removed in a sucrose gradient by
ultracentrifugation, giving stable monodisperse RIb-cubes 1) as observed by evaluating their
migration band by gel electrophoresis, the hydradyic size by dynamic light scattering (DLS)
(Fig.3B) and their spectroscopic image by transimiselectron microscopy (TEM) analysis (Fig.3A-
C). Once transferred into water, Mn-PZIL) can be further functionalized by EDC chemistrytba
PC18 carboxyl groups exposed on the nanocrystatface. Accordingly, a tertiary amine (DMEDA)
and monoamino-PEG (750 Da) molecules were covalatihched to the surface of the Mn-FXZ)(

As a result, positively charged and monodispersecMies 22) were obtained. The comparative
measure of the zeta potential confirmed the sufidedsarge conversion from approximately -48 mV
to +35 mV, due to the presence of tertiary aminestioe surface (Fig. 3). Moreover, the
functionalization of the polymeric shell did notnopromise the overall size and stability of the
nanocubes, as seen by DLS (Fig.3B) and TEM (Figa8@€ 3D). The PEG polymer molecules were
employed for stability purposes, particularly taluee the non-specific protein interaction of the

materials when in contact with biological fluidsi@ouling ability) *
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Fig. 3 A) Gel electrophoresis of Mn-PC cub@4) after having removed the free polymer by ultrad&mgation.
Agarose gel 1% was used and a potential of 100Vapasied for 45 minutedd) Average hydrodynamic sizes
before and after DMEDA functionalization, insetiz@otential, in water of the Mn-PQ1) and cationic Mn-
cubes 22). Color code: blue for Mn-PC2{) and red for cationic Mn-cube®3). TEM image (scale bars
100 nm) of:C) Mn-PC @1); cationic Mn-cubes2?).

Different types of iron oxide nanocubes have besrstigated in Pellegrino’s group for their heating
ability under an alternating magnetic fiéfd> The heating capacity of the magnetic materials is
expressed as the specific absorption rate (SARcisgally, the SAR provides a measure of the rate
at which energy is adsorbed per unit mass (g) @fmeac material when exposed to a radiofrequency.
This depends not only on the amplitude of the magfield (H) and frequencyf) applied but also on
the structure and composition of the N€s.
SAR measurements were performed on the manganege Mn-PC @1) in order to evaluate their
heat performance for hyperthermia applications.
The SAR values, normalized to the iron amountcateulated according to the equation:

SAR (%) = % x 2—:

where C(-L* K™ is the specific heat capacity of water per unitums¢ andm is the iron

concentration in (g-1t) of the NCs in solutiofl’

88



SAR measurements were performed by introducingqale@us solution of the magnetic materials in a
device consisting of a coil generating magnetitd§ieof different frequencies and magnetic field
amplitudes. The measurements were performed irstratly adiabatic conditions, therefore only the
first few seconds of the curve temperatuee time @T/df) were used for estimating the sloge.
concentration of nanocubes that allows a steegaser of the temperature over few seconds is then
necessary.

Fig. 4A displays the SAR values as a function of the magrfedld intensity H) and Fig 4B the
productHf at two different frequencies (300 and 105 KHz) &ordhree different fields (12, 16 and 24
kA-m*) for both manganese ferrite Mn-PZ1) and iron oxide nanocubes of approximated size. Th
iron oxide cub&s were transferred to water as described for the ganaese ferrite nanocubes,
presenting a charge of -45 mV. This set of datavshedecrease in the SAR values for the manganese

ferrite NCs 1) when compared to the correspondent iron oxideaaves of similar size.
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Fig. 4 The graphs show the comparison of the SAR valoesMin-PC 1) (13 + 2 nm) (squares) and the
approximately correspondent in size (14 + 3 nmidad iron oxide nanocubes (triangles).SAR values as a
function of the magnetic field amplitud¢ for water soluble Mn-PC2() at 300 @ blue squares), and 105 kHz
(o black empty squares). Iron oxide nanocubes ofk#me size were measured as a comparison ath368y]
triangles) and 105 kHz\(green empty triangles). Each experimental datatpeas calculated as the mean value
of at least 4 measurements and error bars indibatstandard deviatiol8) SAR values as a function of the
product Hf for water soluble Mn-PC2() at 24(: green empty squares), 18 plue empty triangles) and
12 kA-mi* (o red empty circles). The corresponding full symbintficate the SAR values for the standard iron

oxide nanocubes at the same field intensities. VEgcal dashed line defines the biological linfit{ 16 A-m
1 <1y 38
-SY).

In Fig. 4A, considering the measurement for thehbgy applied field intensity and frequency, it is
possible to notice a drop in the SAR value from 6874 W-g.", being the highest value registered
for the iron oxide nanocubes. The same trend iserobg for the other frequency-amplitude

combinations. In addition from Fig.4B, it is evidahat within magnetic fields and frequencies that
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are tolerated by patients (dashed black line) MnZEXL have quite low SAR values. Nevertheless, the
results shown in Fig. 14 compare well to those iobthby Leeet al who have used nanoparticles
with a SAR value of 69 Wg" (at 334 kHz and 12 kA- for the combined therapy of gene delivery
with hyperthermia®

This preliminary data suggests that the manganesigef NCs have the potential for being used in
hyperthermia treatments, however a better contvel shape and size of the nanocubes during the
synthesis would be needed to improve the SAR vahseseported before for iron oxide nanocubes by

Guardiaet al®*

3.2.2 Preparation and characterization of cationic IONCs by copolymerization of
DMAEMA and OEGMEMA

The second approach followed for preparing watértde cationic iron oxide nanocubes which were
also tested for delivery of siRNA is shown in Scleefh In this case, given the very high heating
performance of iron oxide nanoparticles of 16 nncube edge, this sample was selected. Positive
cubes (here referred as cationic IONZS), were prepared by a two-step approach that ingdivst a
ligand exchange protocol to introduce the macrbaiturs on the surface of the iron oxides nanocubes
(23). Then, in a second step, the polymerization ahéthylamino)ethyl methacrylate (DMAEMA)
and oligoethylene glycol methyl ether methacryl{GEGMEMA) took place (unpublished
procedure). The excess of polymer was removed suceose gradient by ultracentrifugation on the
top layer of the gradient, and the resulting watduble highly positive nanocubes were collected on
different density layer. The cationic IONC25] were very uniform in size and individual partile
with no sign of aggregation could be detected asvahin Fig.5A and 5B.

