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Résumé

Actuellement, les nanoparticules magnétiques (MNPS) font 1’objet d’intenses recherches dans
beaucoup de domaines, comme celui des fluides magnétiques,® de la biotechnologie/biomédecine,? de
la catalyse® et de I’environnement.* Toutes ces disciplines présentent une demande de plus en plus
forte en MNPs spécifiques, en terme de géométries et de propriétés physiques/chimiques. Ainsi, le
développement de nouvelles stratégies de synthése de MNPs a permis un meilleur contréle de leur
taille, de leur structure et de leurs propriétés magnétiques. De plus, les développements de techniques
de protection et de stabilisation de ces matériaux (par un enrobage organique ou inorganique, ou par
encapsulation dans des matrices organiques ou inorganiques) ont permis d’améliorer les dispersions
des MNPs dans les milieux aqueux et/ou organiques. Ces couches de protection présentent également
des groupes fonctionnels de surface, qui vont pouvoir servir de plate-forme pour la fonctionnalisation
des MNPs.

En particulier, dans le domaine de la biotechnologie (tels que la protéomique, la bio-catalyse et
les biomatériaux), la purification et la manipulation contr6lées des biomolécules (protéines, enzymes,
anticorps, peptides, lipides, acides nucléiques, etc) est un enjeu majeur. Jusqu’a présent, les protocoles
classiques utilisés dans ce domaine (comme la chromatographie, I’électrophorése, I’ultrafiltration, etc.)
font appel a un matériel spécifique, sont difficiles a mettre en ceuvre et nécessitent beaucoup de temps.
Ainsi, le développement de MNPs fonctionnelles destinées a 1’immobilisation spécifique de
biomolécules est un axe de recherche permettant de répondre & cet enjeu.’ Les MNPs de tailles
inférieures a 10-20 nm sont des matériaux de choix en raison de leurs propriétés de
superparamagnétisme (SP). Elles peuvent étre facilement concentrées sous I’influence d’un champ
magnétique externe (généralement un simple aimant) et récupérer un état colloidal stable en I’absence

de ce champ (Figure 1).

Figure 1. Concentration de MNPs sous ’influence d’un champ magnétique (les particules se collent aux parois du flacon),
et retrouvent leur état colloidal en I’absence de ce champ.
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Figure 2. Principe de la séparation magnétique d’une biomolécule cible: (A) MNPs fonctionnelles porteuses d’un élément
de bioreconnaissance 1lié de maniére covalente a la surface de la particule. Addition de ces MNPs dans un mélange
biologique complexe contenant la biomolécule cible; (B) Les MNPs fonctionnelles reconnaissent la biomolécule cible. (C)
La biomolécule cible est relarguée par clivage.

Contrairement, aux méthodes conventionnelles de séparations, la technique de décantation
magnétique est simple, rapide et efficace. Ainsi, les MNPs fonctionnelles porteuses d’un biorécepteur
(comme un marqueur d’affinité, des groupes d’échange d’ions, ou un oligonucléotide) 1ié de maniére
covalente a la surface, sont ajoutées a un mélange biologique complexe contenant la biomolécule cible
(Figure 2). Aprés incubation, les MNPs reconnaissent la biomolécule cible. Puis les MNPs sont isolées
par décantation magnétique et les contaminants sont éliminés. Enfin, les MNPs porteuses des
biomolécules cibles sont isolées et ces derniéres peuvent étre récupérées par un clivage approprié.
Ainsi, lutilisation de MNPs comme plate-forme pour I’immobilisation, la séparation et de la

purification de biomolécules est une méthode rapide, économique et facile a mettre en ceuvre.

Le but de ce travail est de concevoir des MNPs fonctionnalisées stables, dispersibles dans I’eau
et qui assureront une immobilisation covalente, sélective et efficace des biomolécules. Bien qu’un
large choix de MINPs soit disponible dans le commerce, la modification chimique de surface des MNPs
reste une étape indispensable a I’élaboration de matériaux spécifiques. Un contrdle précis de la
fonctionnalisation de surface des MNPs est cruciale, car vont en découler leurs propriétés physico-
chimiques, leur stabilité colloidale, et la préservation de I’activité biologique de la biomolécule
immobilisée.

L’efficacit¢ de I’'immobilisation et la quantité de biomolécules immobilisées de manicre
covalente est déterminée par le nombre de groupes fonctionnels disponibles a la surface des MNPs.
Généralement, la fonctionnalisation des MNPs ne permet I’introduction que d’un nombre limité de
groupements fonctionnels accessibles a la surface, ce qui ne conduit in fine qu’a une faible quantité de
biomolécules immobilisées. Dans ce travail, nous proposons d’augmenter le nombre de groupes
fonctionnels accessibles a la surface des MNPs en modifiant celle-ci par des agents de couplages
dendritiques. L’efficacité de ces surfaces pour immobiliser des biomolécules ou des modéles de
biomolécules est comparée avec celle obtenue pour des surfaces fonctionnalisées par un agent de

couplage analogue linéaire (Figure 3) a travers I’étude de I’effet dendritique.
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Figure 3. Fonctionnalisation de surface avec: un agent de couplage linéaire (contenant un groupe fonctionnel); un agent de
couplage dendritique a deux branches (contenant deux groupes fonctionnels) et un agent de couplage dendritique a quatre
branches (contenant quatre groupes fonctionnels).

Dans ce travail nous avons étudié deux types de nanoparticules SP cceur-écorce (y-Fe,O3) de 300
nm qui se composent d’une maghémite (noyau ferrofluide, y-Fe,Os3) et d’une écorce soit: (I) de
polymere (Figure 4 a) soit (I1) de silice (Figure 4 b). Les deux types de nanoparticles SP cceur-écorce

sont développées et commercialisées par Ademtech SA.®

Polymer Shell
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Figure 4. (a) MNP cceur-écorce (y-Fe,O4/Polymer); et (b) MNP cceur-écorce (y-Fe,043/Si0,).

Le cceur ferrofluide est composé de particules de y-Fe,O3 de tailles nanométriques (diameétre
inférieur a 10 nm, constituant des monodomaines magnétiques) qui sont stabilisées dans un fluide
(tensioactifs). Ces petites particules sont magnétiquement indépendantes préservant ainsi le
comportement de SP de I’ensemble de la particule de 300 nm. Aussi, ces MNPs, possede une teneur
magnétique élevée (70%) et manifestent donc une réponse rapide et forte a un champ magnétique
externe (aimantation a saturation: env. 40 cm®/g a 300 K), ainsi leur séparation magnétique d’un milieu
réactionnel est supérieure a 99% en 1 min., ce qui en fait est une méthode simple, rapide et

¢conomique.
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Ce manuscrit est organisé en quatre chapitres. Dans le premier chapitre, le lecteur trouvera une
¢tude bibliographique, ainsi qu’une bréve introduction sur les MNPs, leur synthése, leur
protection/stabilisation et les techniques utilisées pour leur fonctionnalisation. Egalement, les
méthodes d’immobilisation de biomolécules (chimique, physique et par médiation biologique) sont
décrites. Le design et la synthése d’agents de couplage linéaires et dendritiques sont détaillés dans le
deuxié¢me chapitre. Deux types de surfaces de MNPs cceur-écorce (avec une écorce du polymere ou de
la silice) sont utilisées ce qui implique la synthése de deux familles d’agents de couplage (aminés et
silanes) (Tableau 1). Afin d’étudier I’effet «dendritique» sur la fonctionnalisation de surface, trois
types d’agents de couplage ont été congus: des agents de couplage linéaires (contenant un groupe
fonctionnel: composés 10 et 11), les agents de couplage dendritiques a deux branches (contenant deux
groupes fonctionnels: composés 18 et 19) et des agents de couplage dendritiques a quatre branches

(contenant quatre groupes fonctionnels: composés 23 et 24).

Table 1. Agents de couplage pour la modification chimique de MNPs cceur-écorce (y-Fe,Os/polymere ou silice).

The "family" of coupling agents designed for
chemical modification of MNPs with polymer shell

The "family" of silylated coupling agents designed for
chemical modification of MNPs with silica shell

0 linear coupling agents: 0

S B oot

(o) (6]
compound 10

compound 11

two-branched coupling agents (dendrons G1):

compound 18

compound 19

: %5~
Q O\/? E ° Od\z?
HZN\'O“‘O’\’N i H'\,OwO'\,N
O~UN E )ox
) i O

four-branched coupling agents (dendrons G2):

7
o]
g
(@)
¢

N
(e}
compound 24 @

compound 23
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Chaque famille d’agents de couplage posséde d’une part, un site d’ancrage (amine ou silane),
capable de former une liaison covalente avec les groupements disponibles a la surface des MNPs
(carboxyle ou silanol) et d’autre part, un groupe fonctionnel spécifique (maléimide). Le groupement
maléimide étant sensible aux nucléophiles, il a été protégé par un furane. La régénération du
maléimide est facilement obtenue par une réaction de rétro-Diels-Alder. En outre, puisque la majorité
des tests de bio-immobilisation sont effectués en milieu aqueux, il était indispensable de concevoir des
agents de couplage hydrophiles. Ainsi, des chaines de PEG et/ou des chaines PAMAM
(polyamidoamine) ont été introduites dans la structure des agents de couplage que nous proposons. De
plus, les structures PEG sont considérées comme I’un des groupes chimiques qui limitent au maximum

I’adsorption non spécifique des protéines.’

Le troisiéme chapitre est consacré au greffage des agents de couplage fonctionnalisés par des
groupes maléimides sur des MNPs cceur-écorce (y-Fe,Os/Polymer-COOH) et a leur caractérisation. La
fonctionnalisation de surface de ces MNPs (y-Fe,O3/Pol@10, y-Fe,O3/Pol@18 et y-Fe,Os/Pol@23) a
¢été obtenue par le greffage des agents de couplage aminés (linéaire 10, dendritique a deux branches 18
et dendritique a quatre branches 23) sur les fonctions acide carboxylique accessibles a la surface des
MNPs (par un couplage de type EDC/NHS). Cette étape a été suivie et caractérisée par spectroscopie
FT-IR en suivant la bande d’absorption & 1703 cm™ correspondant au mode vC=0 en opposition de
phase (d’imides cycliques). Nous avons ainsi mis en évidence que le rendement de greffage dépend

fortement de la quantité d’agents de couplage utilisée dans 1’étape de greffage (Figure 5).

0.05 [
< 004 F y-FeZOJIPoI@23‘
E L ] . ]
Q
P
= 003 |
®
§ [ A y-Fe,0,/Pol@18
& 0.02 | ;
g — -
o
o °
9 I
< 01 H 1-Fe,0,/Pol@10~
V)
0 1 n 1 1 n L L 1 L 1 L 1 1 1 1 1 i n 1 1
0 20 40 60 80 100

Nr of equivalents of coupling agent

Figure 5. Etude IR de la fonctionnalisation de surface par 1’agent de couplage linéaire 10 (courbe rouge); 1’agent de

couplage dendritique a deux branches 18 (courbe noire); et 1’agent de couplage dendritique a quatre branches 23 (courbe
bleue).
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Ainsi, le maximum de fonctionnalisation de surface avec I’agent de couplage linéaire 10 a été
obtenu par addition de 100 équivalents de ce composé ; avec I’agent de couplage deux branches 18, 50
équivalents de ce composé ont été nécessaires, tandis qu’avec I’agent de couplage a quatre branches
23, nous avons obtenu le maximum de fonctionnalisation de surface en ajoutant seulement 10
équivalents de ce composé. En outre, la quantité de groupes fonctionnels sur la surface des MNPs
augmente avec la génération du dendron. Egalement, cette quantité est directement proportionnelle au
nombre de groupes fonctionnels présents dans la structure de I’agent de couplage, mettant en évidence
un effet dendritique positif sur la fonctionnalisation de surface. La fonctionnalisation de surface a
¢galement été confirmée par des mesures ATG couplées a la masse et des mesures de potentiel zéta.
Les MNPs (y-Fe,O3/Pol@10/18/23) modifiées par ces agents de couplage fonctionnels (maléimide)
ont conservé leur intégrité ainsi que leur stabilité colloidale. En effet, une bonne dispersion dans des
solutions aqueuses et des solvants polaires a été maintenue. La capacité des MNPs
(y-Fe203/Pol@10/18/23) modifiées par des groupes maléimide pour immobiliser des biomolécules ou
des modeles de biomolécules a été étudiée par une série de tests d’immobilisation. Tous ont permis
d’immobiliser des biomolécules contenant un groupe thiol, de plus un effet dendritique positif a été
mis en évidence sur la fonctionnalisation de surface. En outre, la réactivit¢ des MNPs
(y-Fe203/Pol@10/18/23) modifiées par des groupes maléimide envers les groupements amine (de
biomolécules), dans des conditions de réaction types utilisées pour I’immobilisation des thiols (c’est a
dire dans des conditions de pH 6.5 - 7.5), a été explorée. Il a été confirmé que les fonctions amine de
biomolécules peuvent étre immobilisées, cependant, en quantité négligeable par rapport aux quantités
des biomolécules porteuses de groupements thiol. Cette expérience nous a permis de montrer la bio-
spécificité de I’immobilisation de biomolécules par ces MNPs (y-Fe,O3/Pol@10/18/23) modifiées par

des groupes maléimide.

Le quatrieme chapitre est consacré a la fonctionnalisation et la caractérisation de MNPSs cceur-
écorce (y-Fe;03/Si0y) par des groupes maléimide. La modification chimique de surface de ces MNPs a
¢été obtenue par réaction d'hydrolyse-condensation de groupes silanol de 1’écorce de silice avec les
groupements silane des agents de couplage (agent de couplage linéaire 11, agent de couplage
dendritique a deux branches 19 et agent de couplage dendritique a quatre branches 24). La
modification de surface est suivie par spectroscopie IR. Cette ¢tude a permis de caractériser le greffage
par les agents de couplage (11, 19 et 24) et a montrer que la quantité de groupes fonctionnels présents
sur la surface des MNPs (y-Fe,O3/Si0O,@11/19/24) augmente avec la génération du dendron. La plus
grande quantité de groupes fonctionnels a la surface de ces MNPs a été obtenue par le greffage de
I’agent de couplage dendritique a quatre branches 24, mettant en évidence 1’efficacité des structures
dendritiques pour la modification de surface et démontrant encore une fois un effet dendritique positif

sur la fonctionnalisation de celle-ci. La modification chimique de surface a également été confirmée
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par des mesures ATG couplées avec la masse et des mesures de potentiel z&ta. La microscopie MET a
montré que ces MNPs (y-Fe,03/SiO,@11/19/24) ont conservé leur morphologie et leur intégrité, tandis
gqu’une légeére augmentation de 1’épaisseur de 1’écorce suggére la formation d’une couche mince
homogene d’agents de couplage sur leur surface. Egalement, on note que ces particules
fonctionnalisées conservent une bonne stabilité colloidale en milieux aqueux. Enfin, la capacité de ces
MNPs (y-Fe;03/SiO,@11/19/24) a immobiliser des biomolécules a été étudiée au moyen de deux tests
d’immobilisation: (I) 'immobilisation de biotine modifiée par un groupement thiol (HS-PEG-Biot)
(Figure 6 a) et (1) 'immobilisation d’un oligonucléotide modifi¢ par un groupement thiol (HS-dT)
(Figure 7).

H s
HS/\,O{/\OI,\,NMNH
10 3 AN,

Ly~Oun o'\«“‘;j HS-PEG-Biot
H PBS/Tween-20, pH=7.1, 16 h., 37 °C

y-Fe,04/Si0,@11-Mal

o

H S .
\N/\’O\/‘O’\’N)fb\s’\/ol.ﬂolqE,NMiH __AuSA
H d o HN—

PBS/Tween-20,

S H=7.1, 16 h.,
y-Fe,04/Si0,@11@Biot A

4

(o]

i s
H
\N/\’O‘/\O’\’N)b\s/\’ol‘/\olﬁ}’NM
H d o HN

1-Fe,04/Si0,@11@Biot@SA-Au 200 nm
(@) (b)
Figure 6. (a) Immobilisation de HS-PEG-Biot sur y-Fe,03/SiO,@11/19/24 suivie de I’immobilisation de SA-Au NPs par
affinité Biotin-Streptavidin. (b) TEM image of y-Fe,03/SiO,@24@BiotSA-Au.

Le premier test implique un couplage covalent de HS-PEG-Biot avec les groupements maléimide
a la surface des MNPs (y-Fe,O3/SiO,@11/19/24), ensuite la présence de la biotine sera révéler par
I’immobilisation des nanoparticules d’or recouvertes de streptavidine (SA-Au NPs) disponibles dans le
commerce, par I’affinité Biotin-Streptavidin. Les SA-Au NPs immobilisées ont servi de marqueur a
I’échelle nanométrique en TEM (Figure 6 b) ainsi que pour la quantification en spectroscopie UV-Vis
de SA-Au NPs immobilisées sur les MNPs.

Le second test implique trois étapes:
La premiere étape consiste dans I’immobilisation du HS-dT oligonucléotide sur les MNPs
fonctionnalisées par un groument maléimide. Dans la deuxieme étape, I'hybridation de
l'oligonucléotide dT immobilisé avec une séquence complémentaire d'oligo poly A conjugué a un
fluorochrome (oligo-dA Alexa Fluor) a été effectuée. La derniere étape représente la déshybridation,
conduisant au dosage de 1’oligo-dA Alexa Fluor élué sur le lecteur de microplaques a fluorescence
(Figure 8).
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Figure 7. Principe d’immobilisation d’un oligonucléotide HS-dT.

Ces deux tests ont prouvé I’efficacité des MNPs (y-Fe,03/SiO,@11/19/24) pour I’immobilisation
spécifique de ces biomolécules. Une excellente capacité d’immobilisation de I’oligonucléotide HS-dT
a été observée (233,8 pmol/mg de particules) dans le cas des MNPs
(v-Fe203/Si0,@24, Figure 8), soulignant a nouveau I’efficacité d’une fonctionnalisation dendritique
de la surface des nanoparticules. De plus, les MNPs (y-Fe,O3/SiO,@11/19/24) ont montré une plus
grande capacit¢é a immobiliser le PolyT-SH par rapport a leurs analogues MNPs
(y-Fe2Os/polymer@10/18/23). En outre, il est a noter que 1’optimisation des protocoles

d’immobilisation pourrait conduire a une immobilisation de PolyT-SH encore plus grande.

250 T T T

233.8

|
S
2 200 | 1
o
<S50 | 1
'g‘s

f=]
8E
S35 100 .
C E
T2
g 59.6
g 50 | .
< 32.0

0 0 1 1 - I
1-Fe,0,/Si0, @OH |y-Fe20:n’Si02@11@dT 1-Fe,0,/Si0, @19@dT | y-Fe 0 SI0,@24@dT

Figure 8. Mesure de fluorescence (Alexa Fluor) de quantification de 1’oligonucléotide dA élué apres deshybridation.
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Pour conclure, cette étude a démontré I’intérét de la fonctionnalisation de la surface de MNPs
cceur-écorce par des structures dendritiques. 11 a été déterminé que de nombreux paramétres influent
sur la fonctionnalisation des MNPs, parmi eux, les trois facteurs les plus importants sont: (1) la nature
de la surface (polymére ou la silice), (I1) la nature des agents de couplage (linéaire ou a structure
dendritique), de méme que la génération de la dendron et, (Ill) la quantité d’agents de couplage

introduit lors de I’étape de greffage.
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General introduction

In the recent years, magnetic nanoparticles (MNPSs) have become the topic of intense research in
a wide range of disciplines, including the fields of magnetic fluids," biotechnology/biomedicine,?
catalysis® and environmental remediation.* All these disciplines are demanding for specific MNPs,
with different geometries and physical/chemical properties. The recent improvement and development
of new strategies for the synthesis of MNPs allowed a better control of their size, structure and
magnetic properties. In addition, the developments made regarding the protection and stabilization
techniques (coating with organic or inorganic materials/encapsulation in organic or inorganic
materials) offered the possibility to disperse MNPs in aqueous and/or organic media. Moreover, the
protective shells usually offer some surface functional groups, thus providing a convenient platform
for the functionalization of MNPs. Therefore, the interest in designing novel MNPs continues to grow
almost unabated.

Particularly, in the field of biotechnology (such as proteomics, bio-catalysis and biomaterials),
the isolation, purification and controlled manipulation of biomolecules (proteins, enzymes, antibodies,
peptides, lipids, nucleic acids, etc.) is of a paramount importance. Conventional protocols to achieve
these goals (chromatography, electrophoresis, ultrafiltration, etc) require specific devices and are
usually complicated and time consuming. Therefore, the development of highly reactive MNPs
destined to the immobilization and isolation of biomolecules is in a strong demand.” In this field small
MNPs are very promising materials due to their size dependent physical properties
(superparamagnetism (SP)) that give the possibility to be easily concentrated under the influence of an
external magnetic field (usually a simple magnet) and maintaining their colloidal stability upon field

removal (Figure 1).

Figure 1. Picture illustrating the concentration of MNPs under the influence of a magnet (MNPs come close to the vial
wall), and the dispersion of MNPs upon the field removal.

In contrast to the conventional separation procedures, the technique of magnetic separation is

very simple (Figure 2).
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Figure 2. Schematic representation of the magnetic separation technique: (A) MNPs bearing a covalently attached bio-
recognition element are added to a complex medium, containing the target biomolecule; (B) MNPs recognize the target
biomolecule. (C) Target biomolecules are recovered via elution.

Thus, MNPs bearing a covalently attached biomolecule (containing a bio-recognition element
such as affinity tag or ion-exchange groups, oligonucleotide, etc.) are added to a complex medium,
containing the target biomolecule. After a suitable incubation time, the MNPs recognize the target
biomolecule. Then MNPs are isolated by magnetic decantation and the contaminants washed out.
Finally, the isolated target biomolecules can be recovered via their displacement, following proper
elution procedures. Thus, the use of MNPs as support for biomolecules immobilization offers a fast,
cheap and easy method of separation and purification.

The purpose of this work is to design stable, water-dispersible, functionalized MNPs that will
ensure selective covalent immobilization of biomolecules. While, a large choice of MNPs is now
commercially available, the surface modification of MNPs remains an indispensable step in the
elaboration of such MNPs. A precise control over the surface functionalization of MNPs is crucial,
because it governs their physicochemical properties, their colloidal stability, and their biological
behaviour. In addition, the amount of covalently immobilized biomolecules is determined by the
number of functional groups available on MNP’s surface. Often, functionalization of MNP’s provides
a poor number of available functional groups that consequently leads to a poor amount of immobilized
biomolecules. In this work, to overcome this problem and with the aim to increase the number of
functional groups on MNPs’ surfaces, it was proposed to functionalize MNPs with dendritic coupling

agents, and to compare their efficiency with those functionalized with a linear analogue (Figure 3).

I Covalently attached
bio-recognition element

W Target biomolecule \ ' J
MNP Linear coupling agent Dendritic coupling agents
—O (containing one (containing two or four
functional group) functional groups)

Figure 3. Surface functionalization with: linear coupling agent (containing one functional group); two-branched coupling
agent (containing two functional groups) and four-branched dendritic coupling agent (containing four functional groups).
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Moreover, it was decided to investigate the “dendritic effect” of the surface functionalization on
two types of core-shell SP NPs: (1) with polymer and (1) with silica shell (both developed and
commercialized by Ademtech SA).°

Because the surface modification chemistry was carried out on two types of core-shell MNPs,
two “families” of coupling agents were synthesized. Each “family” of coupling agents possessed an
anchoring site, capable to form covalent binding with the functional groups on the MNPs’ surface.
Thus, the surface functionalization of MNPs with polymer shell was achieved by the grafting of amine
containing coupling agents on carboxylic acid functional surface of MNPs (via carbodiimide
chemistry). In the case of MNPs with silica shell the surface functionalization was achieved by
condensation reaction of silanol groups from silica with alkoxy groups of the silyl-terminated coupling
agents. In order to induce a good dispersion of the functionalized MNPs in aqueous medium, dendritic
structure’s backbones were made of hydrophilic components such as poly(ethylene glycol) (PEG)
chains or/and poly(amidoamine) (PAMAM) chains. In addition, the PEG chain is considered to be one
of the most efficient chemical groups to limit the non-specific protein adsorption.’

This manuscript is organized into four chapters:
In the first chapter the reader can find a bibliographical survey including a brief introduction to
MNPs, their synthesis, protection/stabilization and functionalization techniques. Also, chemically,

physically and biologically mediated methods of biomolecules immobilization are described.

In the second chapter the synthesis of linear and dendritic coupling agents along with the
reasoning of their selection is detailed. Each coupling agent comprises an anchoring site (amino or
silane) which is capable to bind with MNP’s shell (polymer or silica) on the one side, and functional
groups (maleimide), capable to react with biological species, on the other side. In order to investigate
the “dendritic effect” on the surface functionalization, three types of coupling agents were designed:
linear coupling agents (containing one functional group); two-branched coupling agents (containing
two functional groups) and four-branched dendritic coupling agents (containing four functional
groups). This chapter describes different synthetic routes of coupling agents’ synthesis as well as the

difficulties met during their design.

The third chapter is dedicated to the functionalization and characterization of the core-shell
MNPs with polymer shell (y-Fe,Os/Polymer). Firstly, a presentation of these MNPs is performed.
Next, a detailed description of the surface modification principles is illustrated, followed by the
grafting procedures, as well as the adjustment of the grafting conditions for each coupling agent. These
procedures take into account the parameters which can essentially influence the grafting quality, such

as the choice of the dispersion medium, temperature, pH and the quantity of coupling agents. The
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capacity of maleimide functionalized y-Fe,Os/Polymer MNPs to immobilize biomolecules was
investigated by performing a series of immobilization tests. The immobilization method is based on
the formation of covalent bonds between nucleophilic residues present in biomolecules or models of
biomolecules and maleimide functional groups present on the MNPs surfaces.

The fourth chapter is dedicated to the functionalization and characterization of the core-shell
MNPs with silica shell (y-Fe;O3/Si0;). The characteristics of core-shell y-Fe,O3/SiO, MNPs are very
similar to those of core-shell y-Fe,Os/Polymer MNPs, while differences in the shell are discussed in
the beginning of the chapter. Chemical anchoring of coupling agents onto the y-Fe,O3/SiO, MNPs was
achieved by hydrolysis-condensation reaction of silanol groups from silica shell with alkoxy groups of
the silyl-terminated coupling agents. The capacity of maleimide functionalized y-Fe,O3/SiO, MNPs to
immobilize biomolecules was investigated in the same manner as those of maleimide functionalized
v-Fe203/Polymer MNPs.
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Chapter I: Bibliographical survey

I.1. Introduction to the MNPs

Over the past decade, MNPs have demonstrated a great interest for researchers from a wide
range of disciplines, including the fields of magnetic fluids,* biotechnology/biomedicine,?* catalysis*
and environmental remediation.’> The development of these nanoparticle (NP) materials requires first
of all a rigorous control of the NPs’ size and shape, since the magnetic properties of these materials are
strongly dependent on the NPs’ dimensions. In this context, one of the size dependent properties is the
SP. In large magnetic particles, it is well known that there is a multidomain structure, where regions of
uniform magnetization are separated by domain walls.® When the size of NP is small enough (about
the typical size of the magnetic domains), the energy necessary to divide itself into magnetic domains
is higher than the energy needed to remain as a single magnetic domain (monodomain).®’ In this case
each NP becomes a single magnetic domain. A single-domain particle is uniformly magnetized with
all the spins aligned in the same direction (Figure 1-1 a), and shows SP behaviour when the
temperature is above the so-called blocking temperature.

300K

-50000 -25000 O 25000 50000
H/ Qe

@ (b)

Figure 1-1. (a) lllustration of SP NPs’ response to an applied magnetic field (H). MNPs comprise rotating crystals that
align with the direction of an applied magnetic field. Crystal reorientation provides the high magnetic susceptibility and
saturation magnetization. The circular dashed lines around the SP NPs on the left illustrate the randomization of their
orientation, due to temperature effects, in the absence of a magnetic field;* and (b) Typical magnetization curves of SP
NPs, where M is the magnetization of the sample and H is the applied magnetic field.®

Such individual NPs have a large constant magnetic moment and behave like a giant
paramagnetic atom. As a result SP NPs show a fast response to applied magnetic fields and revert to
their non-magnetized state upon field removal with a null or negligible remnant magnetization
(residual magnetism) and coercivity (the field required to bring the magnetization to zero).®’ The
practical test for SP is the observation of anhysteretic magnetization (M) curves as a function of the
applied magnetic field (H) over a wide range of temperatures (Figure 1-1 b). This interesting property,

marked by the lack of remnant magnetisation, enables the MNPs to maintain their colloidal stability
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and thus avoid their aggregation, which is one of the most important conditions required in all the
fields of applications.

Among the wide variety of NPs that exhibit SP behaviour, iron oxide nanoparticles (IONPs),
either magnetite (FesO4) or maghemite (y-Fe,Os), are the most commonly used types of NPs. This
enhanced interest to IONPs in the majority of the cases is justified by their simple and low cost
preparation, and not the least, due to their biocompatibility and biodegradability. In addition, iron
based magnetic oxides represent the best compromise among good magnetic properties (such as
saturation magnetisation) on one hand, and stability under oxidizing conditions on the other.
Depending on their size, IONPs behave differently in magnetic field. The size limit for iron oxide
crystals required to achieve SP is typically inferior to 20 nm. Considering this threshold, MNPs with a
core larger than 20-30 nm consist of clusters of multiple smaller iron-oxide domains rather than a
single large crystal.*® However, despite the increase in SP behaviour of the particles with decrease in
size, a decline in the absolute saturation magnetization values occurs when the size of the particles is
reduced to less than 10 nm.? Thus, the ideal diameter of IONPs exhibiting SP behaviour with the
optimal saturation magnetization values, at room temperature, is between 10 and 20 nm. Such particles
are small enough, so that the cooperative phenomenon of ferromagnetism is no longer observed and no
permanent magnetization remains after the particles have been subject to an external magnetic field.
Thereby, the SP behaviour of IONPs enables their stability and dispersion in the absence or upon

removal of the magnetic field, as no residual magnetic force exists between the particles.

However, the dimension of MNPs is not the only parameter that determines the final properties
of the NP material. Thus, MNPs with a proper surface coating can be dispersed into suitable solvents,
forming homogeneous suspensions, called ferrofluids. The types of specific coating and their
functionalization depend on the final application, and should be chosen by keeping a particular
application in mind. Such MNPs can bind drugs, proteins, enzymes, antibodies, or nucleotides and can
be easily manipulated using an external magnetic field. The combination of SP behaviour with the

peculiar surface chemistry opens a large field of potential applications.

With the aim to improve or/and develop new applications, a careful study of the synthesis, fluid
stabilization technics and surface modification chemistry of the SP IONPs is necessary, and therefore

it is discussed in the following sections.
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1.2. Synthesis of IONPs

The synthesis of NPs is a complex process and hence, there is a wide range of techniques
developed for the preparation of highly stable and monodisperse MNPs. The main synthesis pathways

proposed for the preparation of IONPs can be divided into the three categories:**°

() Physical methods, such as gas-phase deposition and electron beam lithography. These

methods, however, suffer from their inability to control the particles’ size at the nanometer scale.

(I1) Wet chemical preparation methods, such as sol-gel synthesis, oxidation method, chemical
co-precipitation, hydrothermal reactions, flow injection synthesis, electrochemical method,
aerosol/vapour phase method, sonochemical decomposition reactions, supercritical fluid method, and
synthesis using nanoreactors. These routes are more tractable and more efficient with appreciable

control of size, composition and sometimes even the shape of the NPs.

(111) Microbial methods, which are generally simple, versatile, and efficient with appreciable
control over the composition and the particle geometry of the resulting material. This approach ensures
high yield, good reproducibility, and good scalability, as well as low cost, but requires low temperature

and low energy, contrary to the methods I and II.

The listed above synthesis pathways are detailed in several reviews.®*%**2 Even throw a large
choice of synthesis techniques is available, the most common method for the production of IONPs,
magnetite or maghemite remains the chemical co-precipitation technique. A widespread approach
relies on the Massart’s method,"”> where magnetite is obtained by alkaline co-precipitation of
stoichiometric amounts of ferrous (Fe**) and ferric (Fe®") salts. Usually, for preparation of IONPs, a
mixture of aqueous chloride solution of Fe’* and Fe®* (but other salts as sulphates, nitrates or
perchlorates, can also be used as well) at a molar ratio of 1:2 is used. This reaction should proceed
under inert atmosphere and can be performed at room temperature or at elevated temperature. The

chemical reaction associated with the precipitation of magnetite can be written as (Equation 1):
Fe?* + 2Fe®* + 80H™ — Fe30,4 + 4H,0 Equation (1)

The size, shape, and composition of the obtained magnetite MNPs depends very much on the
type of salts utilized in the reaction (e.g. chlorides, sulphates, nitrates), the control and maintaining of a
molar ratio of Fe**:Fe** as 2:1, the reaction temperature, the pH value and ionic strength of the media.
A special attention must be paid on the maintaining of a non-oxidizing oxygen free environment, since

otherwise magnetite might be oxidized according to the equation 2:°
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Fe;0,4 + 0.250, + 4.5H,0 — 3Fe(OH)3 Equation (2

By the chemical co-precipitation technique (Equation 1), once the synthetic conditions are fixed,
the quality of the magnetite NPs is fully reproducible.® At the same time, the obtained magnetite NPs
(according to the Equation 1) are not very stable under ambient conditions, and can be dissolved in an
acidic medium or oxidized to maghemite according to the equation 3:'2

FesO,4 + 2H" — y-Fe,03 + Fe** + H,0 Equation (3)

Since maghemite is a ferrimagnet, this oxidation (Equation 3) does not present a problem, and
even more, is intentionally performed. This conversion is achieved by dispersing magnetite NPs in
acidic medium followed by the addition of iron (Il1) nitrate. The obtained maghemite particles are
usually more stable in aqueous media (in alkaline and acidic medium), ensuring therefore a more
durable magnetic behaviour. However, even if the magnetite particles are converted into maghemite,
the experimental challenge in the synthesis of magnetite by co-precipitation method (Equation 1) lies
in the control of the particle size and thus achieving a narrow particle size distribution.® The main
advantage of the co-precipitation process is that a large amount of NPs can be synthesized and
depending on the reaction conditions the size of obtained MNPs can range from 3 to 20 nm.

Independent on the synthesis method the colloidal and chemical stability of the obtained MNPs

should be ensured.

1.3. Stabilization, protection and functionalization of IONPs

Although, many significant developments in the synthesis of IONPs have been done, the
improvement of their colloidal and chemical stability (in different media) remains an important issue,

since it is a crucial requirement for any application of MNPs as well as for their storage.

In the absence of an applied magnetic field, the stability of the magnetic colloidal suspension
results from the equilibrium between the attractive forces (dipole-dipole van der Waals interactions)
and repulsive forces (steric and electrostatic interactions).'® For magnetic suspensions, magnetic
dipolar forces between two particles must be added. In the absence of surface stabilizers, magnetic
IONPs have hydrophobic surfaces with a large surface area to volume ratio. Due to hydrophobic
interactions between the particles they can agglomerate to form large clusters. These clusters exhibit
strong magnetic dipole—dipole attractions between them, and show ferromagnetic behaviour.** When
two clusters approach one another, each of them comes into the magnetic field of the neighbour and as

a result each particle gets further magnetized. The adherence of remnant magnetic particles causes a
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mutual magnetization, resulting in their aggregation.® Since particles are attracted magnetically, in
addition to the usual flocculation due to van der Waals force, the colloidal stabilization is a necessary
step. Controlling the strength of the repulsive forces (steric and electrostatic) is a key parameter to
elaborate particles with good colloidal stability. In addition, the magnetic properties are very sensitive
to any chemical changes that can occur on MNPs’ surface and can be readily affected. Thus, ensuring
the colloidal stability of MNPs as well as their chemical stabilization is indispensable. The
stabilization, protection and functionalization of the MNPs are closely linked to each other, since via
an appropriate surface modification all these issues (colloidal stabilization, chemical protection and
availability of surface functional groups) can be achieved.

1.3.1. Principles of colloidal stabilization

Similar to most colloidal NP suspensions, a key aspect in the preparation of IONPs is the
introduction of surface stabilizers that prevent the colloidal suspension from aggregating and
precipitating. These stabilizers can be introduced directly during the synthesis or immediately after
formation of the initial IONP suspension. Thus, stabilizing colloidal dispersions against aggregation
(irreversible coagulation or reversible flocculation) is important both during and after the synthesis of
NPs. The colloidal stability of MNPs can be achieved by playing on electrostatic or steric repulsion
forces depending on the stabilizers (i.e. fatty acids or amines) and the polarity of the solvent used
(Figure 1-2).*

Figure 1-2. Particles stabilized (a) by the electrostatic repulsion, and (b) by steric repulsion.

For charged colloidal particles in an electrolyte medium, the balance between the repulsive
electrostatic and attractive van der Waals contributions to the total potential energy can be adjusted, so
that a barrier to aggregation is created.™® The repulsive force results from creation of an electric double
layer around the particles, which is dependent on dispersion of the particles into a polar media, pH,
concentration, and ionic strength of the suspension.”® The electrostatic repulsion can be followed
through the knowledge of the diffusion potential that may be very close to the zeta potential'® and the

Debye-Huckel length that mainly depends upon the ionic strength and pH of the solution. For instance,

15



Chapter I: Bibliographical survey

MNPs synthesized through co-precipitation method are usually stabilized by repulsive electrostatic
forces.

The steric force is difficult to predict and quantify but even though it is quite well-described
theoretically for polymers. Among other parameters, the steric force is dependent upon the molecular
weight of the polymer and its density.'” When polymeric materials'® or long-chain molecules (i.e. a
long-chain fatty acid) are employed as stabilizers, their adsorption onto the MNPs confers protective
steric repulsion and acts as a barrier against the interaction between the particles.'® In other words,
when the particles approach one another a repulsive force is created, as the chains interpenetrate. Such
stabilization is even more efficient when using amphiphilic copolymers. The stabilizing amphiphilic
copolymers typically consist of two different blocks: an anchoring block (hydrophobic segment) that
enables the adhesion to the surface of IONPs and another, water-soluble block (hydrophilic segment)
that renders MNPs water-dispersible. Moreover, if the polymer chains are charged, an additional
electrostatic repulsion may occur, thus conferring a combined electrostatic and steric (electrosteric'’)

stabilization effect.