The DMAEMA moieties act as a pH-responsive blockiolkhmight trigger endosomal-lysosomal
escape and degradation by reinforcing the protamgp effect, thus being quite attractive for the

envisage application in this wortk.

/\,HE)(E Vb{:?? ;JJ + + ) + .

; LV, Vo — > woe
1) ligand exchange ‘JJ 2) polymerization + E; >

24 A

IONCs .

(0] 25
AAAIAA Gy =

=N cationic IONCs

\

[
+

decanoic acid poly(DMAEMA-co-OEGMA 50)

Scheme 2Synthesis of cationic IONCs. The as-synthesized@®3) are first subjected to a ligand exchange
procedure (1) in order to introduce on the surtheemacro-initiators. The copolymerization of DMARMand
OEGMEMA is then carried out on the nanocubes ser{ag to achieve cationic IONC25).
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Following such a protocol IONCs with charges ashhg approximately +50 mV (Fig. 5A) were
obtained, thanks to the presence of the DMAEMA bklot the co-polymer. On the other hand, the
OEGMEMA chains are responsible for retaining thabgity and reducing unspecific protein

adsorption on the surface in biological mediumfebg improving the antifouling properties of the

nanocubes.
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Fig. 5 Average hydrodynamic sizé\], zeta potential (inset panal) and TEM image B) of cationic IONCs
(25) (scale bar 50 nm).

3.2.3 Stability of the synthesized cationic nanocubes IRBS and physiological medium

— interaction with serum proteins

The application of nanocubes in the biomedicatifislmainly related to their stability, biodistriizn
and toxicity?® Particularly, the tendency of the nanoparticleaggregate in high-ionic-strength fluids,
as the biological media, is one of the main keyitations for their applications in biomedicine.
Particle aggregates can block the blood capillaares are usually recognized as foreign materials by
the immune system being cleared from the bloodutdton by the reticuloendothelial system
(RES)* The key to avoid agglomeration and stabilize theaparticles is to overcome magnetic and
Van der Waals attraction forces, by engineering thaface, introducing coatings capable of proving
steric or electrostatic repulsion at the magnegicaparticles surfacé.Additionally, it is well known
that the adsorption of protein onto the surfaceasfoparticles occurs immediately upon contact ef th
magnetic nanoparticles with the physiological epninent, forming the so-called protein cor6h&?
The protein corona formation strongly depends omoparticle characteristics such as morphology,
charge, porosity, crystallinity, roughness, or acef coating. The physical properties of the MNRs ar
significantly altered after the formation of pratecorona, resulting in changes in their size,
composition and colloidal stability that might favmarticle agglomeration. Thus, the protein layer o
the surface provides a new identity of the nanori@tevhich determines their behavior and
interaction with living cell§®®
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To evaluate the biological impact of the developeagnetic carriers, in particular their antifouling
properties, the positive charged NCs were testedhfo stability in a 10% fetal bovine serum (FBS)
aqueous solution and Dulbecco’s Modified Eagle MediDMEM) supplemented equally with 10%
FBS. Thenanocubesvere monitored visually over time by checking regipitation or aggregation
occurred. The results in Fig. 6 clearly show thathitypes of cationic materials, Mn-cub&®)(and
IONCs @5), are stable in the presence of serum proteingg 6B, C, E and F) in contrast to the Mn-
PC @1) which precipitate quite fast (Fig. 6A and 6D).

2h 4h 6h 24h 2h 4h 6h 24h 2h 4h 6h 24h
A B C

REs T [.1] }J'”“l
IITATIIIIIIT

Fig. 6 Stability proof of the nanocubes in 10% FBS aqsezalution A-C) and DMEM supplemented with 10%
FBS O-F), during 24h of incubatiom, D) Mn-PC @0); B, E) cationic Mn-cubes2?); C, F) cationic IONCs
(29).

Furthermore, the protein adsorption on the surtddbe cationic Mn-cube2@) and cationic IONCs
(25 was evaluated by sodium dodecyl sulfate-polyacmtle gel electrophoresis (SDS-PAGE),
which consists on the separation of denatured ipotaccording to their electrophoretic mobility.
Essentially, the SDS detergent linearizes the prgteharge to negative which then migrate simply
according to their molecular weight. The aim ofttést was to study and better understand to which
extent the protein corona is formed on the surtddbesenanocubesind which are the consequences
of the different coatings applied on the formatwinthe corona. Fig. 7 reveals considerably less
pronounced bands for both cationic nanocuB@s6d25) compared to the strong bands detected for
Mn-PC @1). This indicates a much lower amount of adsorbexdems on the cationic NCs that is
most likely due to the presence of the PEG molecul¢he polymeric shell which provide antifouling
features.
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Fig. 7 Comassie staine8DS-PAGE gel of NCs-PQY), cationic Mn-cubes22) and cationic IONCs25) after
90 minutes of incubation in FBS solutiofhe electrophoresis was run at 120V for 60 minutesa 12%

acrylamide gel. After, the gel was stained with @ssie for visual evaluation of the protein bands.

Nonspecific protein adsorption on the surface ohaparticles, forming the protein corona, is
commonly defined as a negative effect, once it campromise the fate of the nanoparticles.
However, it is well known that the formation of oaas is also relevant to help on the stabilizatibn
the nanoparticles in biological systefé’ The advantages and disadvantages of protein corona
formation strongly depend on the nature of the gimebhanoparticle interaction, considering the
amount and type of proteins adsorBed.

From the results obtained for our positive chargederials, one can assume that the protein corona
occurs to an extent in which it doesn't compromike colloidal stability of the nanocubes in
biological environment (see Fig. 6). Less cleaultssvere found for Mn-PC2(1), which precipitated
early after incubation which the serum. To betmmprehend the effect of the corona formation in
these cationic magneticanocubesthe time evolution of the hydrodynamic diametércationic
IONCs @5) was measured for 24h, to assess their stahilityiological medium in the presence or
absence of FBS.

As depicted in Fig. 8, in the presence of FBS nheocubeshow an excellent stability over an
incubation of 24h in biological medium, while iretihon-supplemented medium th@nocubeseveal
significant aggregation. These results proved ttaicorona effect is favorable and greater stsblit

the nanohybrids is achieved, allowing a safe appbo of these NCs for biological studies.
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Fig. 8 Hydrodynamic diameter (intensity average) monitpristudy of cationic IONCs26) in biological
medium in the presence or absence of 10% FBS,atetal incubation period of 24h. The red curveidates
the hydrodynamic size of the IONCs incubated in-sopplemented medium, while the blue curve indx#te

hydrodynamic diameter for the IONCs incubated WiBS supplemented medium.

3.2.4 Cell cytotoxicity and intracellular iron concentration estimation

The cytotoxicity and uptake of nanoparticles byiscdepends mainly on the materials properties like
size, shape, composition, surface charge and sunfgirophobicity’

Firstly, the cytotoxicity of cationic Mn-cubeg2) was studied at different incubation times (24, 48
and 96h) and at various Fe concentrations in aerdngm 6 to 50 pg-mt on human cervical
carcinoma cell line (HeLa) cells. HeLa cells weh®sen here due to the possibility to be used also f
the protein downregulation experiments in a latages. The cellular viability was assessed by
PrestoBlue (PB) assay which consists on the chamgmlor of the PB reagent once reduced by
metabolic active living cells. The percentage oébleé cells was estimated by monitoring the
absorbance of the PB solution after incubation with cells. As shown in Fig. 9, no significant sign
of toxicity were detected, even after an incubatiore of 96h. The viability results higher than 80%
for all the concentrations of iron administeredyyad the feasibility of the materials for being dige

biological applications.

94



120 -

100 -

D [0}
o o
1 1

Cell viability (%)
D
o

N
o
1

o
}

CTRL 6.25 12.5 25 50
Fe (ug-mL*)

Fig. 9 HeLa GFP cell viability assessed by PrestoBluecttionic Mn-cubes22). Fe concentrations ranging
from 6 up to 50 pg-mit, after 24, 48 and 96 hours of incubation, werdyaea. The percentage of viable cells
is normalized with respect to the non-treated admells.

Similarly, the cytotoxicity of cationic IONC28) was also studied. For this Ovarian-carcinomascell
(IGROV-I) were incubated with Fe concentrationsniré to 50 pg-mt, for 24, 48 and 72h. In this
case, IGROV-I cells which naturally overexpressiepinal growth factor receptor (EGFR) were used
since they are also a good target for protein degulation experiments due to the opportunity to
delivery anti-EGFR siRNA. Again, no significant toity was noticed for all the concentrations tested
especially for the highest one, in which more tB8fo of viability is still achieved after 3 days of

incubation with the magnetic nanocubes.
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Fig. 10 IGROV-I cell viability accessed by PrestoBlue fmtionic IONCs 25) at Fe concentrations ranging
from 6 up to50 pg-mk, after 24, 48 and 72 hours of incubation. The @atage of viable cells is normalized
with respect to the non-treated control cells.

95



Generally, highly positive charged nanoparticles associated with enhanced cytotoxic respofises.
Indeed, cationic nanoparticles are known for caysimore pronounced disruption of plasma
membrane as well as stronger mitochondrial andstysal damag& However, the interference of the
nanoparticles on intrinsic cellular signaling pa#tys does not depend exclusively on surface charge
but on a variety of factors, and it varies alsahwite type of cells uséd* In this case, the obtained
results reveal that, despite the high positive gharf the particles, no real cellular damage isatet,
most likely due to the presence of PEG moleculededéd, PEGylaton is a well-known strategy to
decrease cytotoxicity of the nanoparticl®& Though, it has to be applied in a suitable manner
because it affects as well the uptake of the natednd indeed it can lead to a reduction in the
amount of nanoparticles internalized. Giving tha final efficacy of the nanoparticles as a deliver
agent depends on the amount of particles whichbeataken up by the cells, a compromise has to be
found, in order to decrease cytotoxic effects letaining the charge high enough to load the negativ
charged siRNA and ensure higher uptake by the.¥éfis

As shown before, the designed catiokin-cubes 22) and IONCs 25), present high surface charge,
but they do not induce cytotoxic effects at the imasm iron dosage administered (50 pg-hL

The performance of the nanocarriers for any biosmdstudies, such as hyperthermia or delivery
systems, strongly depends on the amountasfocubesapable of entering the cells. Similarly to the
cytotoxicity, the uptake depends also on the naniofes size, shape, composition and surface
charge® The intracellular uptake of the positive chargematubes was measured by administering
an iron dosage of 50 pg-mito HeLa GFP cells. After 24h of incubation, thedemtent internalized
was measured by elemental analysis after digesiagells in an acidic solution.

Both types of nanocrystals, cationic Mn-cub28) (and IONCs 25), were taken up by the cells in
comparable amounts which corresponds to about I# l&h picograms (pg) of iron per cell,
respectively. By optical microscopy, (Fig. 11) are: observe the incorporation of the both kinds of

NCs. Slight agglomeration is detected for Mn-culf28), although no signs of cytotoxicity are

registered.

Fig.11 Optical microscope imaging of Hela GFP cells expo@2h) to cationic Mn-cube2?) (B) and cationic
IONCs @5) (C) at an iron content of 50 pg-mL(A) Control untreated HeLa GFP cells. The scale bar i
100pum.
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3.2.5 siRNA loading onto cationic nanocubes

The ability of the positive charged nanocarriersctonplex siRNA was evaluated by agarose gel
electrophoresis and photoluminescence (PL) measnmsm For detection purposes, a SiRNA
sequence bearing a terminated a fluorescent mérkegin referred as Alexa488-siRNA) was chosen.
For the loading, increasing amounts of SIRNA weatdeal (Table 1), while keeping fixed the amount
of nanocubes at a Fe concentration of 25 pg. Theme of all solutions was adjusted to keep the

concentration of Fe at 0.38 gL

Table 1 Ratio of siRNA tested, keeping the amount of Festant at 25 g for cationic cub2zand?25.

Cationic Mn-cubes (22) Cationic IONCs (25)
Sample 1 2 3 4 5 6 7 8 9
Ratio pmol siRNA / ug Fe 1 5 10 2 4 8 16 32 100

The reactions were mixed for 30 minutes, in RNAsefwater. The formation of the conjugates is
expected to happen simply by electrostatic intevacbetween the positive charged NCs and the
negative charged siRNA molecules. To confirm iteafvashing away unbounded siRNA molecules,
the conjugates NCs-siRNA were loaded into a 1% aagaigel and the electrophoresis ran for 45
minutes at 100 V. The washing solutions were moeitdy measuring the photoluminescence of the
of free siRNA molecules. As shown in the two exaspbiven in Fig. 12 it was found that two
washing steps were sufficient to ensure the clearaf siRNA from the solution, resulting in a
spectrum without the peak at 519 nm associateltetpresence of Alexa488-siRNA.