1.3.2. Surface modification with non-polymeric organic molecules

Like most of oxide surfaces, IONPs' surface provides the hydroxyl groups (Fe—OH) allowing the
attachment of several functionalities (Figure 1-3). Thus, the surface modification of IONPs can be
achieved using non-polymeric stabilizers, based on organic monomers, bearing functional groups like
carboxylate, phosphate or sulphate (e.g. alkanesulphonic and alkanephosphonic acids,? oleic acid
(OA), 2% lauric acid,?® lactobionic acid,”® dodecylphosphonic and hexadecylphosphonicacids,?
phosphonates??). Depending on the nature of the stabilizer the colloidal dispersibility can be achieved
into organic and/or aqueous media, while the functionalization of freshly prepared IONPs is mainly
achieved by the reaction with organic molecules bearing diol or silane functionality (catechols** and

3-aminopropyltrimethoxysilane®).

R
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Figure 1-3. Schematic illustration of IONPs surface modification via carboxylate, phosphonate, catechol or silane
functionalities.
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Carboxylates are often an important component in the synthesis of IONPs (when utilizing the
thermal decomposition route) in organic solvents because alkyl carboxylates readily adsorb on the
surface of the growing NP. For instance, by using fatty acids like OA, hydrophobic IONPs can be
obtained.?® However, should be noted that OA can form single or double layer on the surface of
magnetite IONPs (Figure 1-4).?’
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Figure 1-4. (a) Schematic representation of single layer oleic acid-coated magnetite nanoparticles; and (b) Schematic
representation of bilayer oleic acid-coated magnetite nanoparticles with either oleic acid as the secondary layer or oleate.?’

For single layer oleic acid-coated magnetite NPs, oleic acid molecules are chemically adsorbed
on the surface through the chemical interaction between their carboxyl groups and iron atoms. As a
result, the hydrophobic tails of oleic acid molecules face outwards (Figure 1-4 a) and form a nonpolar
shell that makes the single layer oleic acid-coated magnetite NPs dispersed only in nonpolar carrier
liquids. For bilayer oleic acid-coated magnetite NPs, the primary layer is chemically adsorbed on the
surface through the chemical interaction between carboxyl groups of oleic acid and iron atoms, while
the secondary layer is physically absorbed on the primary layer by forming the interpenetration layer
with the tails of the primary layer (Figure I-4 b). If the secondary layer is oleic acid, bilayer oleic acid-
coated magnetite NPs can be only dispersed in nonpolar carrier liquids, while when the secondary
layer evolves into the oleate from, they can be dispersed in polar carrier liquids through adjusting the
pH.27

Another example is citric acid, which adsorbs on the surface of IONPs by coordinating via one
or two of the carboxylate functionalities, depending upon steric necessity and the curvature of the NP
surface.?® This leaves at least one carboxylic acid group exposed to the solvent, which makes the
surface negatively charged and hydrophilic. Thus, carboxyl group acts as an electrostatic stabilizer

(Figure 1-2 a) and as a result magnetite NPs can be dispersed in agueous media. At the same time, the
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remaining free carboxyl group can be used for further conjugation of the molecule of interest (i.e.
biomolecule) containing amino groups via standard EDC-mediated amide bond formation.

Phosphates (PO4>") and phosphonates (PO,>") bind to IONP’s surface in the same way as
carboxylates.?>?*3° Moreover, some experiments showed that phosphates form stronger bonds than
carboxylates.?>* Thus, in the case of carboxy-alkylphosphonic acids the phosphonate moiety is bound
to the IONP surface via a tridentate interaction, while the carboxylic acid remains available for
conjugation.®*32 It is also believed that stabilization of IONPs with alkyl phosphates or phosphonates
results in the formation of bilayer-type coatings (similarly to alkyl carboxylates) that originates from
hydrophobic interactions between aliphatic chains, and thus limiting their dispersibility in organic

solvents.??*3

Alcohols and diols can also bind to the IONPs’ surface via coordination. Simple alcohols bind
weakly to IONPs’ surface® while diols have showed the ability to bind stronger. Thus, variety of
catechol derivatives (diols) can form very strong bidentate complexes with metal oxides® and can
generate remarkably stable colloidal suspensions.®® However, the catechol derivatives’ affinity for the
IONPs’ surface is strongly dependent on the substituents nature, since the electron density of the
hydroxyl groups is strictly related to the electron delocalization into the benzene ring.*” Among
catechol derivatives, dopamine (4-(2-aminoethyl)benzene-1,2-diol) is perhaps the most extensively
utilized linker for direct conjugation of biological species to IONPs’ surface.® In this case the
bidentate catechol portion of the molecule binds the IONPs’ surface through coordination, while the
primary amine remains exposed to the surrounding environment, ensuring water dispersibility and at
the same time offering a handle for direct immobilization of biomolecules or interconversion of

functional groups.

One of the most successful approaches for the functionalization of oxide-based materials is the
chemical grafting of organic chains via functional organosilanes: especially trichlorosilanes (R-SiCls3)
or trimethoxysilanes (R-Si(OCHj3)3), where R represents a functional end group. This reaction, termed
silanization, was derived more than 70 years ago for chromatographic applications and is now
routinely used for the formation of various monolayers on different surfaces through silicon—oxygen
bonds.* The use of functional organosilanes (e.g. 3-aminopropyltrimethoxysilane (APTES), mercapto-
propyltrimethoxysilane, cyanoethyltriethoxysilane, etc.) allows the direct introduction of amine, thiol,
cyano or other functionalities required for post-conjugation with various ligands. The versatility of
silane organic functional groups makes these compounds ubiquitous for surface modification of
IONPs. For example D. Li and co-workers® have functionalized IONPs with amine, aldehyde,
carboxylic, epoxy, thiol, and maleimide groups through organosilane linkers and used the resulted

functionalized IONPs for a conjugation with trypsin.
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Thus, by an appropriate surface modification of IONPs with non-polymeric organic molecules,

colloidal stabilization, chemical protection, as well as functionalization can be achieved.

1.3.3. Polymers as stabilizers, coating and encapsulation material

In general, polymers can be chemically anchored or physically adsorbed on MNPs creating
repulsive forces (mainly steric repulsion) to balance the magnetic and the van der Waals attractive
forces acting on the NPs.® Thus, MNPs are stabilized in suspension by steric repulsion.

Among the most utilized polymeric stabilizers can be listed: polyethylene glycol (PEG) also
known as poly(ethylene oxide) (PEO),** poly(vinyl alcohol) (PVA),*? poly(ethylene imine) (PEI),*
dextran,** chitosan,* etc (Figure 1-5).
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Figure 1-5. Structures of polymers used for stabilization of NPs: (a) PEG; (b) PVA; (c) PVP; (d) PAA, (e) PEI; (f) dextran;
(g) chitosan.

®

PEG is certainly the most extensively investigated polymer. This water soluble polymer is
commonly used to enhance the aqueous solubility of hydrophobic molecules such as drugs, and in
addition minimizes the non-specific adsorption.*® The protein repulsion tendency of PEG does not
depend on the nature of interaction between the NPs and PEG as both electrostatically and covalently
attached PEG can show good protein rejection tendency. However, a covalent attachment ensures that
the PEG functionality is not lost upon long term storage or in highly ionic medium.*” Another wildly
used polymer is dextran. Dextran adsorbs onto the IONPs via hydrogen bonding between dextran
hydroxyl groups and IONPs’ surface. The reversible nature of the dextran adsorption onto the IONP
surface is reflected by its easy removal after washing with water.** Thereby, the main limitation of
using weakly attached polymers to IONPs’ surface is the lack of stability, since the polymer layers can

be displaced overtime, through dilution or in the presence of better surface binders.

Various strategies have been proposed for chemical (covalent) linkage of polymers (especially
PEG) to MNPs, i.e. silane grafting onto the oxide surfaces.*® Indeed, the development of bifunctional

PEG-silanes capable to form self-assembled monolayers, allowed increasing the polymer packing onto
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the NPs’ surface and a better control of the polymer conformation.*® Some attempts to address this
issue involved cross-linking, to form cross-linked iron oxide (CLIO) particles. For example, H. Lee
and co-workers®® report the fabrication of thermally cross-linked SP IONPs (TCL-SPION) and their
application to the dual imaging of cancer in vivo. Unlike dextran coated cross-linked IONPs,** TCL-
SPION were prepared by thermal cross-linking method using a silanol-containing copolymer (Scheme
I-1). The copolymer, poly(3-(trimethoxysilyl)propyl methacrylate-r-PEG methyl ether methacrylate-r-
N-acryloxysuccinimide)  [poly(TMSMA-r-PEGMA-r-NAS)], was synthesized by radical
polymerization and used as a coating material for as-synthesized magnetite SPION. The polymer-
coated SPION was further heated (80°C) to induce cross-linking between the silanol groups in the
polymer chains, which finally generated TCL-SPION bearing a carboxyl group as a surface functional

group.
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cross-linked polymeric shell
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Scheme I-1. (a) Synthetic scheme for the production of poly(TMSMA-r-PEGMA-r-NAS). (b) Schematic illustration of
carboxyl TCL-SPION showing crosslinking between polymer layers after heat treatment.>

In that example, the carboxyl TCL-SPION were converted to amine-modified TCL-SPION and
then conjugated with a near-infrared dye Cy5.5 mono NHS ester. Cy5.5 dye-conjugated TCL-SPION
were used for dual (magnetic resonance/optical) in vivo cancer imaging that was highly effective for
tumour detection. Because various functional molecules, such as targeting ligands and drugs, can be
attached to the TCL-SPION, they are promising material to develop multifunctional NPs for cancer

imaging and therapy.

The recent development of control radical polymerization (CRP) methods (e.g. atom transfer

radical polymerization (ATRP), nitroxide-mediated polymerization (NMP) or reversible addition-
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fragmentation transfer polymerization (RAFT)) considerably broadened the field of macromolecular
engineering.>® For instance, J.-F. Lutz and co-workers®® prepared well-defined poly(oligo(ethylene
glycol) methacrylate-co-methacrylic acid) [P(OEGMA-co-MAA)] and used it for coating IONPs’
(Scheme 1-2).
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Scheme 1-2. Schematic illustration for the preparation of well-controlled POEOMA-b-PMAA block copolymer and
polymer-coated SIONPs.>*

In this model the methacrylic acid units of the copolymer interacts with the surfaces of the IONP,
whereas the oligo(ethylene glycol) segments enhance the water dispersibility and the biocompatibility

of the colloid.

As, shown in Scheme I-1 and Scheme I-2, coating of IONPs with polymer/copolymer shells
leads to the formation of core-shell morphology that ensure a high protection of IONP core and
stability over time. This type of coating (generating a shell) can be achieved either during the synthesis
of IONPs or subsequently. Moreover, depending on the nature of the polymers, the shell can handle

various functional groups.

As an alternative method of stabilization, protection and functionalization is encapsulation of
IONPs into a polymer shell (Figure 1-6). In this case, core-shell MNPs’ composite may consist of

either a polymer matrix (i.e., nanosphere)>* or a reservoir system in which an aqueous or an oily core is

surrounded by a polymeric shell (i.e., nanocapsule).>**°

(a) Polymer matrix (b)

Aqueous or oily core

Yoo

Magnetic

nanoparticle Polymer shell

Magnetic
nanoparticle

Figure 1-6. Schematic representation of the stabilization/protection of MNPs by encapsulation into nanospheres (a) or
nanocapsules (b).*
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For example, C. Yang and co-workers®® developed a novel swelling and thermolysis technique
for the preparation of monodisperse magnetic polymer microspheres. The process involved the
impregnation of ferric oleate within the swollen polymer microspheres, and subsequently the IONPs
were formed within the polymer matrix by thermal decomposition of ferric oleate. More importantly,
this novel method can be considered as an inexpensive way of preparing monodisperse magnetic
polymer microspheres to be used in biotechnology for cell separation, enzyme immobilization and
purification of proteins.

In another example, X. Y. Liu and co-workers®’ reported a flexible and facile synthesis of well-
defined hydrophilic and biocompatible poly(styrene-co-acrylic acid) [poly(St-AA)/Fe304]
microspheres with functional carboxyl groups on the surface and high saturation magnetization.
Monodisperse cross-linked SP poly(St-AA)/Fe;O, microspheres were prepared via miniemulsion
copolymerization. These magnetic microspheres provide a number of advantages, such as highly
dispersive, excellent long-term stability and a high sensitivity to external magnetic field. The
functional polymer shell abundant with carboxyl groups was easily covalently conjugate with various
biological molecules. Therefore, these monodisperse magnetic polymer microspheres, presenting
excellent SP and adsorption properties can be used in biotechnology (cell separation, enzyme

immobilization and purification of proteins).

Thus, polymers can tailor not only colloidal and chemical stability of the MNPs but also bring a

chemical functionality.

1.3.4. Surface modification with dendritic structures

Usually, NPs are sterically stabilized with hydrophilic polymeric matrices (as described in the
previous section 1.3.3) while the possibility of using dendritic structures (dendrons) is comparatively
neglected. Despite their unique properties, very few reports on the use of dendritic molecules for the

stabilization and functionalization of NPs are available up to date.

Recently, T. Gillich and co-worker®® reported a comparative study regarding the stabilization of
SP IONPs with dendritic and linear ethylene-glycol-based stabilizers of comparable molecular weight,

achieved by varying the generation and chain length, respectively (Scheme I-3).
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Scheme 1-3. lllustration of NP core synthesis and stabilization with ethylene-glycol-based dispersants of linear and
dendritic structure. A single nitro-catechol chelate group serves as the anchor between the macromolecular stabilizer and
the iron oxide NP surface. M = molecular weight of the polymeric dispersants.®®

The results demonstrated that the properties such as thermally induced aggregation and its

reversibility, solubility, and colloidal stability are different when NPs are stabilized by dendrons or

linear polymer chains. Dendron-stabilized NPs provided excellent colloidal stability compared to

linear PEG analogues. Moreover, for the same grafting density and molecular weight of the stabilizers,

oligo(ethylene glycol) (OEG) dendron-stabilized NPs show a reversible temperature-induced

aggregation behaviour, in contrast to the essentially irreversible aggregation and sedimentation

observed for the linear PEG analogues. These encouraging results make dendrons an attractive, well-

controlled surface modifier and an alternative to the conventional linear brush systems, particularly for

biooriented applications.

Also, dendritic macromolecules have been successfully investigated as ligands for surface

modification of IONPs. Thus, R. Zhu and co-workers™ synthesised L-Lysine- and L-glutamic acid-

based peptide dendritic ligands with dopamine located at the focal points. The dendritic ligands of

different generations (G1 to G3) were designed and synthesized before the functionalization and then
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immobilized on the surface of oleic acid-coated hydrophobic MNPs via ligand-exchange method
(Scheme 1-4).
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Scheme 1-4. L-Lysine- and L-glutamic acid-based peptide dendritic ligands of different generations (G1 to G3) and their
immobilized on the surface of oleic acid-coated hydrophobic MNPs via ligand-exchange method.

The modified MNPs exhibited an adjustable number of terminal functional groups and superior
stability in aqueous solutions in a broad pH range. The presence of the water soluble polypeptide
ligands on the MNPs’ surface promoted monodispersity of the particles and led to an increased
hydrodynamic diameter under 30 nm from G1 to G3. Both series of modified MNPs preserved the SP
behaviour and exhibited approximate magnetization in the same generation, while the saturation
magnetization of the MNPs decreased with increasing surface dendritic generation. This novel
functionalization strategy provides a potential platform for designing and preparing highly stable

ultrafine MNPs with high magnetization for biomedicinal applications.

Other dendrons were also successfully utilized for surface modification of IONPs such as

poly(amidoamine) (PAMAM),®° poly(ester amine) (PEA),** Simanek-type (melamine),® etc.®®

Clearly, the synthesis of dendritic molecules is a more difficult and time consuming procedure
than the one employed for polymers that can be one of the reasons why they are less employed.
However, dendritic structures present several remarkable advantages over the polymers that make

them very attractive for the surface engineering. First of all, the structure and size of dendrons can be

24



Chapter I: Bibliographical survey

accurately controlled during the stepwise synthesis, allowing designing dendrons with a well-defined
molecular structure, weight and number of functional groups. Due to their conical-like structure and
focal points dendrons present a special interest for the surface modification of ultrasmall NPs with
very high curvature, since their radial monomer density distribution is expected to decay less rapidly
with distance from the NP surface. In addition, their conical-like structure can improve steric
resistance to macromolecular adsorption and particle agglomeration.®® Moreover, stabilization of NPs
with such structures provides a relatively thin organic shell while offering high surface densities of
functional groups at the periphery that is of high interest for various biological applications. Also,
similar to dendrimers, small molecules such as drugs could be incorporated into the dendritic
framework of dendron-stabilized/functionalized NPs, making this system attractive as a potential drug

release system.®*®

1.3.5. Surface modification with inorganic materials

IONPs can be coated with inorganic components, most often including silica®® or precious metals
such as Au.®® Similarly to the coatings with organic molecules, inorganic coatings provide the stability
of MNPs in solution and possibility for binding various ligands (including biological ligands). These

MNPs have an inner 10 core with an outer shell of inorganic materials, as shown in Figure 1-7.

Shell: silica,
gold etc.

Figure 1-7. Schematic representation of the core-shell MNPs with inorganic shell.

Coating IONPs’ with gold is an efficient strategy to ensure the stability of magnetic material
under acidic and neutral pH in agueous media. Also, it provides the possibility of depositing
monolayers of alcohol or carboxylic acid-terminated thiols, which further give the opportunity for
surface functionalization with other ligands of interest. However, the main limitation of coating with
gold is the difficulty in the formation of the uniform gold shell over the NP surface due to the chemical

inertness of gold.®’

Undoubtedly, silica represents the most exploited inorganic material for coating and
encapsulating various types of MNPs, including IONPs. The most widely employed method for the
formation of silica shell on IONPs is the Stober synthesis (Scheme 1-5) that consists in the deposition
of tetraethoxysilane (tetraethyl orthosilicate or TEOS) on IONPs’ surface in the alkaline media.®
Moreover, the coating thickness can be tuned by varying the concentration of ammonium and the ratio
of TEOS to H,0.
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Scheme 1-5. (A) Formation of silica coated IONPs (core-shell) through hydrolysis and condensation of TEOS. (B)
Hydrolysis and condensation of TEOS.

Based on this method encapsulation of IONPs into silica shell is also possible.®

There are several reasons for choosing silica as coating (or matrix material) for MNPs. First of
all the silica shell provides silanol surface groups which may easily be converted into a variety of
functional groups (through silanization reaction), providing a convenient platform for further
functionalization. At the same time, the silica shell prevents MNPs’ aggregation in aqueous solutions
(since the silica shell is negatively charged) and improves their chemical stability. From a technical
point of view, the possibility of controlling the coating thickness and its porosity combined with the
chemical inertness of the silica, its low cost of production and optical transparency make silica coated
IONPs very promising nanomaterial.

I.4. Immobilization of biomolecules on MNPs' surface

In general immobilization of biomolecules on IONPs can be attained in two ways: (1) directly by
conjugation to the native 10 surface (following the same chemistry as described in the sections 1.3.2
and 1.3.3) or (Il) indirectly, where first the surface of the IONPs is coated with an intermediate
stabilizing molecular layer/shell that is subsequently exploited for further conjugation. In fact, due to
the limited chemical reactivity of the IONPs’ surface, it is usually the coating and not the NP surface
that is chosen as the site of chemical/biological functionalization. Chemical/biological
functionalization itself will either be covalent (including covalent coupling to the IONP surface or
surface coating) or non-covalent. In the following sections chemically, physically and biologically

mediated methods of biomolecules immobilization are discussed.

1.4.1. Non-covalent immobilization

The non-covalent methods of biomolecules’ immobilization onto the NP surface can be roughly
divided into physical adsorption of the biomolecule onto the NP surface (or its coating) or biologically
mediated immobilization. The later, involves first a covalent immobilization of a small molecule (or

biomolecule) on the NP surface that can than recognize and bind the biomolecule of interest.
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1.4.1.1. Physical adsorption

Non-covalent methods of biomolecules’ immobilization take place through the binding forces,
such as electrostatic interactions, hydrogen bonds, van der Waals forces or hydrophobic interactions. "
The simplest and most widely used biomolecules’ immobilization approach is electrostatic attachment,
because usually no reagents and only a minimum of activation steps are required. The principle of this
immobilization relies on the attraction between oppositely charged species. Thus, a charged MNP will
electrostatically attract an oppositely charged species. Another example is the attachment of
biomolecule through weak coordination bonding. In this case the stability is determined by the
equilibrium dissociation constants and therefore, such immobilization is sensitive to the concentrations
of MNPs and biomolecules during the preparation and in subsequent application. Even though the non-
covalent immobilization has been widely employed, the main disadvantage of this method is that
biomolecule’s attachment is done through weak and reversible interactions and as a result,
biomolecules can leach out from the NP support. At the same time, the adsorption of biomolecules
onto the MNPs surfaces often results in its conformational changes or denaturation.” Furthermore,
since there is no control over the packing density of the immobilized biomolecules, their activity may
be further reduced by steric congestion. "

1.4.1.2. Biologically mediated immobilization

Over the years, a number of biomolecule-biomolecule and biomolecule-small molecule binding
interactions (affinity) have been exploited for immobilization.””"*" These interactions are highly
selective (with respect to the identity of binding partners as well as the location on the molecules at
which binding occurs) and initially were developed for protein purification by affinity
chromatography. Nowadays, these affinity interactions are widely exploited in immobilization of
biomolecules for the use in various other applications, since they allow a gentle oriented
immobilization of biomolecules, providing an important advantage over other orienting
immobilization techniques. Additionally, by this method it is also possible to release biomolecules and

to use same NPs several times.”

One of the most well-known genetically encoded affinity tag is the polyhistidine tag. It was
discovered that the histidine (His) tag (usually consisting of six sequential His residues) has an affinity
for metals, such as Cu'", Co", Zn", or Ni". In the very beginning this affinity was used for separating
proteins and peptides with naturally present exposed His tags. This method was termed as immobilized
metal affinity chromatography (IMAC).’® Later, it was found that the optimum chromatography media
was one derivatized with the nitrilotriacetic acid group (NTA) (although other chelating moiety can be
used, i.e iminodiacetic acid) that binds a hexacoordinate Ni' atom in a configuration that leaves two

adjacent coordination sites unoccupied (Scheme 1-6), creating a binding site with a strong, selective
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affinity towards polyhistidine. In practice, following this strategy, NPs bearing NTA as chelating
moiety are treated with a solution of Ni" salt to produce Ni-activated NPs, which are then used for
biomolecules immobilization through chelation with the His residues of the tag (Scheme 1-6).
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Scheme 1-6. Immobilization of His-tagged modified biomolecule onto the NTA functionalized NP. The chelating NTA
moiety is first “activated” with the addition of a hexacoordinate metal ion (in this example Ni*) followed by addition of the
tagged modified biomolecule. The biomolecule is immobilized on the support through chelation of the metal ion by the
imidazole moieties of the Histidine residues.

Nowadays, with all the developments in genetic engineering it became possible to produce a
large variety of the recombinant biomolecules such as Hisg-tagged fluorescent proteins, antibodies or
viruses and thus broadened the field of applications.”” The immobilization of Hiss-tagged proteins on
Ni-NTA functionalized NP offers several distinct advantages over biochemical recognition elements
such as antibodies systems: (1) Hisg-tags bound to either the C-terminus or the N-terminus are
commercially available for a large number of proteins; (2) the formation of a His—Ni"' complex is a fast
reaction without significant alteration of the protein functionality; (3) the reaction is reversible when
the surface is exposed to a stronger chelating agent (i.g. ethylenediaminetetraacetic acid (EDTA)) or
when using a competitive agent (i.g. imidazole); and (4) the spatially defined attachment of His-tags
on proteins or antibodies offers the opportunity for their controlled immobilization (i.e. orientation and
distance) on the support.”®” However, the general selectivity level of this method is relatively low
since several endogenous proteins have been recognized to be able to bind the metal ion, thus
competing with the desired Hise-fused protein. The strength of the binding interaction is also relatively

weak, potentially leading to unwanted dissociation of immobilized protein.” ™

Certainly, the most well-known and extensively researched protein-mediated immobilization
methods that exploit the affinity interaction is the avidin-biotin (or alternatively streptavidin-biotin)
system.”™ The avidin-biotin system represents one of the strongest known non-covalent binding in
nature, with an association constant (Ka) of 10™ M.”"® The high-affinity nature of the avidin-biotin
interaction has made it very popular for biorecognition applications and biosensing platforms.® Avidin
(Figure 1-8 a), originally discovered in egg whites but now found in a number of tissues, is a
glycoprotein with a molecular weight of ~67 kDa that comprises a homotetrameric subunit structure,

with each subunit is capable of binding to one biotin (Figure 1-8 b).*
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(b)

Figure 1-8. (a) A ribbon model of tetrameric avidin, and (b) chemical structure of biotin.

Since avidin contains high carbohydrate content it has the tendency to nonspecific binding. To
overcome this problem it was deglycosylated (removal of carbohydrate functionality) that has largely
ameliorated nonspecific binding issues and the deglycosylated avidin is now commercially available.
Streptavidin (SA), isolated from the bacteria Streptomyces avidinii, is a homologous tetrametric biotin
binding protein that has similar to avidin affinity.®* SA, like avidin, is extremely stable to a number of
extreme conditions (temperature, pH etc.) and since it is not a glycoprotein it has a lower nonspecific
binding. Biotin (also known as vitamin B7 or vitamin H) is a water-soluble organic compound that
functions as an essential coenzyme for several carboxylase enzymes in various species including
humans. These enzymes control metabolism of fatty acids, amino acids, and glucose. A large variety
of biotin derivatives displaying amine, thiol, carboxyl, azide, and other functional groups are
commercially available making biotinylation of NPs and biological molecules rather straightforward.®

However, in order to exploit this system, it is required first to perform a covalently
immobilization biotin on the MNP surface and then use it for a specific recognition of the avidin (or
SA) modified biomolecule, or vice versa. In both cases, since each avidin protein can bind up to four
biotin moieties, care must be taken not to over biotinylate the NP (or biomolecule of interest), since

this can induce cross-linking of the NPs and resulting in their precipitation.

An alternative route for immobilization of a biomolecules of interest is the use of antibodies.
Antibodies can specifically recognize the biomolecule of interest due to the selectivity of their binding
interactions.’®® However, the main limitation of this method is the necessity to use a well-defined
monoclonal antibody (polyclonal antibodies are unsuitable because they are not a single species but a

heterogeneous population of antibodies that bind their epitope in a variety of conformations).”

Finally, all these methods require first a covalent immobilization of the biomolecule that exhibit

a specific affinity regarding the biomolecule of interest.

1.4.2. Covalent immobilization
The most intensely used immobilization method is definitely the formation of covalent bonds
between the biomolecule of interest and the functional groups present on the surface of MNPs. The

main advantage of covalent binding is that it can prevent the desorption of biomolecules from the
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MNP surface even in the presence of substrates and solutions of high ionic strength. In addition, it can
decrease the thermal movement of the biomolecule from the MNP surface at an elevated temperature.
All the covalent immobilization methods relies on the formation of a covalent bound between the
functional groups present on the MNP surface and the naturally present or artificially introduced
functionality of biomolecule of interest.

1.4.2.1. Classical chemoligation

Classical chemoligation chemistries are mainly determined by the functional groups naturally
present in biomolecules suitable for covalent binding. Thus, for example the amino acid side chains of
proteins, peptides and enzymes contain: the amino group in Lysine and Arginine; the thiol group in
Cysteine; the carboxyl groups in aspartic acid, glutamic acid or the C-terminus; the hydroxyl groups in
Serine and Threonine; the phenol ring in Tyrosine; the imidazole group of histidine; and indole groups
of tryptophan.®® Carbohydrates and glycosylated proteins offer hydroxyl groups or aldehydes as
alternative reaction sites, while nucleic acids typically provide ribose sugars and phosphates
groups.®** Therefore, the functional groups of MNPs will be mainly designed depending on the
available functionality in the target biomolecule (unless it is artificially introduced). For example, a
biomolecule containing available amino groups can be immobilized on the MNPs functionalized with
N-hydroxysuccinimide ester (NHS), aldehyde or epoxide groups; the one containing thiol groups will

be immobilized on maleimide functionalized MNPs, etc.

The carbodiimide mediated immobilization is a very popular and powerful chemistry that is
often made to work with NPs. The method is based on the reaction between amine and carboxylic acid
functions and its main advantage is that the coupling can be performed in aqueous solutions, at room
temperature or even at lower temperatures (does not require harsh reaction conditions). It is a two steps
reaction, involving first the activation of the carboxylic function by a carbodiimide (EDC, N-Ethyl-N'-
(3-dimethylaminopropyl)carbodiimide hydrochloride) that gives rise to an O-acylurea ester, which is
usually immediately transformed in to the activated ester in the presence of N-hydroxysuccinimide
(NHS). For instance, even though EDC/NHS-driven coupling between aminated MNPs and
carboxylated biomolecules (Scheme 1-7) (or vice versa) is widely used, it is important to realize that
successful use of this technique is not equivalent to controlling the display of that biomolecule on the
NPs’ surface. Moreover, it is often the case that the amino acid side chains of proteins contain a
comparable number of carboxyl and amine functionalities, and therefore protein-protein cross-linking
as a competitive reaction can occur. In addition, multiple lysine residues (amine functionalities) can
also drive protein mediated MNP-MNP cross-linking.®* This is why, for the success of the reaction it is

important that equivalent amounts of carbodiimide to carboxylic groups are used. As a result of protein

30



Chapter I: Bibliographical survey

random orientation, the properties of the immobilized proteins may be partially or even completely

lost.
O\
Cl N
i ,\ ’\(@‘
H N yy"_, f/" :
f N TS,
H g
MNP-biomolecule
MNP-carboxylated MNP- O-acylurea MNP-NHS ester
\
. N
[ DS e »
ﬂ)"i & 4;)»,57 o ? [ OS] HN b o
A e, i NHS 8 2% o [ ocs »
S’p :f;” : o_/<N L i ;;;’ .\H/O\N ;_ b X { n
SI¢ é" o
NH g‘\, o ‘JL/’
< o 0
biomolecule carboxylated biomolecule-O-acylurea biomolecule NHS ester MNP-biomolecule

Scheme 1-7. Covalent binding of biomolecules through: (A) amine or (B) carboxylic acids to IONPs via EDC/NHS
coupling.

In contrast to lysine residues, cysteine (Cys) residues are usually scarce in proteins, and
bioconjugate chemistries that target the reactive thiol of Cys residues can potentially ameliorate many
of the liabilities associated with EDC/NHS chemistry. The most representative example is the reaction

of thiols with maleimides (Scheme 1-8).

42

ou-F ot

Scheme 1-8. Covalent binding of biomolecules via thiol (of cysteine residues) addtition to the maleimide-functionalized
MNPs.
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Maleimide-thiol reaction is highly selective at nearly neutral pH (maleimide groups strongly
favour conjugate addition with thiols at pH between 6.5 and 7.5, since under these conditions amines
are predominantly protonated).2?">"® At pH 7.0 the reaction with thiol proceeds 1000 times faster
than with amines,®® while at higher pH values, the addition of amino groups take place.®® The high
reactivity of C=C maleimides double bond can be explained by two main factors: (1) the bond angle
distortion and the ring strain; and (I1) the carbonyl groups being in the cis conformation. The thiol-
maleimide reaction is favoured to proceeds in highly polar solvents (i.e. dimethylsulfoxide (DMSO),
or dimethylformamide (DMF)) as the formation of active species (i.e., the thiolate ion) is achieved due

to the polarity of the solvent.®’

Since proteins generally have very few surface-exposed Cys residues, it is possible to achieve
site-selective immobilization.®® An example of a protein in which there is a unique thiol that can be

labelled is Yeast Cytochrome C. This cysteine is close to the surface of the protein, near the C-
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terminus, and thus has been a viable site for labelling. Two other cysteines do exist in the protein but

these are linked to the heme and thus not available for labeling.®

Moreover, nowadays the
biomolecules of interest (protein, peptide, oligonucleotide, oligopeptide, etc.) can be produced using
recombinant engineering techniques that allows leaving of a unique cysteine residue (or synthetically
inserting of a unique cysteine residue) providing a well-defined point of attachment between a
biomolecule and a maleimide-activated NPs.®® This, enables a certain degree of control over
biomolecule orientation and largely avoids issues associated with undesirable cross-linking or other

side reactions.?

Moreover, the maleimide functional group is a popular constituent of many homobifunctional
cross-linkers i.e. bis-maleimidohexane (BHM) and heterobiofunctional crosslinkers i.e. succinimidyl-
4-(N-maleimidomethyl)cyclohexane-1-carboxilate (SMCC), sulphosuccinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxilate (Sulpho-SMCC) and 4-(4-N-maleimidiphenyl)-butyric
acid hydrazide (MPBH) (Figure 1-9).
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Figure 1-9. Homobifunctional and heterobiofunctional cross-linkers: bis-maleimidohexane (BHM), succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxilate (SMCCQC), sulphosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxilate (Sulpho-SMCC) and 4-(4-N-maleimidiphenyl)-butyric acid hydrazide (MPBH).

SMCC is the most popular cross-linker ever designed for protein conjugation purposes.®® The
reactive NHS ester end can react with primary amine groups on proteins to form stable amide bonds,
while the maleimide end is specific for coupling to thiols when the reaction pH is in the range of 6.5-

7.5.

The main advantages of the thiol-maleimide reaction are: the selectivity of the thiol-maleimide
reaction in aqueous environments; the rapid Kinetics associated with the reaction; and the stability of
the thiol-maleimide product. However, a recent study show that the some succinimide thioether
(generally accepted as stable) undergoes retro and exchange reactions in the presence of other thiol

compounds at physiological pH and temperature, offering a novel strategy for controlled release.*

The main drawback of the maleimide group is the undergo hydrolysis to an open maleamic acid
that is unreactive towards thiols, or hydrolysis of thiol-maleimide product. The speed of this ring-

opening reaction typically increases with the increase of pH.%

32



Chapter I: Bibliographical survey

Another method of covalent immobilization, often used for immobilization of enzymes, is via

%192 performed the immobilization of

epoxide or aldehyde functionalized MNPs. S. Lin and co-workers
trypsin onto FesO,@SiO, microspheres through a reaction between amino groups of trypsin with: (a)
3-glycidoxypropyltrimethoxysilane (GLYMO) modified MNPs, which provides the epoxy group as a
reactive spacer; (b) glutaraldehyde (GA) modified MNPs, which provides the aldehyde functionality;

and (c) carboxyl functionalized MNPs via EDC/NHS chemistry (Scheme 1-9).
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Scheme 1-9. Covalent immobilization of trypsin via the reaction between amino groups of lysine residue and (a) epoxy-,
(b) aldehyde-, and (c) carboxyl-functionalized MNPs.

In the abovementioned covalent enzyme immobilization methods, the highest amount of
immobilized trypsin per gram of MNPs was obtained through the activation of amino group-modified
MNPs by the use of GA (78-88 pg/mg), followed by immobilization via the interaction between
amino groups of trypsin and GLYMO on MNPs (10.8-37.2 pug/mg). The lowest immobilization
amount was achieved when MNPs were functionalized with carboxylic groups and then activated with
NHS/EDAC or EDC (14.8-21 ng/mg). Moreover, different functionalization strategies to generate
different functionalities (e.g. terminal amine, aldehyde, carboxylic, epoxy groups etc.) on MNPs’

surfaces certainly have great influence on the performance of the immobilized enzyme.

Some of the most commonly utilized classical chemoligation strategies are summarized in Table
I-1, showing their advantages and disadvantages respectively. Most of the classical chemoligation
methods (except few specific cases, as the above given example with maleimide) suffer from the
general disadvantage of generating a random orientation of the immobilized biomolecules, meaning
that some of the immobilized biomolecules will be inactive. Therefore, approaches that enable

covalent site-specific immobilization of selected biomolecules are highly desirable.

33



Chapter I: Bibliographical survey

Table I-1. Summary of the most commonly utilized classical chemoligation strategies for biomolecules immobilization.”

MNPs’ functional Biomolecule’s Reaction (+) Advantages and (-) disadvantages
group target group  description
N-hydroxysuccinimide ~ Amino groups  Amide bond (+) - Covalent attachment
(NHS) ester- i.g. Lysine formation - Universally applicable to any protein, including
functionalized MNPs residue native proteins
- Single-step immobilization with no labelling of
protein required
- No coupling reagents required, “reagent-free”
(=) - NHS esters susceptible to hydrolysis, MNPs
must be carefully stored or freshly prepared prior
to use
- Modest immobilization yields
- Random protein orientation.
Amine-functionalized Carboxyl In situ (+) - Covalent attachment
MNPs groups i.g. formation of - Universally applicable to any protein, including
aspartic acid, NHS esters on native proteins
glutamic acid  protein carboxyl
or the sites via () - Carbodiimides and NHS esters susceptible to
C-terminus carbodiimide hydrolysis, competing hydrolysis gives poor
chemistry, yields
followed by - Coupling between proteins gives polymers
amide bond - Random protein orientation
formation
Maleimide- Thiol groups Michael (+) - Covalent attachment.
functionalized MNPs i.g. Cysteine addition of thiol - Universally applicable to any protein, including
residue (or (or amine) native proteins
amino groups,  groups to the - Single-step immobilization, no labelling of
i.g. Lysine maleimide protein required
residue) double bound - No coupling reagents required, “reagent-free”
- Selective for thiol groups (amines react slowly)
(=) - Random protein orientation (unless only one
exposed Cysteine residue)
Aldehyde- Amino groups Imine formation (+) - Universally applicable to any protein, including
functionalized MNPs i.g. Lysine native proteins
residue - Single-step immobilization, no labeling of
protein required
- Reagent-free (unless reduced amine bond
desired)
- No coupling reagents required for imine
formation
(=) - Reversible covalent bond, unless converted to
amine with reducing agent
- Random protein orientation
Epoxide-functionalized  Thiol groups Nucleophilic (+) - Covalent attachment
MNPs i.g. Cysteine ring-opening of - Universally applicable to any protein, including
residue (or epoxide by native proteins
amino groups, amino or thiol - Single-step immobilization, no labelling of
i.g. Lysine groups protein required
residue) - No coupling reagents required, “reagent-free”
() - Modest immobilization yields

- Slow reaction, long immobilization times
required
- Random protein orientation
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1.4.2.2. Site-specific chemoligation methods

In order to ensure the desired biomolecules’ orientation, it is necessary to expose their binding
sites towards the NP surface. Therefore, different site-specific immobilization techniques have been
developed in the past few years. Such approaches often require functionalization of the target
biomolecules or derivatization of the NP surface, or both.