—Initial siRNA
— I st supernatant

—2nd supernatant
3rd supernatant

Intensity (a.u)
Intensity (a.u)

|
—

500 525 550 575 600 625 650 500 525 550 575 600 625 650

Wavelenght (nm) Wavelenght (nm)

Fig. 12 Photoluminescence measurements (excitation wavibledg5 nm) of the initial SIRNA solution and the
washing solutions after conjugation of siRNA witltionic nanocubes. Washing solutions from the agatjon
of siRNA with (A) cationic Mn-cubes2?) and 8) with cationic IONCs25).

97



After conveniently washed, one can see from thelteesbtained for the electrophoresis in Fig. 1& th
both the materials have the ability to load siRN¥eg the presence of fluorescent siRNA molecules
co-localized with the nanocubes bands in the géthough, there is a significant difference in the
manner by which siRNA is loaded and complexed @phbsitive NCs. For instance, when applying
the voltage for running the gel, the siRNA complbxeith the cationic Mn-cubes2®) is detached
from the magnetic materials, which remain insidewrell, and runs along the gel in accordance with
the control free SIRNA molecules (see Fig. 13A)pGgitely, as shown in Fig. 13B, for all complexes
formed using cationic IONC25) the siRNA remains in the well attached to the nsig nanocubes.
These results not only confirm the formation of $iffNA-loaded nanocubes for both nanocarriers but
also reveal a very strong interaction, in the aafseationic IONCs 25). In fact, the siRNA does not
segregate from the nanocubes even when applyindnigte voltage used to run the gel (100 V).
Increasing the amount of siRNA (sample 9 in FigJl8Be can detect loosely bounded molecules
which start to detach from the IONCs and run adogig to the free siRNA control, towards the
positive pole. However, most of the genetic mateemains attached to timanocubes

This set of data suggests that for the cationicddines 22) siRNA is adsorbed more on the surface of
the cationicnanocubedy interacting with available tertiary amines, wdaes for cationic IONCs26)

the siRNA is encapsulated inside the polymeric dayhich is developed around the particles.
Considering that an optimal nanocarrier must piadiee SIRNA from degradation when entering the
cells, IONCs 25) might present a greater potential for the expgmplication since the siRNA

molecules are not completely exposed to the sudiagrenvironment.
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Fig. 13 Gel electrophoresis of NCs-siRNA conjugates for 8lipes22 (A) and IONC<25 (B). The gel was run

at 100 V for 45 minutes. For number code see Tablhe points highlighted with the yellow circlag dhe free

siRNA molecules.

Once confirmed the loading of siRNA on the surfat¢he cationic NCs, by electrophoresis, a more
detailed analysis was carried out to better undedsthe properties of the as-formed nanocarriers.
Cationic Mn-cubesZ1) showed a limited capacity for loading the siRNAgmrlosing the stability
and precipitating already when using a ratio off®psiRNA to microgram of iron, as it is shown in

Fig. 14A. This phenomenon might be attributed te tbss of electrostatic repulsion between
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neighboring Mn-cubes2@) when partially “covered” with RNA molecules. Netleeless, sample
number 1 in Fig. 14A, having a ratio of 1pmol oRBIA per microgram of iron, was further
characterized exhibiting good stability after caygtion with the genetic material as observed frioen t
picture in Fig. 14A and the TEM micrographs in FigiB. Additionally, the zeta potential on this
sample reveals a decrease of the surface change+8d mV to +24mV due to the adsorption of the
negatively-charged RNA on the surface.

In order to assess the amount of SiRNA adsorbed @ationic Mn-cubes2Q) a different experiment
using 2 pmol siRNA per microgram iron was performé&be total amount of siRNA adsorbed onto
Mn-cubes 22) was roughly estimated by photoluminescence measunsnof Alexa488-siRNA. The
loading estimation was done by subtracting the aigrf the remaining siRNA in solution, after
magnetic decantation, to the signal of the inis@®NA solution used to form the conjugates, as
reported by Curciet al.*® From the graphic depicted in Fig. 14C, 95 % of $iRNA binds to the
nanocubes giving an overall loading of approximat&l9 pmol siRNA per microgram of iron.
Although it looks that saturation is not yet acleiethe concentration of sSiRNA could not be increase
as this would compromise the stability of the aatoMn-cubes Z2) and lead to precipitation, as

shown in Fig. 14A for sample 2 and 3.
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Fig. 14 A) Stability in solution of sSIRNA-NCs conjugates usiogtionic Mn-cubes2?). B) TEM image of the
siRNA-NCs conjugates an@) PL spectra of siRNA solutions used to prepare tbejugates (excitation
wavelength: 495 nm). The siRNA loaded was calcdl@tem the difference of the remaining solutionrstRNA
(after performing 2 washing cycles with RNAse-frgater) when compared to the initial one, givingpading

of 95%. For this particular experiment 25 pg Feavgsed to load 50 pmol of siRNA.
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Differently, the positive charged cationic IONC25) can load much higher amounts of siRNA
without losing the stability of the complex siRNAGN (Fig. 15). The formation of the conjugates and
the increase in siRNA loaded was confirmed by petantial measurements (Fig. 15A). According to
the obtained results, for the lowest ratios of siRdtudied, no significant difference in the surface
charge was detected. This outcome confirms thethggs that the siRNA is encapsulated inside the
polymeric shell rather than adsorbed on the surf@gpositely, when the ratio of siRNA increases
substantially one can see a decrease in surfacgeshmost likely due to the adsorption of SIRNA on
the surface of theanocube®nce the inner polymeric shell is saturated.

The loading of siRNA onto cationic IONC25) was also estimated by measuring the PL of the
SiRNA in solution® In this case, 25 ug of Fe were reacted with 626l ®iRNA (ratio of 5) revealing
75% of siRNA complexation to theanocubes from the results obtained in Fig..1B®m this data
the loading saturation seems to be achieved ahhpud® pmol siRNA per picogram of Fe, which is

10 times higher than the loading obtained for Mbezi@?2).
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Fig. 15 A) siRNA-IONCs @5) conjugates charge variation (grey bars) in resfethe amount of siRNA used
(red dashed lineB) PL spectra of siRNA in solution (excitation wamegth: 495 nm) before and after reaction
with cationic IONCs 25). The amount of loaded siRNA was calculated fromdifference of the initial and the

remaining siRNA in solution after performing 2 waghcycles with RNAse-free water.

From these data, given the fact that SIRNA coutttessfully be loaded on for both cationic Mimses
(22) and IONCs 25) and considering their different behavior when logdhe siRNA, the materials
were then studied in a biological model for protekpression downregulation, and their potential for

protecting and delivery the genetic material wamngared.
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3.2.6 GFP knockdown on HeLa cells using siRNA-NCs conjudas

In order to evaluate vitro the transfection efficiency of the developed eas; and thus understand
the biological activity of the NCs- siRNA conjugateHeLa GFP transfected cells were used as a
model. Briefly, as shown in Fig. 16, the complexesse formed simply by mixing the positive NCs
with siRNA for 30 minutes in reduced serum medidi®™EM. Then, the as prepared conjugateswith
no further purifictaion were administered to théscand the culture was maintained for 96 hoursh wi

a medium exchange after the first 24h of incubatibhese conditions were chosen because by
previous group work on the same cell line usingepttypes of siRNA carrier vector, the most
effective incubation time required for the sileninas found to be at 96h.

Lipofectamine® 2000, which is a well-known transfec agent, was used for comparison. A control
containing only siRNA was also performed in ordeconfirm the incapability of transfection by the
SiRNA itself. After treating the cells for 96h tHkiorescence of GFP protein was assessed by
fluorescence activated cell sorting (FACS) whichores the fluorescent signal of single cells. The

results were normalized to the percentage of GGRakimeasured for HeLa GFP non-treated cells

(contral).
S | .
A l Drug the cells with
.7 R s .
/‘ NCs-siRNA complexes 96h incubation
\'\ Replace the medium
i ; after 24h

30 min shaking GFP expression
quantification

Fig. 16 Schematic protocol for the GFP knockdown analysisléLa cells. The culture was always done in 24-
MW plate seeded with 10 000 cells one day befa@rist the incubation with the NCs.

Fig. 17 clearly shows the incapability of siRNAelfsto penetrate the cell membrane, as stated defor
Additionally, a control containing only cationic Miubes 22) (50 pg-mL') was done, as a negative

control, to ensure that the presence of the nariecarthemselves, had no interference with the
intrinsic detected cell fluorescence. For the siRMA-cubes 22) conjugates tested, a decrease in
GFP expression was detected when increasing therdanod iron used to load the same amount of
SiRNA (250 nM). At the lower dosages of iron, éteéffect was noticed on the downregulation of GFP

protein, which was estimated to be around 20%. dddeven at an iron administered dosage of
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80 ug-mr* 30% of knockdown was registered. Although, regayditheir cytotoxicity, the
applicability of such materials is quite limitedtofn an iron concentration of 80 pg-tihe effects on

cell death were considerably high, reducing theteptial for the desired application.
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Fig. 17 FACS normalized data fo&FP downregulation on Hela cells using cationic &libes 22) as the
nanocarriers for siRNA delivery. The red coloureatsbrepresent the control for untreated HeLa GHR,ce
NCs @2) only (50 ug-mL!) and siRNA only; the blue bars represent the kdoekn results obtained when using
different concentrations of the conjugates siRNA sNZ2) to treat the cells; the green bar is the positivetol

performed with Lipofectamine. For all experimerte concentration of SiRNA was kept constant asr?@i

On the contrary, as revealed in Fig. 18 and Fig.wi8en cationicZ5) were used to load the siRNA
and subsequently treat the cells, 40 % of gene Kdwen was achieved at the lowest level of Fe
dosage (50 pg-mi) tested also for cationic Mn-cube2?). Compared to the results discussed in Fig.
17 (for cationic Mn-cube£?2), for the same concentration of iron used (50 |Lg")nthe efficiency of
the RNAI therapy increases by a factor of 2 usiragionic IONCs 25). Noteworthy, this
downregulation occurred without cytotoxic side effeas it was shown before in Fig. 10. Moreover,
the percentage of gene knockdown achieved was fooirue directly related with the amount of
materials used to treat the cells, as shown bydhelts obtained when using half the amount of the
conjugates (25pg-mf) in Fig. 18. Even though, lower percentage of kdosvn was obtained
comparing to the commercial available Lipofectamiités worth to note that siRNA loaded onto
Lipofectamine is easily internalized via directfdgfion within the cell membrane and it is quiteitox
as described in previous studf®s®On the contrary, the cationic-polymeric coatedapeanticles bind
the plasma negatively-charged cellular membraneaaadransported inside the cell via endosomal-
lysosomal system. The presence of amines bufféranid cause lysosomal Glccumulation likely
leading to osmotic swelling and lysis of endosontiesteby preventing the degradation of the sSiRNA.
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This mechanism has been reported for other typgsiegensitive carriers and it would need a further

microscopy cellular study to confirm®.

100 1 ‘
%/ ‘

GFP fluorescence normalized to the control

Fig. 18 FACS normalized data for GFP downregulation on &laells using cationic IONC%) as the
nanocarriers for siRNA delivery. The red bars reprd the control for untreated HeLa GFP cells aidtieated
with IONCs @5) only (50 ug-mLY); the blue bars represent the knockdown resulisgusonjugates
SiRNA_IONCs @5) as siRNA carriers; the green bar is the positivetrol performed with Lipofectamine.
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Fig. 19 FACS data for GFP downregulation on Hela cells)gistationic IONCs Z5) as the nanocarriers for
siRNA delivery.