The site-specific immobilization techniques imply the use of “click chemistry” reactions.*®
These reactions must proceed in simple reaction conditions; involve the use of readily available
starting materials and reagents; use nontoxic or no solvents; and lead to the simple product isolation.
Also, click reactions provide the orthogonal reactivity (controlled chemical coupling between two
targeted functional groups regardless of the presence of other functional groups). In addition, if the
click reaction can be applied in a biological environment (where diverse biomolecular functional
groups are present) without cross-reactivity, proceeds in water at or near neutral pH, between 25 and
37°C, and do not involve cytotoxic reagents or byproducts the reaction is considered bioorthogonal
(when the two reactive functional groups are highly chemoselective and unreactive to the other

functionalities present in biological systems). %484

Perhaps, the most popular click reaction is the Huisgen 1,3-dipolar cycloaddition of azides and
alkynes to form 1,2,3- triazoles. In the presence of a Cu' salt, this reaction (Scheme 1-10 a) is greatly
accelerated, regioselective and highly efficient.®>*® Cu'-mediated [3 + 2] azide—alkyne cycloaddition
(CuAAC), have been widely used in drug synthesis, controlled surface modification, protein labelling
and activity-based protein profiling.”” As an alternative ligation route can be the strain-promoted AAC
- “copper-free click chemistry” (Scheme 1-10 b). This approach relies on using an alkyne in a strained
geometry (such as inclusion in a cyclooctyne-based ring system) and has already been utilized in
several biological studies and applications.***® However, the main drawback of this strategy is the
reduced chemoselectivity, since the alkyne moiety is intrinsically reactive toward nucleophiles. In
addition, the challenges associated with its solubility and the multistep synthesis of the strained
cyclooctyne structures limits the application of the copper-free AAC reaction in the preparation of NP-

bioconjugates.

Another method of selective chemoligation is the Diels—Alder cycloaddition ([4 + 2]-
cycloaddition between a diene and a dienophile). This chemistry is increasingly finding application in
bio functionalizing NP materials. For example, Shi et al. have used a [4 + 2] cycloaddition reaction
between a maleimide-labelled antibody and furan groups associated with the corona of poly(2-methyl-
2-carboxytrimethylene-carbonate-co-D,L-lactide)-graft-poly-(ethylene  glycol)-furan biodegradable

micellular NPs (Scheme 1-10 c).*® This cycloaddition reaction is selective and efficient under mild
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conditions, however to be strict bioorthogonal it requires the absence of other nontargeted thiol groups
and control of pH (to prevent the undesired reaction of amines with the maleimide).
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Scheme 1-10. Examples of click chemistry reactions: (a) Cu'-mediated [3 + 2] azide—alkyne cycloaddition (CUAAC); (b)
Cu-free AAC; (d) Diels-Alder cycloaddition; and (d) Staudinger ligation. The blue circle and red rectangle represent the
different molecules to which these functionalities would be attached.*®

A promising click reaction is the Staudinger ligation,'® where the aza-ylide is trapped by an
adjacent electrophilic carbonyl group to yield an amide bond after hydrolysis (Scheme 1-10 d).*** This
bioorthogonal and chemoselectiv ligation has been extensively used for the fluorescent labelling of
proteins and DNA, immobilization of proteins on surfaces and specific labelling of unnatural
glycoproteins on cell surfaces.’®* However, there have been only a few reports of the preparation of
NP-bioconjugates. The shortcoming of Staudinger ligation is the potential oxidation of phosphines

under ambient conditions or by metabolic enzymes.

1.5. Concluding remarks and motivation behind this research work

The first part of this chapter offers a general view on the recent developments regarding IONPs’
synthesis and surface modification techniques (stabilization/protection and functionalization).
Although, this chapter was mainly focused on the progresses of MNPs in biotechnology applications,
these recent developments considerably broadened the field of MNPs’ application. Since bioanalysis
and biotechnological applications require the immobilization of biomolecules on solid supports, in the

second part of the chapter, chemically, physically and biologically mediated methods of biomolecules
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immobilization were described. All of these methods were supplied by illustrative examples for
envisaged applications. Evidently, each immobilization method has some advantages and drawbacks.
The choice of the immobilization chemistry will strongly depend on the desired application. However,
covalent attachment of the biomolecule to the particle surface is preferred, not only to avoid the
desorption from the particle surface but also to ensure a certain degree of control over the
biomolecule’s orientation. In this context, all the covalent immobilization methods require the

introduction of the functional groups on the MNPs’ surface.

The objective of this work is the development of highly reactive hybrid MNPs towards the
immobilization and isolation of biomolecules. Even though the interest in designing of novel MNPs is
tremendously growing up, it is also essential to devote a part of efforts to the surface modification of
already existing MNPs. Therefore, this work is focused on the surface modification of two types of
commercially available MNPs with functional linear and dendritic coupling agents. The choice of
surface modification with functional dendritic coupling agents is justified not only by the possibility to
increase the number of functional groups on MNPs’ surface (positive “dendritic effect”) but also by
their ability to provide an excellent colloidal stability to the modified MNPs. Although, this approach
may seem to be obvious and simple, it is still relatively undeveloped and very few examples of surface

modification with dendritic structures are reported up to date.

In chapter I, the synthesis of linear and dendritic coupling agents is detailed along with the
reasoning behind their selection. This chapter describes different synthetic routes of coupling agents’
synthesis as well as the difficulties met during their design. The following chapters are dedicated to the
functionalization and characterization of two types of core-shell MNPs. Functionalization and
characterization of the MNPs with polymer shell (y-Fe,Os/Polymer) are discussed in Chapter 111, while
that of MNPs with silica shell (y-Fe,O3/SiO;) in Chapter IV. In these chapters, the surface
modification principles (grafting procedures) as well as the adjustment of the grafting conditions for
each coupling agent are discussed. Finally, the capacity of the functionalized y-Fe,Os/Polymer and

v-Fe203/SiO, MNPs to immobilize biomolecules was investigated via a series of immobilization tests.
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I1.1. Choice of coupling agents

When MNPs are designed with the aim of immobilization, separation or concentration of certain
species in solution, surface functionalization of MNPs is a necessary step. For this purpose, chemical
modification of an organic or inorganic NP material can be achieved by grafting of a suitable coupling
agent. Clearly, the choice of a coupling agent strongly depends on the desired properties of the future
hybrid organic-inorganic material. In this context, NPs intended to be used for immobilization and
separation of biomolecules should satisfy several criteria: (1) should exhibit a good dispersion in the
incubation medium; (I1) possess specificity towards the target biomolecule to immobilize; and (I11)
possess an ability to concentrate under the influence of a magnetic field. Consequently, the choice of
coupling agents represents a crucial step in the design of MNPs for biomolecules’ immobilization. The
chosen coupling agent can essentially influence the properties of the future functionalized MNPs, such
as their colloidal stability, selectivity towards some functionalities as well as their behaviour regarding
nonspecific adsorption. In addition, the surface modification chemistry should not affect the magnetic
properties of the NPs, and thereby, it is crucial to design coupling agents’ structures considering all
these factors.

It is obvious that the amount of covalently immobilized biomolecules is limited by the number of
available functional groups on MNP’s surface. Often, the number of available functional groups on
NP’s surface is scarce, resulting in the poor amounts of immobilized biomolecules. In this work, we
aim to increase the number of functional groups on magnetic nanoparticles’ surfaces, therefore
functionalization with dendritic coupling agents was proposed. Dendrons have already been used for
the surface modification of NPs and showed to be well-suited for these applications due to their fairly
uniform structure and presence of abundant (usually flexible) terminal functional groups on the
dendron’s periphery (as was previously described in Chapter I). Therefore, functionalization of MNPs
with dendritic structures can provide an increase of the number of binding sites, thus enhancing their

affinity and sensitivity towards the target biomolecule.

In order to investigate the “dendritic effect”™ of the surface functionalization, three types of
coupling agents were proposed: linear coupling agents (containing one functional group); two-
branched coupling agents (containing two functional groups) and four-branched dendritic coupling
agents (containing four functional groups) (Figure 11-1). Each coupling agent should comprise an
anchoring site which is capable to bind with MNP’s shell on the one side, and functional groups,

capable to react with biological species, on the other side.
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Coupling agents:
A

= Anchoring site: H,N- or (C,Hs0)3Si-

Q
) : b) ) = unctional group: Maleimide
a 'V\N\R‘iig C W‘C\:% Q F I group: Maleimid

wnnns = Spacer: Poly(ethylene glycol) (PEG) chains,
and /or Poly(amidoamine) (PAMAM) chains,
and /or Ester bonds

Figure 11-1. Schematic representation of coupling agents: a) linear coupling agent; b) two-branched dendritic coupling
agent (dendron of generation 1); ¢) four-branched dendritic coupling agent (dendron of generation 2).

The functionalization of MNPs with dendritic structures can be achieved by two major ways: (1)
divergent approach® where the dendritic structure is built step by step on MNPs’ surface (Figure 11-2),
and (1) convergent approach (Figure 11-3), according to which the dendritic structures are synthesized
in the first step, and grafted on MNPs’ surface in the second step. Growing the dendritic structure by
divergent approach can cause some structural defects (Figure 11-4) because numerous reactions take
place at the same time in each growth step that makes more difficult the characterization of surface
chemistry. On the contrary, convergent approach allows the preparation of dendritic structures of high
generations in large quantities, allowing at the same time a better control over their structure as well as
their characterization before the grafting step. Therefore, it was decided to achieve the
functionalization of MNPs with dendritic structures via convergent approach. For this purpose,
dendritic coupling agents were synthesised by a method based on the Tomalia-type poly(amidoamine)
(PAMAM) dendrimers’ model.?

RNH, &
—_—

1
Grafting o

o N
— NH_"NH,
/\}NH
,’R\/\N o
o)
\/>/NH
o V\N NHTNCNH,
P
N\

o NH,

Figure 11-2. Growth of PAMAM dendron on MNP’s surface by divergent approach via successive reactions of Michael
type addition (1) followed by amidation (l1).
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Figure 11-3. Functionalization of MNPs with dendritic structures by convergent approach. In the first the step the synthesis
of a PAMAM dendron by a successive Michael type addition (1) followed by amidation (I1) is performed, followed by the
grafting of dendritic structure in the second step.

NH,

NH O HNT ONH

Figure 11-4. Examples of structural defects that can occur during the functionalization of MNPs by divergent approach.

Also, it was decided to investigate the “dendritic effect” of the surface functionalization on two
types of core-shell SP NPs: (I) with polymer and (Il) with silica shell. This study was carried out to
compare two completely different surfaces of MNPs towards dendritic functionalization. Although
silica is in general rigid and robust material, in this work silica coated MNPs have a particularly

uniform shell with controlled thickness, while polymer coated MNPs’ shell is rougher.

Because the surface modification chemistry was carried out on two types of core-shell SP NPs
(with polymer or silica shell), two “families” of coupling agents were synthesized. Each “family” of

coupling agents should possess an anchoring site, capable to form covalent binding with the functional
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groups on the MNPs’ surface. Thus, for the grafting on MNPs with polymer shell it was necessary to
synthesize coupling agents which contain an amine as anchoring site, capable to bind with carboxylic
acid groups present on the surface of this type of MNPs. In the case of MNPs with silica shell there
was a need to synthesise coupling agents with silane anchoring site that can provide covalent binding
with silanol groups present on the surface of these MNPs. For this purpose, organosilane reagents (R-
Si(OEt)s) are often used for the grafting reaction in hydroalcoholic medium.*

Maleimide group was chosen as functional group, due to its high selectivity towards thiol group
of cysteine residue which is naturally present in some biomolecules. The addition of thiol group to
maleimide group is typically performed under mild conditions (in aqueous solutions at neutral pH and
temperatures from 25°C up to 37°C), resulting in the formation of a stable thioether linkage. Taking
into account that the number of cysteine residues naturally present in biomolecules is very scarce (in
comparison with other functionalities: amino groups, carboxyl groups etc.), the maleimide-thiol
coupling chemistry enables a certain degree of control over biomolecular orientation and at the same
time allows to avoid undesirable side reactions (comparing to the EDC bioconjugate chemistry, for
example, see Chapter I). In addition, the thiol group can be artificially inserted into the biomolecule’s
structure, providing a well-defined point of attachment between the biomolecule of interest and
maleimide functionalized MNPs. Modifying biomolecules is now very common and allows displaying
a unique cysteine residue for site-specific labelling.>® Furthermore, biomolecules of synthetic origin
(particularly peptides and nucleic acids) are far more versatile, because virtually, any functional group
or chemical handle can be site-specifically introduced as needed during initial synthesis or by
subsequent modification.® Also, it is important to note that the maleimide functionalized MNPs do not
require any activation prior to biomolecule immobilization. For all these reasons, maleimide functional

group is of high interest in the field of biomolecules’ immobilization.

As the anchoring sites and functional group were chosen, a spacer (or linker) which will permit
to link them had to be defined. The spacer, being a component part of the coupling agent, should
promote and supplement the specific properties of the future functionalized MNPs. Spacer groups are
often an essential part of polymer structures, particularly functional polymers. Many physical,
chemical and biological properties strongly depend on them. In this context the spacer groups can
provide flexibility in highly rigid polymers as well as accessibility of functional groups, resulting in
efficient chemical reactions.” At the same time, the spacers’ nature (hydrophilic, hydrophobic or
amphiphilic) can essentially influence the colloidal stability of the functionalized MNPs. An
imperative property of the functionalized MNPs is their colloidal stability in aqueous medium, since
most of the biomolecule immobilization tests are carried out in aqueous solutions. Thus, in order to

confer a good dispersion in aqueous medium, hydrophilic components such as poly(ethylene glycol)
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(PEG) chains and/or poly(amidoamine) (PAMAM) chains were introduced in the linker’s backbone.
The concepts of particle’s surface modification with PEG have now been by far the most widely used
in the variety of fields, especially in nanomedicine® due to its nontoxicity, providing a high colloidal
stability.? In addition, it is considered to be one of the most efficient chemical groups that limits the
non-specific adsorption of proteins.*°

In the following paragraphs, different synthetic routes towards linear and dendritic coupling
agents are presented.

11.2. Synthesis of linear coupling agents

Before describing the synthetic methods of linear coupling agents’ preparation, let us first have a
look at a short bibliographical survey on the N-Substituted maleimides synthesis methods.

N-substituted maleimides represent an important class of organic compounds, which found

1112 and polymer chemistry.® Despite the wide

applications in diverse fields, especially in biomedicine
applicability, available synthesis methods of N-substituted maleimides are limited. Nevertheless,
several efficient methods are described in the literature.’*** Most commonly N-substituted maleimides
are obtained by the reaction between a primary amine and maleic anhydride. This method of synthesis

is generally accomplished in two steps as it is shown in Scheme 11-1.

0} e} o
R—NH, O;j —_— R—NH \ —_— R—Nij‘
HO -H,0
le} O o}

Scheme 11-1. General procedure of N-substituted maleimides synthesis by the reaction between a primary amine and
maleic anhydride.

The first step involves the generation of an N-substituted maleamic acid and, usually, occurs in
quantitative yields, while the second step (cyclodehydration of the intermediate N-substituted
maleamic acid) often occurs in poor yields. Because of the need of additional chemicals such as
dehydrating agents™ or catalysts'® and complicated methods of purification, the last step plays the

main role in the terms of the yield and final price of the product.

Another way to obtain N-substituted maleimides is via the Mitsunobu method.*” This method

represents a reaction between an alcohol and maleimide, as it is shown in the Scheme 11-2.
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0 0
Ph;P, DIAD
R—OH + HN | — R—Ni]
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Scheme 11-2. General procedure of N-substituted maleimides synthesis by Mitsunobu Method.

As we can see from the Scheme I1-2, Mitsunobu method involves the use of triphenylphosphine
(PhsP) and diizopropyl azodicarboxylate (DIAD) which essentially complicate purification of the final
product from the reaction mixture and usually affords from low to moderate yields (31-73%)."® Also
this method is limited to the use of alcohols as starting materials.

However, both methods described above are applied in the synthesis of N-substituted
maleimides. In this research work, the reaction between a primary amine and maleic anhydride

(Scheme 11-1) for the synthesis of linear coupling agents (N-substituted maleimides) was chosen.

11.2.1. Strategy |
In the first approach, it was proposed to synthesise the linear coupling agent 3 according to the
procedure described in the Scheme 11-3.

O

i .
HZN/\/O\/\O/\/NHZ > /Si\/\O)I\N/\/O\/\O/\/NHZ E—
(6 eq.) TEA (2 eq.), Dioxane H (1) 83 % 1) AcOH glacial,
overnight, r.t. _ r.t., under Ar,
Teoc protecting group overnight
2) H,0, reflux
o} O
| o TBAF (10 eq.)
% /Sll\/\o)l\N/\/o\/\o/\/N | E— HZN/\/O\/\O/\/N |
H THF, 65 °C, K
@) 0 overnight 3)

Scheme 11-3. Synthesis of precursor 3 according to the Strategy I.

The starting material, 2,2-(ethylenedioxy)bis(ethylamine), possesses two terminal amino groups,
and in order to monofunctionalize it, it was necessary to protected one of the terminal amino groups in
the first step.

Numerous amino protecting groups are reported to date, including carbamates (-NH-CO3R),
used for the protection of amino acids in peptide and protein synthesis, and amides (-NH-COR), used
more widely in synthesis of alkaloids and for the protection of the nitrogen bases (adenine, cytosine

and guanine) in nucleotide synthesis.*®

Among the most useful carbamates used for protection of amino group may be listed:
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- t-butyl (Boc), readily cleaved by acidic hydrolysis;

- 2-(biphenyl)isopropyl, cleaved more easily than t-butyl carbamates by dilute acetic acid;

- benzyl (Cbz or Z), cleaved by catalytic hydrogenolysis;

- 9-flurenylmethyl (Fmoc), cleaved by B-elimination with base;

- 2,2,2-trichloroethyl (Troc), cleaved by reduction with zinc in acetic acid,

- 2-trimethylsilylethyl (Teoc), readily cleaved by tetrabutylammonium floride in tetrahydrofuran;
- and allyl (Aloc or Alloc), readily cleaved by Pd-catalyzed isomerization.

Among amides, used for protection of amino group, probably the most useful is the phtalimide
(Phth), cleaved by classical Gabriel reaction.”

As we can see, the biggest part of protecting groups are not stable in acidic conditions while one
of the synthesis steps (the addition of compound 1 to maleic anhydride, Scheme 11-3) should be carried
out in glacial acetic acid (AcOH). Thereby, it was decided to protect one of the terminal amino groups
of 2,2-(ethylenedioxy)bis(ethylamine) with 4-Nitrophenyl 2-(trimethylsilyl)ethyl carbonate (Teoc-
ONp), that was chosen due to its stability in acidic conditions.

Thus, the synthesis begins with the protection of one of the terminal amino groups of 2,2-
(ethylenedioxy)bis(ethylamine). The reaction between 2,2-(ethylenedioxy)bis(ethylamine) and Teoc-
ONp (Scheme 11-3) leads to the formation of carbamate 1 and p-nitrophenol which was removed by

extraction in water. Thus, compound 1 was obtained in 83 % vyield.

Next, the reaction between the primary amine 1 and maleic anhydride was performed. As it was
previously described (Scheme 11-1), this type of reactions is accomplished in two steps. Thereby, first
the addition of primary amine 1 to maleic anhydride was performed in glacial AcOH, and then the
cyclodehydration of the intermediate N-substituted maleamic acid was carried out by refluxing in
water. The reaction was monitored by *H, **C, COSY, HSQC and HMBC NMR analyses, according to
which, the expected product 2 was not obtained. Several of reaction conditions were modified: the use
of toluene as an azeotropic dehydration solvent; the use of dimethylformamide (DMF) as a polar
aprotic solvent; the use of AcOH as a reaction solvent, and the increase of the reaction time did not

give better results (Scheme 11-4).
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Scheme I11-4. Representation of different reactions conditions for the synthesis of compound 2.

One explanation is probably that after the first step (formation of the corresponding maleamic
acid), a trans isomer instead of a cis isomer was obtained (Scheme 11-4). In this case the trans isomer
represents a more thermodynamically stable structure than the cis isomer and the dehydration of this
isomer requires higher temperatures. However, heating to higher temperatures and a longer reaction
time increases the risk of polymerization of maleimide product, this being the reason why this strategy

was abandoned.

It is noteworthy that while we did not succeed to obtain compound 2 by this way, we easily
obtained maleimidolauric acid 4 in a quite good yield (72 %) using the same protocol™® (Scheme
I1-5). If we compare the two starting materials (aminolauric acid and compound 1), we can notice that
one of the differences between these two molecules is the presence of the aliphatic chain in

aminolauric acid and ethyleneglycol chain in compound 1, the latter seems to interfere in this reaction.
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Scheme 11-5. Synthesis of 12-maleimidolauric acid 4.

Based on this experiment, and in order to form the desired linear coupling agent decorated with
maleimide functionality, it was decided to use an aliphatic amine as starting material. This synthesis is

described in the next strategy.

11.2.2. Strategy Il
In the second approach it was attempted to obtain compound 7 from glycine, according to the
strategy presented in the Scheme 11-6.

)
2
o | o) S
0 0 \ o % "7 el
1eq.) )]\/ reflux, H,O (exccess)
NH o ( NH 2 o
AcOH, r.t.,8h 0.5h under Ar, 70 °C, 5 h

o (5) 55% O

| (6]
_Sio~ A AL O~ ~UNH,
| 0" N o

o O 1 | O H (0]
// )J\/N | TEA (4eq.) (1) - /Sli\/\OJ\N/\,O\/\O/\/N\n/\N
cl Toluene, under Ar, r.t.,, 36 h H 0 /
6 o ™ o)

Scheme 11-6. Synthesis of precursor 7 according to the Strategy I1.

First, the 2-maleimidoacetic acid 5 was obtained in 55 % yield, according to the protocol*®

used for the synthesis of maleimidolauric acid 4. Next, in order to increase the reactivity of carboxylic
acid group it was decided to transform the carboxylic acid 5 into its acyl chloride 6. The reaction
between 2-maleimidoacetic acid 5 and thionyl chloride proceeded under argon atmosphere at 70°C for
5 h, but did not yield the desired product. As a result of this reaction, the starting material (glycine)
was obtained (according to *H, **C NMR analysis), that can be explained by the decomposition of 2-
maleimidiacetic acid 5 under such strong conditions. The reaction conditions were changed, thionyl
chloride was replaced with oxalyl chloride and the following reactions were carried out as shown in
the Scheme 11-7.
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Scheme 11-7. Synthesis of precursor 7 according to the Strategy II.

N-maleimidoacetic acid 5 was dispersed in chloroform (CHCI;) and cooled to 0°C, then 1
equivalent of oxalyl chloride was added dropwise. The mixture was stirred under argon at room
temperature for 1 h. Next, the solvent was evaporated to give a beige powder which was immediately
dissolved in CHCI; and added dropwise to the solution of compound 1 and triethylamine (TEA). The
mixture was stirred at room temperature under argon for 36 h, than the solvent was evaporated. The
residue was analysed by 'H NMR. In the 'H NMR spectrum a singlet corresponding to maleimide
double bond was found at 6.02 ppm with an integration of 0. 89 (instead of 2.00), and two doublets at
6.12 and 5.86 ppm with J=13.0 Hz, and an integration of 0.28 and 0.26 respectively, corresponding to
the formation of an asymmetric alkene (R1-CH=CH-R;). This result suggests that other two reactions
occur. The amino group can react with maleimide in either one of two ways (Scheme 11-8): a facile
Michael addition of the amine to the maleimide double bond (analogous to the addition of -SH)* or

the addition of the amine to one of the carbonyl groups followed by the maleimide ring opening.*

LN
R1_N
H2N_R2
R—N || —™ Oo
H
O R1\N)J\/WN\R2
H

Scheme 11-8. Possible reactions between maleimide moiety and primary amines.

To avoid any problem of competition reactions on this reactive position (maleimide double

bond) this approach was abandoned and other strategy was envisaged as following.
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11.2.3. Strategy 111

As an alternative method of N-substituted maleimides synthesis can be considered the approach
presented in the Scheme 11-9,”® which in addition, represents an efficient method of carbon-carbon
double bonds protection.?* This method includes 3 general steps:

(0] f/ \§ (o] (o] (0]
I Mo II R—NH, I A
o || — o w —» R—N a ——» R—N |
- H0 -1\
(0] (0] (6] (o) (0]

Scheme 11-9. I) Synthesis and protection of N-substituted maleimide by Diels-Alder addition of furan to maleic anhydride;
I1) Primary amine insertion into the Diels-Alder adduct; and I11) retro-Diels-Alder deprotection of N-substituted maleimide

group.

The first step represents a Diels-Alder (DA) addition of furan to maleic anhydride. This type of
[4 + 2] cycloaddition occurs easily and fast, and can lead to the formation of endo and exo
stereoisomers (Scheme 11-10).

(0] (0] (0]
= _‘,\\\\\/<
D — G d

Il/}\<

e} exo Q endo O

Scheme 11-10. Diels-Alder [4 + 2] cycloaddition of furan with maleic anhydride to give the kinetic endo and
thermodynamic exo Diels-Alder adducts.

An experimental and theoretical study affirms the predominant formations of an exo adduct,
caused by its higher thermodynamic stability, and only a very small kinetic preference for the
formation of an endo isomer was observed.?® In our work, for clarity, the stereochemistry of the
obtained DA adduct will not be further indicated, since this reaction is simply used as protection

method and will be cleaved later.

In the second step (Scheme 11-9) a primary amine insertion into the DA adduct (furan protected
maleic anhydride) is performed. The resulting succinimide derivative is less labile to nucleophiles than
maleimides that possess two carbonyl groups conjugated to the double bond, and as the result, the
highly electron poor double bond is susceptible to react with a range of nucleophiles. Suchwise, this
step represents an efficient method of maleimide group protection against the addition of

nucleophiles.?

The third step (Scheme 11-9) is the retro-DA reaction. This step permits to generate the desired

maleimide group, and for this reason it is sometimes called the deprotection step.

Based on the aforesaid, a new approach was developed (Scheme 11-11).
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Scheme 11-11. Synthesis of precursor 10 according to the Strategy IlI.

The DA cycloaddition of furan to maleic anhydride results in the formation of furan protected
maleic anhydride 8 in 58 % yield.>*" Next, the addition of the primary amine 1 to the furan protected
maleic anhydride 8 was performed. This reaction leads to a 10 % yield of compound 9 after the
purification by column chromatography on silica gel. Next, the cleavage of Teoc protection of amino
group from compound 9 was performed. Unfortunately, compound 10 could not be isolated, mostly
because of the large excess of tetrabutylammonium fluoride hydrate (TBAF) involved in the reaction
process. Therefore, the procedure shown in the Scheme I1-11 was considered not efficient for several
reasons: poor yield of compound 9, difficulties in the isolation of compound 10 and additional costs
for the TEOC-ONp protecting group and deprotection agent (TBAF). Considering these parameters, a
direct coupling between furan protected maleic anhydride 8 and 2,2-(ethylenedioxy)bis(ethylamine)?’
was tried as shown in Scheme 11-12, despite the fact that compound 8 can react with amino groups

from both sides.

O 0]

HZN/\/O\/\O/\/NHZ
O L HZN’\/O\/\O/\/N
mixed at r.t.,
(e} ®) heated to 80 °C, 3 h 10) 27 % 0

Scheme 11-12. Single step synthesis of linear coupling agent 10 that hereinafter used for the grafting on MNPs with
polymer shell.

Using this approach, after the purification by column chromatography on alumina (activated,
basic, Brockmann 1), compound 10 was obtained in 27 % yield. Taking into account that this
compound was obtained in a single step, without any protection of the terminal amino groups of the
starting material, this approach was considered much more efficient in comparison with the previous
one (Scheme 11-11). Nevertheless, it is worthy to mention that compound 10 is not stable at room
temperature and should be purified and used right after the synthesis (or kept in the freezer at -18°C).
Compound 10 represents the first target linear coupling agent for the grafting on MNPs with polymer
shell.
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In order to obtain an analogues coupling agent, which can be grafted on MNPs with silica shell it
was necessary to transform the amino-functionality of compound 10 into silane-functionality. This
silane-functionality was readily introduced by reacting compound 10 with triethoxy(3-
isocyanatopropyl)silane (Scheme 11-13).

) )

HQNNO\/\O/\’N : N/\’O\/\O/\’N
CH,Cl,, mixed at 0 °C, H

10) o} stirred overnight at r.t. quantitative (11) (@)

Scheme 11-13. Synthesis of silylated linear coupling agent 11 hereinafter used for the grafting on MNPs with silica shell.

The reaction took place in freshly distilled DCM and leaded to the formation of the silylated
coupling agent 11 in a quantitative yield. To avoid the hydrolysis of the ethoxy groups, silylated
coupling agent 11 was grafted right after its synthesis.

11.3. Synthesis of dendritic coupling agents

For clarity, a brief introduction of dendrimers and dendrons is stated below. Then, the synthetic

routes to obtain dendritic coupling agents will be detailed.

11.3.1. Dendrimers and dendrons

The name “Dendrimer” comes from the Greek word “dévipo” that means tree, a dendrimer
respectively, is a tree like (with branches) molecule. These branched molecules are produced in an
iterative sequence of reaction steps, in which each additional iteration leads to a higher generation

material.®

The concept of iterative growth of branched molecules was first reported in 1978 by
Buhleier et al.®® (University of Bonn, Germany). This was followed in 1979 by the parallel and
independent development of the divergent, macromolecular synthesis of poly(amidoamine) (PAMAM)
dendrimers in the Tomalia group (Dow Chemical Co.).**"" As early as 1984, PAMAM dendrimers
were the first complete dendrimer family (Generation = 0 — 7) to be synthesized and characterized.
The first article using the term “dendrimer” and describing the preparation of PAMAM dendrimers was
published in 1985.% In the same year a communication reported the synthesis of “arborols” systems
(unimolecular micelles) by Newkome et al. (Louisiana State University).*® Tomalia’s PAMAM
dendrimers and Newkome’s “arborols” were the first dendritic structures that have been thoroughly
investigated and fully characterized. Both dendrimers are constructed divergently, implying that the
synthesis starts from a molecule’s core and growths to the periphery (on the contrary, in convergent

procedures, the synthesis starts from the periphery to the core).**
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Since the seminal works in this field, a large number of dendrimer structures have been
developed and have become the subject of intense interdisciplinary research efforts, bringing together
scientists from various fields. Based on the rapid advances in this area, PAMAM dendrimers became
one of the most common classes of dendrimers suitable for materials science and biotechnology due to
their architecture and their functionalities that can be modified and adapted for various fields of
application.’**? This type of dendrimers consist of a diamine core (commonly ethylenediamine (EDA)
or ammonia core) and tertiary amine branches (Scheme 11-14). Their synthesis is based on a repetition
of two successive reactions: Michael type addition and amidation. These successive reactions create
higher generations (G), and this typical “growth” pattern of dendritic molecules determines their
solution properties and makes these properties deviate from those of linear molecules, especially at

higher molecular weights.?
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Scheme 11-14. Schematic representation of the PAMAM dendrimers’ structural components, as well as its generation’s
growth by divergent approach.

Since several years our team (C2M) is interested in the preparation of dendritic structures,
namely, PAMAM dendrons, based on this type of dendrimers. A dendron, being a structural part of a
dendrimer, represents a branched molecule that contains a focal point, interior branching units, and

well-defined numbers of functional surface groups as a function of generation level.*#*?

The difference between dendron and dendrimer is illustrated in Scheme 11-14. In this work the

terms dendron and dendritic coupling agent are sometimes used interchangeably.

62



Chapter I1: Synthesis of coupling agents

Similarly to PAMAM dendrimers, PAMAM dendrons are synthesized by a successive Michael
type addition followed by amidation (Scheme 11-15). The mechanism of a Michael type addition is

shown in the Scheme 11-16.
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Scheme 11-15. Synthesis of a PAMAM dendron by a successive double Michael addition (1) followed by amidation (11).

. (¢} Ro~
R, RM“L// "

Ty
(e}
Scheme 11-16. Mechanism of the double Michael addition.

The first attempts of PAMAM dendrons synthesis, in our team, were done during the thesis of
Hakim Rahma,** who developed amino functional dendritic organosilanes of G1 and G2 (Figure 11-5)
for chemical modification of silica MNPs’ surface. Moreover, the amino functionalized MNPs were

successively transformed into carboxyl functionalized MNPs.
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Figure 11-5. Amino functionalized MNPs (via grafting of dendritic organosilanes G1 and G2) and their successive
transformation in carboxyl functionalized MNPs.*
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Chapter I1: Synthesis of coupling agents

The carboxyl functionalized MNPs demonstrated the ability to immobilize biomolecules.®
Despite these encouraging results, one of the disadvantages of these functionalized MNPs was their
limited dispersion in aqueous solutions.

To overcome this problem, in the present work, PEG chain was introduced in the PAMAM
dendron’s backbone. The synthesis of maleimide decorated dendrons of G1 and G2 for chemical

modification of silica and polymer coated MNPs is presented below.

11.3.2. Synthesis of first generation (two branched) dendritic coupling agents

In the case of dendritic (branched) coupling agents’ synthesis, it was decided to keep the spacers’
structures similar or close to those of the linear coupling agents’ structure. Thus, for the synthesis of
two branched coupling agents, the procedure described below was proposed.

11.3.2.1. Strategy |
In this strategy (Scheme 11-17), 2,2-(ethylenedioxy)bis(ethylamine) was used as starting material
for the synthesis of two branched coupling agents 14 (dendrons of G1).
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Scheme 11-17. Synthesis of two branched structure 14.

Following this strategy, first a monoprotection of the 2,2-(ethylenedioxy)bis(ethylamine) was
performed with di-tert-butyl dicarbonate (Boc anhydride) which is extremely resistant towards basic
and nucleophilic reagents and it is probably one of the most commonly used amino protecting groups
in organic synthesis.* This protecting group was chosen because of the high yield in protected product

and its fast and easy cleavage procedure, classically done with a strong protic acid (most commonly
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with trifluoroacetic or hydrochloric acid). Thus, the reaction between di-tert-butyl dicarbonate and 2,2-
(ethylenedioxy)bis(ethylamine), taken in excess (6 eq.), was carried out in a large amount of dioxane
in order to favour the monoprotection. The reaction leads to the formation of protected amine, carbon
dioxide (CO,) and t-butanol as side product, according to the mechanism presented in the Scheme
11-18.%

_ ®
R=NH, R—NH, R
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Scheme 11-18. Mechanism of a primary amine protection with di-tert-butyl dicarbonate.
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The solvent, CO, and t-butanol were then eliminated under vacuum, and the excess of 2,2-
(ethylenedioxy)bis(ethylamine) was removed by extraction in water. The residue was then purified by
column chromatography on alumina (activated, basic, Brockmann I) to yield one side Boc protected
diamine 12 in 88 % yield.

Next, the acrylamide 13 was obtained by the reaction between compound 10 and acryloyl
chloride. Acryloyl chloride was added dropwise to the mixture of compound 10 and TEA, solubilised
in freshly distilled DCM, and then the mixture was stirred at room temperature overnight under argon
atmosphere. The solvent, excess of acryloyl chloride and TEA were evaporated and the triethylamine
hydrochloride (TEA+HCI) salt was removed by extraction in water. Thus, acrylamide 13 was obtained
in 77 % yield. Nevertheless, it should be noted that compound 13 is not stable. The formation of very
long needles (of around 4 cm) is observed whilst the solubilisation of compound 13 in DCM (Figure
11-6).

Figure 11-6. Needles formed during the solubilization of compound 13 in DCM.

These needles are not soluble (at room temperature and on heating) in H,O, MeOH, DMF,
DMSO, Acetonitrile, EtOH, Acetone, AcOEt, THF, CHCI;, DCM, Et,0, Toluene and Pentane. This

being the reason why these needles could not be analysed and the process that take place identified. It
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was supposed that this happening can be explained by acrylamide polymerization and in order to stop
it, 100 ppm (0.01 %) of Hydroquinone monomethyl ether (MEHQ) was added. MEHQ is often used as
an inhibitor and stabilizer in vinyl and acrylic monomers, acrylonitriles, and various polymers
especially for finished products. This considerably diminished this happening and allowed the storage
of compound 13 for long period of time.

The next step of the synthesis (Scheme 11-17) represents the step of the double Michael addition
of precursors 12 to the acrylamide 13. The reaction was carried out in DMF during 5 days. At the end
of reaction, the obtained mixture was analysed by NMR (*H, **C, HSQC, DEPT). According to the
results, both starting materials remained present in the reaction mixture and there was no evidence of
the expected dendritic structure 14 formation. The reaction proceeded for 6 weeks and the NMR
analyses (*H, **C, HSQC, DEPT) were repeated. These analyses showed that the amount of acrylamide
13 has diminished and could be caused by the addition of amino group from compound 12 to the
acrylamide 13 double bound. In order to check if the compound 14 was formed, a mass analysis was
carried out by two technics: Electrospray lonization (ESI) and Field Desorption (FD). The mass (MS
[MH] calc = 949.48 g/mol,) corresponding to the expected compound 14 was not found while the
mass corresponding to the formation of a compound with only one ramification (MS [MH'] calc =
599.31 g/mol) was detected.

Consequently, the synthesis according to this strategy (Scheme 11-17) was stopped at the step of
double Michael addition of precursors 12 to the acrylamide 13, since the desired two branched

structure 14 was not obtained.

11.3.2.2. Strategy |1
This strategy, similarly to the previous one, relies on the synthesis of an acrylate decorated with

the furan protected maleimide functionality (Scheme 11-19).

The synthesis starts with a reaction between the furan protected maleic anhydride 8 and
ethanolamine. This reaction was carried out according to the literature procedure®® leading to the

formation of compound 15 in 44 % vyield. The alcohol 15 has a good stability contrary to the amine 10.
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Scheme 11-19. Synthesis of two branched coupling agents 18 and 19.