The obtained results were in good agreement withnteasured capacity of loading the siRNA. For
cationic Mn-cubes22) which can load a limited amount of siRNA, it wascessary to increase the
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amount of Fe used to knockdown the GFP expressiancomparable extent when using the cationic
IONCs @5). Moreover, the strongest interaction assumeadoiocarrier Z5) and the siRNA, which is
encapsulated in the polymeric shell, offers a begttetection mechanism to avoid the degradation of
the genetic material once in physiological envirenm For this reason it would be also interestmng t
study the dissociation kinetics of the siRNA froiretnanocubes in order to adapt the time of
incubation and enhance the downregulation effigiemicthe nanocarriers. The protective feature of
these nanocarriers was confirmed by performingdaitianal experiment in which BSA was used to
pre-coat the IONCs-siRNA conjugates before adniaigin to the cells. This approach is reported for
enhancing gene silencing effect by increasingathke and protecting siRNA from degradatt6fy.
However, the outcome downregulation percentagecwaparable to the one observed when no BSA
was used (see Fig. 18). This data corroboratedlibge stated assumption that the encapsulation of
the siRNA inside the polymeric shell is enough tficently prevent its degradation. On the other
hand having a protein serum, such as human albuasbsgrbed on the siRNA/nanocarriers might
better camouflage the carrier and thus enable geloblood circulation time, with enhanced
accumulation at the tumor. Additional tests by caaf imaging will be performed in the future in
order to better understand the mechanism of nanecamptake and siRNA release once inside the
cell. Furthermore, the delivery efficiency will laéso studied under a magnetic field, which has been

reported to enhance the transfection efficiencinbyeasing the dosage of iron taken up by the &&lls

3.3 Conclusions

Herein, | present thie vitro study of two potential nanocarriers for sSiRNA #etliy. In the first part of
this chapter, two different procedures were folldwe obtain cationic water-soluble nanocubes.
Cationic Mn-cubes2?2) were prepared using manganese ferrite nanocubieh were transferred in
water, functionalized and fully characterized tsess their heat performance, protein adsorption and
colloidal stability. Cationic IONCs26) were prepared starting from iron oxide nanocul28s that
were already known to have optimal heat performgmoging ideal candidates for combining heat-
mediated siRNA delivery and magnetic hypertherfhfa®® Both types of cationic nanocubes were
successfully transferred in water without losingbgity while presenting very high positive surface
charge. This feature was required for complexingatigely-charged siRNA molecules. More
specifically, cationic Mn-cube®Pp) were obtained by first developing a polymerictogaaround the
as synthesized IONCs using the amphiphilic polyP@d.8. This gives negatively water soluble Mn-
PC @1) which are then further functionalized with DMED#d PEG molecules for obtaining stable
cationic Mn-cubes 22) (+30 mV). Differently, a new unpublished proceeluwas set by another
member of the group to obtain highly cationic atadbke IONCs 25) (+50 mV).

Then, in a second part of the project, a biologaracterization of the magnetianocubesvas

done. Firstly, th@anocubesvere tested for their stability in biological medi, by incubating them in
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FBS containing media and confirming the positivuence of protein corona on their colloidal
stability. Then, the different cationic NCs weresteel on cell lines showing a high degree of
internalization by HeLa GFP cells. Moreover, nocotgkicity was found at an iron concentration range
from 6 to 50 pg. mL.

Finally, the last part of this work describes andpares the use of the cationic nanocubes as delive
tools of siRNA into cells by evaluating protein dowgulation in HeLa GFP cells. In theory, the
positive surface charge of these IONCs allows theneasily bind siRNA molecules by simple
electrostatic interaction. This was confirmed fottbcationic Mn-cubes2@) and cationic IONCs2b)

by gel electrophoresis and photoluminescence meamunts. Although significant differences were
observed on the binding forces between the gemetterial and the differently functionalized
nanocarriers. Cationic IONC2%) showed a much stronger interaction with siRNA,ickhis
encapsulated inside the polymeric shell, when coetpaith cationic Mn-cube<2), which adsorbs
the siRNA on their surface. Indeed, in the lati@secsiRNA is more exposed to enzyme degradation.
Additionally, the pH-responsive block DMAEMA (from cationic IONCs,25) might prompt
endosomal-lysosomal escape by reinforcing the prefinge effect, preventing in a more efficient
way lysosomal degradation.

In conclusion, a promising nanocarrier for sSiRNAiBry was developed. Noteworthy, this nanotool
is able to ensure the three main requirements foeddansfection applications. Cationic IONCZb)
composed of a copolymer of DMAEMA and OEGMEMA aflg ¢apable of loading the siRNA, (2)
efficiently protect it against degradation andr@pase it into the cell cytoplasm for binding BRiSC
complex and finally interrupt specific protein’s pegssion. However, further experiments must be
carried out in order to increase the knockdownatféad understand how the siRNA is released and
its mechanism of action once inside the cell. Bhigly represents the proof of concept for usingrmth
siRNAs sequences against tumor targeting proteims the anti-EGFR siRNA sequence to be tested
on IGROV-I cells) as the next target in order tovdh@ more relevant impact in gene therapy for

cancer treatment.

3.4 Experimental section

Materials and methods

Unless specified, chemicals were purchased frorm&igldrich and used as received without further
purification. Poly (maleic anhydride—alt-1-octadeep MW 20.000 - 25.000 was purchased from
Polyscience. The HPLC purified aGFP-siRNA oligonucleotide (target sequence 5'-
GCAAGCTGACCCTGAAGTTC-3") and siRNA modified at tHgend of the sense stand with the
AlexaFluor488 (target sequence 5-GGCAAGCUGACCCUGALUC-3') were purchased from
Qiagen. Lipofectamine 2000 was purchased from dogén. All suspensions for working with siRNA

were diluted using RNase free milli-Q water (18.2M
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Preparation and characterization of cationic MnFe2Q@ cubes by polymer coating and

further functionalization of the polymeric shell

Water transfer by polymer coating of single MnFgO, NCs

MnFe,0O, NCs @0) were prepared accordingly to a non-hydrolytic-aleemical protocol set up in our
laboratory by another group member and not yetigludl. The as-synthesized MaBg NCs @0),
with an average size of 13 + 2 nm, were first tfamed into water by using a previously reported
method?>*Specifically, 1.28 mLof nanocubesn chloroform (0.2 pM) were mixed with 6.3 mL of a
137 mM solution of amphiphilic PC18 in a total vole of 10 mL, keeping a ratio of polymer
monomers per nfrof nanocrystal surface equal to 500. The solvers slowly evaporated, overnight,
inside the oven at 65°C under slow shaking. Whelwent evaporation was completed, the
nanocrystals formed a film that was re-dissolved3nmL of sodium borate buffer (50mM, pH 9) in
an ultrasonic bath, until all the polymeric film svaompletely dissolved in the aqueous phase. The
solution was then concentrated on a centrifuge @micbe (cut off: 100 KDa Amicon, Millipore) and
purified by ultracentrifugation to remove the exxe$ polymer in solution. The concentrated Mn-PC
(21) were loaded on the top of a continuous sucroseignt (20% - 40% -66%), at a maximum
volume of 1 mL per tube and ultracentrifuged at @@pm for 1h30, using Beckman Coulter
Optima LE-80 K ultracentrifuge equipped with a SWHilrotor. During the ultracentrifugation, the
NCs moved along the gradient until they reachetias@ with comparable density while the polymer
excess, which had a clear blue fluorescent signder UV light, remained on top of the sucrose
gradient (20%). Then, theanocubeswere collected with a syringe and washed in ancami
centrifuge tube, at 2500 rpm, to remove the sucridspending on the batch nAnocubestime and
speed of ultracentrifugation needed to be slighdjusted. To confirm the removal of the free polyme
the NCs were loaded in a 1% agarose gel and toeraibdoresis ran for 45-60 minutes at 100V. The
analysis of the gel, under at 480 nm, providedasifde measure of the successful removal of PC18
when no fluorescent band was detected on the &btite gel. The resulting water soluble magnetic
nanocubeswere also characterized by DLS, zeta potential 8BM for size, surface charge and

morphology evaluation.

Hyperthermia measurements of Mn-PC (21)

To evaluate the SAR of Mn-PC21) a commercially available DM100 Series (nanoScale
Biomagnetics Corp.) set up was used. 300 pL of I®NGvater, at a Fe concentration of 34.ere
introduced into the sample holder and exposed tA@magnetic field at two different frequencies
(110 kHz and 300 kHz) and at three magnetic fiefpblitudes (12, 16 and 24 kAt All reported
SAR values and error bars were calculated fromntkan and standard deviation respectively of at
least four experimental measurements. SAR valugs wadculated according to the Equation 1 and
taking into account only the first few seconds leé turve dT/dt. The specific heat capacity of the
water is 4185 JLK™.
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Functionalization of the polymer shell of Mn-PC (2}

Once transferred to water, the Mn-PX3)(were further functionalized with DMEDA and monaao
PEG by EDC chemistry on the exposed carboxylic gsaan the polymeric shelfter optimizing the
reaction conditions, a solution of 1 mL of Mn-PGoaubesZ1) (0.5 uM, 1.7 mg Fe) in borate buffer
was reacted with an equal volume of DMEDA (1 mL,18M, molar ratio DMEDA/NCs equal to
2x10), mono-amine-PEG molecules (750 Da, 1 mL, 100 midlar ratio PEG/NCs equal to 200) and
2M solution EDC (1 mL, molar ratio EDC/NCs equal 201@) in borate buffer. The mixture was
shaken for 3h at room temperature. To remove theasted molecules several washes in Amicon
centrifuge tubes were performed at no more thard 2bth, in RNAse free water. Once again, the
resulting cationic Mn-cube2®) were analyzed for surface charge, size and mdoghoby zeta

potential measurement, DLS and TEM respectively.

Electrophoretic characterization

Each sample was mixed with a solution of gel-logduffer (Orange G and 30 % glycerol)
corresponding to 20% of the total sample volumd.aBectrophoresis was done on 1% agarose gel for
45-60 minutes at 100V. The gel was observed irhbffigld or under 480 nm filter using a BIO-RAD
Gel Doc™ XR imaging system.

Dynamic light scattering measurements and zeta patéal

The measurements were carried out using a Zeta Siaeso ZS90 (Malvern Instruments, USA)
equipped with a 4.0 mW He-Ne laser operating ah68and Avalanche photodiode detector. At least
three replicate measurements were made for eacplesatissolved in water, at 25°C with the pH

adjusted to 7.

Elemental analysis

The concentration of Fe was determined by elemeamalysis using the inductively coupled plasma
optical emission spectrometer (ICP-OES iCAP 6500¢ermo). The samples were digested in 3:1
HCI/HNO; (v/v) solutions.

Transmission electron microscopy

Conventional TEM images were obtained using JEOM dB11 electron microscope, working with
an acceleration voltage of 100 kV and equipped itV thermionic electron source and a 11Mp
Orius CCD Camera (Gatan company, USA). Samples preqgared by placing a drop of sample onto

a carbon coated copper grid which was then lafrydbefore imaging.
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Stability of the synthesized cationic nanocubes iffBS and physiological medium —
interaction with serum proteins

The stability of the cationic nanocubes was asselsggouring 100 pg Fe inside 1 mL of a 10% FBS
aqueous solution and DMEM physiological medium, imying it visually during 24h to see if
precipitation occurred. For that purpose picturesestaken every two hours for the first 6 hours of
incubation and then again when 24h incubation waspteted. The stability of the two types of
cationic NCs 22 and 25) was compared with the unstable Mn-PX1)(monitored under the same
conditions.

To better investigate the interaction with serumt@ns, a SDS-PAGE analysis was done. For that, the
nanocubes were incubated at a concentration aih@.Ee-mL' in 10% FBS for 2h. Then, they were
collected by centrifugation at 14000 rpm for 30 mtes. The pellet was re-suspended and washed in
PBS three times through gentle pipetting to remoon-bounded proteins. After, the proteins were
eluted by re-suspending the samples in sample b(dtaining 0.002% bromophenol blue, 10%
sodium dodecyl sulfate, 5%-mercaptoethanol and 30% glycerol) and denaturetiOBfC for 5
minutes. The separation was done on a 12% polyauoige gel at 120 V. Control sample of FBS was
prepared in the same way and loaded to theNmlex® Sharp Pre-stained Protein Standard from
Invitrogen was used as a molecular ladder. The sashene of all samples was added to allow a
direct comparison of the results. The gel wassthwith comassie for one hour and after washed in
destained solution for another hour followed byevatvernight. Finally, it was analyzed using a BIO-
RAD ChemiDOC™ MP equipment.

siRNA loading onto cationic nhanocubes

The loading of Alexa488-labelled siRNA molecules thie positively charged NCs was done by
simply mixing together the siRNA with the NCs. [ifént ratios of siRNA, reported in Table 2, were
loaded on the nanocubes according to the folloviengula:

pmol siRNA

tio =
ratio 1g Fe

In a typical experiment, 25 pug Fe of NCs, previpushshed with RNAse-free milli-Q water, were
used to react with different amounts of siRNA ($able 2), keeping the iron concentration in solutio
at 0.38 g- [*. After 30 minutes shaking, the siRNA-loaded NCsawsashed and analyzed by agarose
gel (1%) electrophoresis (using a BIO-RAD ChemiDOGIP imaging system) and measured for size
and charge determination at the DLS. In additiomges an Alexa488 tagged siRNA was used, the
estimation of loaded siRNA was done by measuriagihission spectra at an excitation wavelength
of 495 nm, using a Cary Eclipse Varian photolumirese spectromet&t The initial loading solution

of siRNA and the final solution, which contains then-bounded siRNA molecules after NCs
collection by magnetic decantation, were analyZBue loading efficiency was calculated by the

difference of the fluorescent intensity peak at B®of both solutions.
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Table 2 Conditions tested for SiRNA loading on the catioNiCs.