Next, a reaction between the alcohol 15 and acryloyl chloride was performed. Acryloyl chloride
was added dropwise to the mixture of compound 15 and TEA (added in excess) solubilized in freshly
distilled DCM that was preliminarily cooled to 0°C. The mixture was stirred at room temperature
overnight under argon atmosphere. The solvent, excess of acryloyl chloride and TEA were evaporated
under vacuum. The obtained residue was solubilized in DCM and the TEA+HCI salt was removed by
extraction in water. The organic phase was dried under vacuum and purified by column
chromatography on silica allowing to obtain compound 16 in 60 % yield. The acrylate 16 possesses a

better stability in comparison with acrylamide 13 and can be stored for months.

Afterwards, a Michael type addition of the primary amine 12 to the acrylate 16 was performed.
The reaction proceeded in anhydrous dimethylformamide, at 40°C during 5 days. The two branched
structure 17 was then purified by column chromatography on silica gel giving compound 17 in 56 %

yield.

The next step of the synthesis is the deprotection of the amino group from compound 17. Boc
protecting group was cleaved by bubbling gaseous hydrogen chloride through the DCM solution of

compound 17 during 30 minutes, according to the following mechanism (Scheme 11-20):*

67



Chapter I1: Synthesis of coupling agents

e

R R
I I FI{('H ! H3Cj®/CH3 ® o
O: -Cl ZO) O<) 9 (“H H &H@—CCI)
e o Ch W © e ™
LHJCI Ho) HsC_CHs

CH,

Scheme 11-20. Mechanism of Boc protecting group cleavage with gaseous hydrogen chloride.*

As a result, compound 18 was obtained as an ammonium salt, in 65 % yield (after the
purification step). This compound represents the target two branched coupling agent that will be
further used for the grafting on MNPs with polymer shell.

To obtaining the analogous silylated two branched coupling agent 19 (for the grafting on MNPs
with silica shell) it was necessary to transform the amino-functionality of compound 18 into a silane-
functionality. This silane-functionality, was introduced by using triethoxy(3-isocyanatopropyl)silane,
similarly as was done to obtain the linear silylated coupling agent 11. The reaction between
triethoxy(3-isocyanatopropyl)silane and compound 18 took place in freshly distilled DCM, in the
presence of TEA (taken in excess), since compound 18 was obtained in the protonated form (as an

ammonium salt and otherwise it is not soluble in DCM).

Triethoxy(3-isocyanatopropyl)silane was added dropwise to the DCM mixture of compound 18
and TEA (4 eq.) that was preliminarily cooled to 0°C, then the mixture was stirred at room temperature
overnight under argon atmosphere. Afterwards, the solvent and the excess of TEA were evaporated.
The residue was solubilized in tetrahydrofuran (THF) and the precipitated out TEA*HCI salt was
removed by filtration. The solution was concentrated under vacuum to afford the silylated two
branched coupling agent 19 in 99 % yield. Compound 19 is hereinafter used for the grafting on MNPs

with silica shell.

11.3.3. Synthesis of second generation (four branched) dendritic coupling agents

In order to keep the structures of four branched dendritic coupling agents very similar to those of
the two branched coupling agents’ structures, an approach showed in Scheme 11-21 was proposed. It
was decided to use as a starting materials compound 12, and the same acrylate 16 for introducing furan
protected maleimide functionality at the peripheral sides of the four branched coupling agents’
structures. According to this approach, first, it was necessary to synthesize a two branched structure,
with two amino groups at the one side and one Boc protected amino group at the other side (compound
21).
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Scheme 11-21. Synthesis of the four branched dendritic coupling agents 23 and 24.

The synthesis begins with a double Michael type addition of the primary amine 12 to methyl

acrylate. This reaction was carried out in methanol at 50°C during 3 days. At the end of reaction, the

69



Chapter I1: Synthesis of coupling agents

excess of methyl acrylate as well as the reaction solvent were evaporated and compound 20 was
obtained in quantitative yield.

Next, the synthesis was followed by the amidation of methyl ester terminal groups from
compound 20. This reaction was carried out in methanol, in the presence of a large excess of
ethylenediamine, at 50°C during 5 days. At the end of reaction, the excess of ethylenediamine as well
as the solvent were evaporated, affording the two branched structure 21 in quantitative yield.

Afterwards, a Michael type addition of the primary amine 21 to the acrylate 16 was performed.
The reaction temperature was lowered to 40°C in order to avoid undesirable retro-DA deprotection of
maleimide group. The reaction proceeded in DMF during 5 days. At the end of reaction, the solvent
was evaporated and the residue was purified relying on the difference of solubility of the mixture in
Toluene. The compound 22 is not soluble in Toluene while the starting material 16 (added in a large
excess) is. Based on this difference of solubility, the residue was solubilized in minimum of DCM and
added dropwise in a large volume of toluene, and then the solution volume was reduced twice. After
several days the precipitated out gluey mass was separated from the solution by decantation and the
procedure was repeated again at least four times. By this procedure compound 22 was obtained in 46
% vyield.

Next, Boc protecting group was cleaved by bubbling gaseous hydrogen chloride through the
compound 22 solubilized in DCM. After several minutes (5 — 10 min.) the product 23 began to
precipitate out from the solution. The deprotection was carried out for not more than 25 minutes, since
increasing the reaction time can lead to acid hydrolysis (of ester groups) side reaction. The deprotected
compound 23 was separated from compound 22 by extraction in water. As a result, compound 23 was
obtained as an ammonium salt, in 77 % vyield. This compound represents the target four branched

coupling agent (dendron of G2) that will be further used for the grafting on MNPs with polymer shell.

The last step of the synthesis represents the transformation of the amino-functionality of
compound 23 into its silane analogue 24 that hereinafter is used for the grafting on MNPs with silica
shell. The silane-functionality, was introduced by using triethoxy(3-isocyanatopropyl)silane, similarly

as was done to obtain the two branched silylated coupling agent 19.

Compound 23 was dispersed in freshly distilled DCM and 15 equivalents of TEA were added.
After few seconds compound 23 solubilized, the solution was cooled to 0°C and isocyanato propyl tri-
(etoxy)silane was added dropwise. The reaction proceeded at room temperature, under argon
atmosphere, overnight. Afterwards the solvent and the excess of TEA were evaporated, and the residue

was purified by gel permeation chromatography. Three successive size exclusion columns with Biorad
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S-X3 beads swelled with DCM allowed vyielding the four branched silylated coupling agent 24
(dendron of G2) in 73 %.

11.4. Conclusions:

The strategies towards synthesis of linear and dendritic coupling agents of G1 and G2 decorated
with maleimide group (protected form) were developed. According to these strategies the protection of
maleimide functionality was achieved via Diels-Alder cycloaddition of furan to maleic anhydride
followed by a primary amine insertion into the formed Diels-Alder adduct. The resulting succinimide
derivative being less labile to nucleophiles than maleimides allowed an efficient protection of
maleimide functionality during all the steps of the multistep synthesis, as well as during their grafting
on MNPs’ surface. The growth of the dendritic generations was performed based on the example of
PAMAM denrimers, leading to the dendrons with a well-defined number of functional groups.

Both “families” of coupling agents, amino and silane-based coupling agents (Table I1-1), were
successfully synthesized and characterized. Coupling agents obtained for the grafting on MNPs with
polymer shell (linear 10, two-branched 18 and four-branched 23) showed a high solubility in water,
and it was presumed that they will provide a good dispersion in aqueous solutions after their grafting
on MNPs, that is one of the main objectives to achieve. Coupling agents for the grafting on MNPs with
silica shell (linear 11, two-branched 19 and four-branched 24) are also soluble in water.

The grafting of amino and silane-based coupling agents is described in Chapter Il and 1V
respectively. Once grafted the maleimide functional group is easily generated via retro-Diels-Alder

reaction and represents the final step of the synthesis.
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Table 11-1. Presentation of coupling agents’ “families” designed for chemical modification of core-shell MNPs with
polymer or silica shell.

The "family" of coupling agents designed for
chemical modification of MNPs with polymer shell

The "family" of silylated coupling agents designed for
chemical modification of MNPs with silica shell
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Chapter I11: Functionalization of core-shell y-Fe,O3/Polymer magnetic nanoparticles

I11.1. Introduction

In the recent years, considerable efforts have been dedicated to the development of highly
reactive NP materials for biomolecules immobilization."? In this context, a major focus of research in
chemical biology is directed towards creating a NP material that would covalently bind a biomolecule
(without perturbing its structure or functional groups) and, at the same time, would limit the
nonspecific adsorption. Thus, the development of a novel NP material for biomolecules
immobilization continues to be at the forefront of NPs’ chemistry.

Among the wide variety of NPs®, IONPs can be listed between the most extensively used types
of NPs in this area. This intense interest is mainly justified by their unique size dependent properties
that make IONPs very attractive for various applications in biomedical and materials engineering.?
One of these specific size-dependent properties is SP. The SP phenomenon appears when the
ferromagnetic NP is smaller than the typical size of the magnetic domains.® In this case, NPs are
characterized by paramagnetic behaviour. As a result SP NPs are prone to elevated magnetization
when subjected to a magnetic field and revert to their non-magnetized state upon field removal with a
null or negligible remnant magnetization. This interesting property avoids NPs aggregation and

consequently results in their colloidal stability in the absence of magnetic field.

Combining the SP behaviour of NPs with their rational functionalization allows creating a
powerful tool that is in strong demand in various fields of biotechnology. The usefulness of such
material in biotechnology consists in the possibility to be easily manipulated using an external
magnetic field (a simple magnet) minimizing the number of separation and purification steps that

usually present additional drawbacks.

This chapter is dedicated to the functionalization and characterization of the 10 core-shell MNPs
(y-Fe;Os/polymer) developed and commercialized by Ademtech SA.* In the beginning of this chapter a
brief description of MNPs with polymer shell is presented, with the support of a transmission electron
microscopy (TEM) image of the particles and their schematical representation. Next, a detailed
description of the surface modification principles is illustrated, followed by the grafting procedures, as
well as the adjustment of the grafting conditions for each coupling agent. These procedures take into
account the parameters which can essentially influence the grafting quality, such as the choice of the

dispersion medium, temperature, pH and the quantity of coupling agents.

The surface modification chemistry has been mainly controlled via Fourier Transformed Infrared
Spectrometry (FT-IR) in Attenuated Total Reflectance (ATR) mode. The surface modification of

MNPs functionalized with linear coupling agent 10 was also investigated using Thermogravimetric
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Analyses (TGA) coupled with Mass Spectrometry (MS). The integrity of the maleimide functionalized
MNPs has been monitored by TEM. The colloidal state of final maleimide functionalized MNPs
dispersed in water was observed via Transmitted Light Microscopy. The surface charge of the final
maleimide functionalized MNPs was estimated by Zeta Potential () measurements in a range of pH
from 3.6 to 8.0, that also gives an indication of the stability of the colloidal system. The combination
of these technics gave the possibility to fully characterize the functionalization of MNPs.

Finally, the efficiency of maleimide functionalized MNPs was studied by performing a series of

immobilization tests.

I11.2. Presentation of core-shell y-Fe,Os/Polymer MNPs

In this work, the surface modification chemistry was carried out on 300 nm core-shell MNPs
These MNPs consist of the maghemite (y-Fe,O3) ferrofluid core, coated with a polymer shell based on

highly cross-linked functional polystyrene (Figure I11-1).
Polymer Shell

Surface
COOH Functional

group

HOOC __ \ Ccoor
HOOC— —COOH
Hooc™ /&COOH

\
HOOC COOH

50 nm

Maghemite core
7-Fe,03

@ (b)

Figure 111-1. (a) TEM image of the core-shell y-Fe,Oz/Polymer MNPs; (b) Schematic representation of the core-shell
v-Fe,0s/Polymer MNPs.

This ferrofluid is composed of nano-sized particles (diameter < 10 nm, that are smaller or below
the typical size of magnetic domains) which are stabilized in a fluid (surfactants). These are
magnetically independent preserving the SP behaviour of the entire MNP. In other words, they exhibit
paramagnetic properties only when placed within a magnetic field and show no residual magnetization
when removed from this field. Specifically, due to the high magnetic content (70 %) of the SP IONPs

these 300 nm MNPs manifest a fast and high answer to an external magnetic field (Magnetization at
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saturation: approx. 40 cm®/g at 300 K), therefore offering a fast, easy and cheap method of separation
from the reaction medium (superior to 99 % in 1 min.). It is noteworthy that smaller core-shell MNPs
usually hold a smaller magnetic content and consequently need more time for magnetization, while
increasing the MNPs’ size affects their colloidal stability. Thereby this size (300 nm) of core-shell
MNPs is more appropriate for envisaged applications in immobilization and separation of
biomolecules. These y-Fe,Os/Polymer MNPs have already been successfully used in our group (C2M)
in the field of catalysis,® and in the field of biotechnology in other groups.”

The hydrophilic polymer coating holds the ferrofluid in the centre of the particle ensuring at the
same time several functions: (1) it protects the core (y-Fe,Os) against the degradation and isolates it
from the reaction medium (for example in biological applications IONPs can interfere with some
enzymatic reactions); (1) stabilizes MNPs by preventing aggregation and provides their excellent
dispersion abilities; (I11) ensures low non-specific binding; and (IV), the most important, offers an
efficient surface for functionalization. These core-shell (y-Fe,Os/Polymer) MNPs have a high surface
area available for specific coupling (15 m?/g) bearing as surface functional group carboxylic acid
functionality in a high density (COOH density: > 350 umol/g) that offer the possibility of various
surface modifications via carbodiimide chemistry. Ademtech has developed simple and reproducible
protocols for coupling proteins onto nanoparticles, yielding high binding capacities while keeping non-
specific binding low and ensuring long-term stability. Nevertheless, it is still in strong demand to
extend protocols involving modification of functional groups on MNPs’ surface for each coupling

agent apart.

111.3. Surface modification chemistry of core-shell y-Fe,Os/Polymer MNPs

As aforesaid, the surface of y-Fe,Os/Polymer MNPs bears carboxylic acid functionalities. It is
known that on mixing of a carboxylic acid with an amine, an acid — base reaction occurs first to form a
stable salt. Thus, the amide bond formation has to fight against the adverse thermodynamics as the

equilibrium shown in the Scheme I11-1.”

+ _
R-COOH + R'-NH, < R-NH3 + R-COO =" R-CONH-R' + H,O

Scheme I11-1. Schematic representation of amide bond formation.’

Therefore, the activation of the carboxylic groups is necessary to allow the attack by the amino
group. For this purpose carbodiimides are often used as a carboxyl activating agents to yield amide

bonds formation. The most commonly used carbodiimides are the water-soluble EDC
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(N-Ethyl-N"-(3-dimethylaminopropyl)carbodiimide) for aqueous crosslinking and the water-insoluble
DCC (N,N'-Dicyclohexylcarbodiimide) for non-aqueous organic synthesis methods. The carbodiimide
reacts with the carboxylic acid to form the O-acylisourea mixed anhydride, which can then directly
react with the amine to yield the desired amide and the urea by-product. However, a more complex
mechanism might co-exist. The O-acylisourea intermediate is unstable in aqueous solutions and
instead of reacting with an amine it can hydrolyse, thus regenerating the carboxylic acid and releasing
an unreactive N-acylurea (see Scheme 111-2).”® This side reaction can be considerably decreased by
adding of a nucleophile that reacts faster than the competing acyl transfer and generates a more
reactive amine-product to couple with the amine. Among such nucleophiles, the most widely used for
the amide (or ester) bond formation are DMAP (4-Dimethylaminopyridine), NHS
(N-hydroxysuccinimide) and its water-soluble analogue Sulfo-NHS or HOBt (hydroxybenzotriazole).

> > oo

7 " O,/—'}b ) (NHS) i ] R-NH i
C OH =NHj,
El \ R
RJ\O N RJ\@C‘N ————= R O-N — RN
fast H
§ O-acylisourea N + O
N— \ e
/ l slow R/\N)J\N/\/\N/
(EDC) H H \
@) 1-(3-(dimethylamino)propyl)-3-ethylurea
r A (by-product)
o NH
\\\\ 7/
N
N-acylurea \

Scheme 111-2. Schematic representation of EDC/NHS coupling, where EDC activates the carboxylate and NHS increases
the coupling efficiency and decreases the side reactions.

This well-known and efficient synthetic approach was successfully applied in the following work
for the surface modifications of y-Fe,Os/Polymer MNPs with the amino functional coupling agents

reported in Chapter II.

111.3.1. Grafting of linear coupling agent 10

111.3.1.1. General grafting and maleimide functional group deprotection procedures

The first attempts of functional groups modification on the surface of y-Fe,Os/Polymer MNPs
were done by grafting the linear coupling agent 10 (Scheme I11-3). The protocol of the grafting
proceeds via EDC/NHS chemistry (Scheme I11-2) based on the protocol developed by our group in the

frame of the PhD thesis of D. Rosario-Amorin.®
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O O
COOH EDC/NHS Q
COOH + H,N~Ov~o~N @ —_— WN\OJ‘O’\'N @
pH=6.0 H J

COOH 3
y-Fe,04/Pol-COOH 10 y-Fe,04/Pol@10

ooy 25°C, 16 h

Scheme 111-3. Grafting of linear coupling agent 10 on y-Fe,Os/Polymer MNPs. The maleimide functionality of linear
coupling agent 10 is in a protected form.

The colloidal stability of y-Fe,Os/Polymer MNPs was ensured by employing Pluronic F-127
(PF) surfactant. This surfactant acts at the same time as an antifoaming agent, since foaming can occur
during sample sonication. Solubilisation of this surfactant in water, however, leads to a decrease of the
pH of solution. Therefore, the pH of solution was adjusted to 6.0 (suitable for the EDC/NHS coupling)
by adding 4-Morpholineethanesulfonic acid (MES).

Assuming that polymer coated y-Fe,O3; MNPs contain around 350 umol of carboxylic groups
per 1 g of particles, for the first grafting experiment 10 equivalents of linear coupling agent 10 (per
equivalent of COOH groups) were loaded. During the grafting reaction, the particles remained well
dispersed and no sedimentation or aggregation was observed, proving that the colloidal stability was
not affected. At the end of the grafting reaction, MNPs were separated from the reaction mixture by
magnetic decantation and the supernatant was carefully pipetted off. Next, the resulting MNPs
(y-Fe2O5/Pol@10/10eq) were analysed by TEM, FT-IR spectroscopy and TGA coupled with MS, and

the results are discussed in the following paragraphs.

Once the coupling agent 10 is grafted, the maleimide protection must be cleaved, thus generating
maleimide functionalized MNPs (y-Fe,O3/Pol@10-Mal/10eq). The cleavage of furan protection
represents a retro Diels-Alder reaction that can be achieved by simply heating of MNPs up to

temperatures around 100°C (Scheme I11-4).

O
heating e
N~Oc~o~N @ it N~O~o~N
v-Fe,03/Pol@10/10eq v-Fe,0s/Pol@10-Mal/10eq

Scheme 111-4. Deprotection of maleimide functional group with release of furan after heating the sample at temperatures of
around 100°C.

Several procedures to perform the retro-Diels-Alder reaction are described in the literature, most
often the deprotection is achieved by refluxing in toluene.*® Also, it can be performed by microwave
irradiation'* or by simply heating under vacuum.'? In our case, none of these procedures are

convenient: the reflux in toluene cannot be carried out because of the bad dispersion of MNPs in
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toluene; the deprotection by microwave irradiation cannot be done due to the 10 core of MNPs; and
finally, the deprotection by heating under vacuum is not possible because of the absence of a device
which will ensure at the same time the heating, vacuum and mechanical stirring. Thus, the deprotection
of maleimide group on y-Fe,O3/Pol@10/10eq was performed by heating the particles dispersed in a
polar aprotic solvent (DMSO anhydrous) under mechanical stirring, according to the Scheme I11-4.