Cationic Mn-cubes 22 Cationic IONCs 25
Sample 1 2 3 4 5 6 7 8 9
ug Fe 25 25
pmol siRNA / ug Fe 1 5 10 2 4 8 16 32 100
SiRNA (pmol) 25 125 250 50 100 200 400 800 2500

Cellular studies for cationic nanocubes

Cell culture

HelLa (ATCC, UK) (here referred as HeLa WT) and IGRDcells (ATCC, UK) were cultured in
DMEM (Gibco, UK) and RPMI-1640 (Gibco, UK), respeely, in T75 flasks. Both physiological
media were supplemented with 10% Inactivated Fé&aline Serum (FBS), 1% Penicillin
Streptomycin (PS) and 1% Glutamine at 37 °C, in 3&#hidity and 5% C@ Cells were split every
3-4 days before reaching 90 % confluence.

GFP over-expressing HelLa cells (HeLa GFP) were imddia by lipofectamine transfection of
pAcGFP1-N1 vector (ClonTech). After three daysrahsfection the cells were treated with neomycin
antibiotic at increasing concentrations until 1mig“nto select the positive GFP over-expressing cells.
This cell line was grown in the same conditionscdesd for HeLa Wild Type (WT) with the addition
of 10% G418 disulfate salt solution (50 mg-hin H,O, Sigma Aldrich) to the complete DMEM

culture medium.

Cytotoxicity by PrestoBlue

For testing cell viability PrestoBlue (PB) assaysw&ed according to the manufacturer's protocol
(Invitrogen, Carlsbad, CA, USA). HeLa GFP cells sveeeded in a 24 multiwell plate, 24 hours
before starting the nanocubes exposure treatmetiteatollowing cell densities: 5x$03x1¢" and
1x10. Then, the cells were incubated with cationic Mibes £2) and the cytotoxicity assessed at 24,
48 and 96 h. IGROV-I were plated at 10%16x10 and 3x10. After letting the cells adhere in the
bottom of the well for a day, a Fe dose of 50 pg*rmt.cationic IONCs 25) was added to the media
and incubated for 24, 48 and 72 h, at 37°C. Atterihcubation time was complete, the medium was
exchanged by a 10% solution of PB reagent in comi®EM, and the cells incubated for additional
2h at 37 °C with 5% C© The cell viability was detected by reading theabance for each well at
570 and 600 nm. All the values for the differem@zubes conditions were normalized with respect to

the cell viability values obtained for not treatzdls (control).
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Intracellular Fe uptake

HeLa GFP cells were seeded, at a concentratio@dfd cells per well, in 12 multiwell plate one day
before the experiment, and incubated at 37°C with@0,.. 24 hours after, the adherent cells were
treated with cationic NCs2p) and @5) dissolved in 800uL of complete DMEM at an iron
concentration of 50 pg- L After 24h of incubation at 37°C, the cells werasied with PBS three
times, trypsinized/detached and centrifuged. THeetpwas re-suspended in 1mL of complete fresh
medium. Then, the cells were counted, centrifuggairaand the obtained pellet digested in Aqua
Regia overnight. The acidic solution was dilutedhwivater and the intracellular Fe concentration
determined by ICP-OES. For the imaging of the maézed nanocubesa Motic AE31 inverted
microscope equipped with a Moticam 2500, in a Teol®r phase contrast mode, was used to acquire

cell images.

GFP knockdown on HelLa cells using siRNA-NCs conjudas

For the siRNA downregulation assay, HeLa GFP ¢aki (") per well were seeded in 24 multiwell
plates, in 500uL of complete DMEM, one day befdne injection of the magnetinanocubes
Immediately before starting the treatmen@GFP-siRNA was loaded on the magnetemocubedy
simply mixing the two components. An iron amoumgiag from 25-100 ug Fe, depending on the
experiment, was reacted with 125 pmol of siRNA iptidlEM reduced serum media (Gibco, UK).
For the formation of the conjugates the nanocubesentration was maintained at 0.38 §df iron .
After shaking for 30 minutes, the as-prepared agetiess were administered to the cells at iron d@sage
of 50-200 pg-mt* and siRNA concentration of 250nM, adjusting th&altavolume to 500uL with
complete DMEM . After 24h incubation, the mediumswexchanged and the culture maintained for
72h more, thus completing a total incubation timfe 96h. As a positive control, 1.5uL of
Lipofectamine 2000 (Invitrogen) was used to loa8 p2nol of SiRNA, in Opti-MEM, by shaking it

15 minutes, and then given to the cells at a whakentration of 250nM siRNA per well. Once the
96h of culture were finished, the medium was ctdldcthe cells washed once with PBS and detached
from the growing substrate by trypsinization. Afteashing two times in 50QL of PBS, the cell
pellet was re-suspended in 200 of PBS and analyzed 2-3h later by FACS (FACSAyi@D).

FACS is a specialized flow cytometry method whiatovides a fast, objective and quantitative
recording of fluorescent signals from individualllge Particularly for this application, the cell
suspension enters a narrow rapid stream flow wisiéiranged in such a way that forces the passage
of single cells per droplet. Each droplet is crdsbg a laser light source giving information on the
granularity and size of the cells, as well as theréscent characteristic of each single cell.

FACS analysis was performed on the following sasipl@) non-fluorescent wild-type Hela, (2)
untreated HeLa GFP (control), and HeLa GFP treatitd (3) aGFP-siRNA alone (250 nM), (4)
siRNA-Lipofectamine, (5) cationic nanocube®2)( and @5) alone, (6) SiRNA-NCs22) and (7)
siRNA- IONCs @5) conjugates. The fluorescent signal of each eelpsnsion tested was normalized

with respect to the result obtained for HeLa GFfPaated cells.
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