111.3.1.2. Characterization of functionalized y-Fe,Os/Polymer MNPs

a) Transmission Electron Microscopy

TEM allows investigating the morphological changes (size, shape etc.) that can occur on the
MNPs’ surface upon the surface modification chemistry and provides direct information about the
particles’ integrity. Therefore, the native MNPs (y-Fe,O3/Pol-COOH), MNPs obtained after the
grafting of linear coupling agent 10 (y-Fe,O3/Pol@10/10eq) as well as MNPs obtained after the
deprotection step (y-Fe,Os/Pol@10-Mal/10eq) were analysed by TEM (Figure 111-2).

50 nm 50 nm

(@) (b) (©

Figure 111-2. TEM images of (a) native y-Fe,O3/Pol-COOH MNPs; (b) MNPs obtained after the grafting of linear
coupling agent 10 (y-Fe,Os/Pol@10/10eq); and (c) MNPs obtained after the deprotection step
(y-Fe,Oz/Pol@10-Mal/10eq).

As observed from TEM images (Figure 111-2) the general aspect of MNPs did not show any
significant differences after the surface modification. The shape and size of modified MNPs remained
comparable with that of native y-Fe,Oz/Polymer MNPs. It should be noted that for these particles the
change of the shell size cannot be measured precisely from TEM image due to the high rugosity of
polymer coating. Also, these results confirm that the experimental conditions of the deprotection step
(DMSO, 99°C, 5 h.) do not affect the integrity of MNPs.

b) Infrared Spectroscopy Study
The surface modification chemistry of MNPs has been followed by FT-IR spectrometry. The
FT-IR spectra were recorded using an ATR accessory that allows direct comparison of samples due to

the fixed penetration depth of the IR radiation on the sample. Thus, the relative intensity of the
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coupling agent’s absorption bands can be directly related to the amount of grafted compound on
MNP’s surface.

With the aim to analyse the characteristic IR bands for linear coupling agent 10, the FT-IR

spectrum of the organic molecule was first recorded (Figure I11-3).
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Figure 111-3. ATR FT-IR spectrum of coupling agent 10.

In the high energy infrared region, the spectrum of linear coupling agent 10 showed the presence
of a very weak peak at 3373 cm™ characteristic to the antisymmetric NH stretching vibration, and two
peaks at 2918 cm™ and 2865 cm™ characteristic to the antisymmetric and symmetric CH stretching

vibrations of -O-CH, groups.*

In the carbonyl region, two peaks are present, at 1772 cm™ (weak) and at 1693 cm™ (strong).
These two peaks are characteristic to the in-phase (1772 cm™) and out-of-phase (1693 cm™) stretching
vibrations of the two C=0 groups present in five membered cyclic imide rings, such as maleimides,

succinimides and phtalimides.*®**

At lower wavenumbers, several other characteristic peaks are observed, such as the bands at
1397 cm™ and 1193 cm™ that involve symmetric and antisymmetric C-N-C stretch,’® as well as several

bands at 915 cm™, 876 cm™ and 852 cm™, characteristic to the furan ring deformation.**®

The out-of-phase C=0 band seen at 1693 cm™ represents the strongest absorption band in the
whole spectrum, and therefore represents a powerful tool for investigating the efficiency of the

grafting reaction.
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The ATR spectra of native MNPs (y-Fe,Os/Pol-COOH), MNPs resulted after the grafting
reaction  (y-Fe,O3/Pol@10/10eq) and MNPs obtained after the deprotection step
(y-Fe2Os/Pol@10-Mal/10eq) are presented in Figure 111-4.
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Figure 111-4. ATR FT-IR spectra of native MNPs (y-Fe,Oz/Pol-COOH) in blue; MNPs resulted after the grafting reaction
(y-Fe,O4/Pol@10/10eq) in green; and MNPs obtained after the deprotection step (y-Fe,Oz/Pol@10-Mal/10eq) in red.

The spectrum of native y-Fe;Os/Polymer MNPs (in blue) shows a strong band at 1725 cm™
assigned to the carboxyl groups resulting from the polymer coating. The intensity of this band remains
nearly constant after the grafting of linear coupling agent 10, since most of the carbonyl groups are

immersed in the polymer matrix and are not available for the surface modification chemistry.

The efficiency of grafting reaction was estimated by monitoring the strongest IR band of linear
coupling agent 10, namely, the out-of-phase C=0O band (observed for compound 10 at 1693 cm™,
Figure 111-3). The spectrum of y-Fe,O3/Pol@10/10eq (Figure I11-4, in green) showed that after the
grafting of coupling agent 10, this band has slightly shifted from 1693 cm™ to 1703 cm™. However, the
intensity of this band showed to be very weak, suggesting a very low surface coverage. The spectrum
of y-Fe,O3/Pol@10-Mal/10eq (Figure 111-4, in red) did not show any evident changes comparing to
the spectrum of y-Fe,O3/Pol@10/10eq (Figure 111-4, in green). Therefore, at this stage the cleavage of

furan protection remained unconfirmed.

To conclude, the FT-IR spectroscopy investigation confirmed the presence of the organic
molecule 10 on MNPs’ surface. However, the grafting of compound 10 in these reaction conditions
showed a very low surface coverage. Moreover, this study did not confirm the deprotection step of the

maleimide group.

86



Chapter I11: Functionalization of core-shell y-Fe,O3/Polymer magnetic nanoparticles

¢) Thermogravimetric Analysis coupled with Mass Spectrometry

The surface coverage of the modified MNPs was then characterized by TGA coupled with MS.
TG analysis on its own can provide direct information about the quantity of organic components
present on MNPs’ surface. Also it allows performing a study regarding the thermal stability of the
sample as well as the determination of the thermal decomposition steps. The Mass Spectrometer, on its
turn, ionizes the molecules which are eliminated in the process of thermal decomposition (during the
same experiment) and then detects the mass of formed ions. Therefore, the combination of these
techniques affords the possibility to associate the mass loss observed in TGA with the corresponding
key fragment ion detected via MS at the given range of temperatures. Particularly, in our case, the
combination of these techniques allowed to confirm the presence of the grafted coupling agent by
monitoring in MS, the molecular fragment ion of furan. Furan represents a component part of the
grafted coupling agent 10 and is responsible for the protection of the maleimide functional group.
Since, the TG analysis involves heating of the sample up to high temperatures, the deprotection
reaction (Scheme 111-4) will naturally occur during the experiment, generating the release of furan that
can be detected in MS (m/z = 68.06).

With the aim to investigate the thermal decomposition processes of the modified MNPs, three
TG analyses coupled with MS were performed for: native MNPs (y-Fe,O3/Pol-COOH); MNPs after
the grafting of linear coupling agent 10 (y-Fe,O3/Pol@10/10eq); and MNPs after the deprotection of
maleimide functional group (y-Fe,Os/Pol@10-Mal/10eq).

In the case of y-Fe,O3/Pol-COOH sample, the total mass loss estimated from TGA after heating
the sample to 600°C constitutes 35.78 % (Figure I11-5). This mass loss represents the mass of organic

components (polymer coating of MNPs and adsorbed water and/or solvents) present on MNPs.
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Figure I11-5. TG measurement of native MNPs (y-Fe,O3/Pol-COOH).
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The temperature dependent mass loss of y-Fe,O3/Pol-COOH (Figure 111-5) revealed three
discernible steps: first from 30°C to 150°C; second from 150°C to 240°C and third from 240°C to
600°C. In the derivative of the thermogravimetric curve (DTG), several well-defined peaks
corresponding to the occurring thermal decomposition processes are observed. These thermal
decomposition processes were explained by combining the mass loss curve from TGA with the
corresponding key ion currents detected in MS at the given range of temperatures (Figure I11-6 a).
Each detected ion current corresponds to a key fragment that can be associated to a probable parent
molecule (see Table 1 from reference 17).!’

In the first step (30°C — 150°C) the release of adsorbed water and ethanol onto MNPs’ surface is
observed. This mass loss constitutes around 1.62 % of total mass loss. The second step
(150°C — 240°C) mainly corresponds to the continued release of ethanol and represents 4.21 % of the
total mass loss. The third step (240°C to 600°C) showed an intense emission of acetone, ethanol,
carbon dioxide, carbon monoxide, water and other molecular fragments and represents the thermal
decomposition of polymer coating. This step constitutes 28.00 % of the total mass loss.

According to the MS (Figure 111-6 b), no ion current with m/z = 68.06 was detected in the range
of temperatures from 50°C to 250°C (correspond to the range of temperatures when the retro
Diels-Alder reaction occurs). The absence of this ion current is of high importance since it allows

verifying the cleavage of furan protection (retro Diels-Alder reaction) on modified MNPs
(v7-Fe205/Pol@10/10eq).
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Figure 111-6. (a) Combination of the mass loss curve from TGA for native MNPs (y-Fe,Os/Pol-COOH) with the
corresponding ion currents detected in MS in the range of temperatures between 30°C and 600°C; and (b) Combination of

the mass loss curve from TGA for y-Fe,Oz/Pol-COOH with the ion current corresponding to m/z = 68.06 in the range of
temperatures between 50°C and 300°C.
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TG curve of the second sample (y-Fe,O3/Pol@10/10eq), corresponding to the furan protected
maleimide functionalized MNPs, is showed in the Figure I11-7.
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Figure 111-7. TG measurement for MNPs after the grafting of linear coupling agent 10 added in 10 equivalents
(v-Fe,04/Pol@10/10eq).

Similarly to the native MNPs (y-Fe,Os/Pol-COOH), this temperature dependent mass loss
revealed three discernible steps: first from 30°C to 150°C, second from 150°C to 320°C and third from
320°C to 600°C. Also, the DTG curve has a similar shape as that for y-Fe,O3/Pol-COOH, except the
peak at 131.37°C. The new peak was related to the ion currents with m/z = 68.06, in the range of

temperatures 50°C — 250°C (Figure 111-8 a, b), corresponding to the molecular mass of furan group.
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Figure 111-8. (a) Combination of the mass loss curve from TGA for MNPs after the grafting of linear coupling agent 10
added in 10 eqg. (y-Fe,Os/Pol@10/10eq) with the corresponding fragment ion currents detected in MS in the range of
temperatures between 30°C and 600°C, and (b) Combination of the mass loss curve from TGA for y-Fe,O3/Pol@10/10eq
with the detected ion of furan (m/z = 68.06) in the range of temperatures between 50°C and 300°C.
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As expected, the release of furan (Figure I11-8 b) begins around 101°C with the maximum at
131°C and finishes around 153°C. The range of temperatures where the furan release was detected is
coherent with the literature values: thus, the furan release starts around 120°C in case of several furan
protected maleimide functional polymers;*?* in the case of furan protected copoly(urethane-urea), the
furan release begins around 125°C;*® in the case of silica NPs functionalized with furan protected N —
((3-triethoxysilyl)propyl maleimide, the maximum release of furan from the sample was detected at
135°C;*® while in the case of Au NPs functionalized with furan protected maleimide-PEG-thiol, the
mass loss of furan begins at 100°C.** The release of furan explains the apparition of the additional
peak in the DTG curve at 131.37°C. Unfortunately, the corresponding mass loss of 1.22 % found in
this range of temperatures (Figure 111-8 b) cannot be attributed exclusively to the furan mass, since the
elimination of furan takes place at the same time with the elimination of the water and ethanol
adsorbed on the MNPs’ surface. Therefore, the mass of grafted coupling agent cannot be estimated

directly from these measurements.

The second step (150°C — 320°C) corresponds to the release of ethanol, acetone, beginning of
release of ammonia (at 300°C) and other molecular fragments, pointing to the thermal decomposition
of the coupling agent.

The third step (320°C — 600°C) showed a massive release of acetone, carbon dioxide, carbon
monoxide, water and other molecular fragments that corresponds to the thermal decomposition of the
polymer coating. The mass loss in this step represents 21.67 %. The total mass loss (0°C — 600°C) for
this sample (y-Fe,O3s/Pol@10/10eq) was estimated to be 31.22 %.

The results of TGA performed for the maleimide functionalized MNPs (y-Fe,Os/Pol@10-
Mal/10eq) are shown in the Figure 111-9. Similarly to the two previous samples, the temperature
dependent mass loss displayed three steps: first from 30°C to 150°C, second from 150°C to 320°C and
third from 320°C to 600°C. The DTG curve has a similar shape as for y-Fe,Os/Pol-COOH, and as

expected, no peak at 131.37°C (corresponding to the maximum of furan release) was detected.

The first step (30°C — 150°C) is related to the release of adsorbed water and ethanol onto MNPs’
surface (see Figure I11-10 a). The mass loss for this step constitutes 1.80 %. The second step (150°C —
320°C) corresponds to the release of ethanol, ammonia, acetone and other molecular fragments that
can be assigned to the thermal decomposition of the maleimide functionality as well as that of the
coupling agent, representing 5.39 % of the total mass loss. The third step (320°C to 600°C) showed the
emission in a large amount of acetone, ethanol, carbon dioxide, carbon monoxide, water and other
molecular fragments and represents the thermal decomposition of polymer coating. This step

constitutes 22.62 % of mass loss. Finally, the total mass loss estimated for y-Fe,Os/Pol@10-Mal/10eq
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after heating the sample to 600°C constitutes 32.16 %, which is comparable with the results obtained
for two other samples.
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Figure 111-9. TG measurement for MNPs after the deprotection of maleimide functionality (y-Fe,Os/Pol@10-Mal/10eq).

It is noteworthy that as expected, the furan ion current (m/z = 68.06) was not identified in the
range of temperatures between 50°C and 250°C (Figure 111-10 b), thus confirming the successful

formation of maleimide functionality in the deprotection step.
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Figure 111-10. (a) Combination of the mass loss curve from TGA for maleimide functionalized MNPs (y-Fe,Oz/Pol@10-
Mal/10eq) with the corresponding fragment ion currents detected in MS in the range of temperatures between 30 °C and
600 °C, and (b) Combination of the mass loss curve from TGA for y-Fe,Os/Pol@10-Mal/10eq with the ion current
corresponding to m/z = 68.06, in the range of temperatures between 50 °C and 300 °C.
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Thus, TGA coupled with MS proved that the maleimide deprotection (Scheme 111-4) carried out
on MNPs’ surface is complete. Unfortunately, these techniques cannot provide any information about
the quantity of grafted molecules. In addition, TGA represents a destructive high mass consuming
technique (10 — 20 mg of MNPs). Therefore, the TGA coupled with MS technique will not be further
utilized for the characterization of functionalized y-Fe,Oz/Polymer MNPs.

To conclude, the grafting of linear coupling agent 10 on y-Fe,Os/Polymer MNPs was confirmed
by two techniques: FT-IR spectroscopy and TGA coupled with MS. The integrity of the maleimide
functionalized MNPs was monitored by TEM imaging, according to which the surface modification
does not affect the MNPs’ integrity. However, the ATR spectrum of y-Fe,O3/Pol@10/10eq points out
a low surface coverage, while TGA coupled with MS showed that the grafted quantity of linear
coupling agent 10 is sufficient to be detected.

111.3.2. Optimization of grafting conditions

111.3.2.1. Influence of the loading in the grafting process of coupling agent 10

The surface coverage may be improved by increasing the quantity of coupling agent 10 loaded in
the grafting reaction. With the aim to increase the quantity of grafted compound, it was decided to
perform several grafting experiments, varying the quantity (number of equivalents) of coupling agent

10 employed in the grafting step and keeping the other reaction parameters unchanged.

Thus, 10, 25, 35, 50 or 100 molar equivalents of coupling agent 10 (per equivalent of COOH
groups) were loaded in the grafting reaction, and the resulting MNPs (corresponding to 5 grafting
experiments: v-Fe2O3/Pol@10/10eq, v-Fe,Os/Pol@10/25¢q, v-Fe,O3/Pol@10/35eq,
v-Fe,O3/Pol@10/50eq and y-Fe,O3/Pol@10/100eq) were analysed by TEM and FT-IR spectroscopy.

TEM images of vy-Fe,O3/Pol@10/10eq, 7y-Fe,Os/Pol@10/25eq, y-Fe,Os/Pol@10/35eq,
v-Fe,O3/Pol@10/50eq and y-Fe,O3/Pol@10/100eq are presented in the Figure 111-11. These images
clearly showed that regardless the quantity of the grafted compound the surface modification step does
not affect the size and shape of MNPs in comparison with the native y-Fe,Os/Polymer MNPs. Also, it
is noteworthy that modified MNPs do not form aggregates, this being a very important parameter that

can essentially influence the colloidal stability.
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Figure 111-11. TEM images of: (a) y-Fe,Os/Pol@10/10eq; (b) y-Fe,Os/Pol@10/25¢eq; (c) y-Fe,Os/Pol@10/35eq;
(d) y-Fe,Os/Pol@10/50eq and (e) y-Fe,O3/Pol@10/100eqg.

The IR spectra of native y-Fe,Os/Polymer MNPs (y-Fe,O3/Pol-COOH) and MNPs obtained
after the grafting of linear coupling agent 10, are showed in Figure I11-12 a. The efficiency of the

grafting reactions was estimated by monitoring the intensity of the absorption bands in the carbonyl

region.
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Figure 111-12. (a) ATR spectra of obtained MNPs after the five different grafting procedures: y-Fe,Oz/Pol@210/10eq,
v-Fe,0:/Pol@10/25eq, v-Fe,Os/Pol@10/35eq, y-Fe,Os/Pol@10/50eq and y-Fe,O4/Pol@10/100eq; (b) Subtraction of
native polymer coated MNPs’ spectrum from the obtained spectra of functionalized MNPs (corresponding to five grafting
experiments).
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As expected, all the samples showed the presence of the characteristic absorption band of the
out-phase C=0 stretching vibration at 1703 cm™ (Figure 111-12 a). In addition, even a very weak band
at 1774 cm™ assigned to the in-phase C=0 stretching vibration is also distinguishable (Figure 111-12 a).
The subtraction of the native y-Fe,Os/Polymer MNPs’ spectrum from the spectra of functionalized
MNPs (Figure 111-12 b) allowed an easier observation of the spectral changings occurring as a result of
grafting reaction. Therefore, all the spectra discussed further on are examined in spectral subtraction
mode. Thus, the presence of the broad band at 1643 cm™ (Figure 111-12 b), corresponding to the C=0
amide | mode, proved the amide bond formation and thus confirmed the covalent linkage of coupling
agent 10 onto MNP’s surface. However, this band could be partially generated by the H-O-H bending
vibration of water molecules adsorbed on MNPs’ surface.'® Since all the spectra showed in Figure
[11-12 b represent a subtraction of native MNPs (y-Fe,O3/Pol-COOH) from the functionalized MNPs
(y-Fe2O5/Pol@10/10-100eq) and all the samples were dried in the same conditions, it was considered
that native MNPs as well as functionalized MNPs contained the same amount of adsorbed water on

MNPs’ surface, and consequently the water amount was subtracted.

To conclude, this study showed that the grafting efficiency is directly proportional to the quantity
of compound employed in the grafting reaction.

Next, the cleavage of furan protection was performed and the resulting maleimide functionalized
MNPs  (y-Fe,Os/Pol@10-Mal/10eq, 7y-Fe,Os/Pol@10-Mal/25eq, y-Fe,Os/Pol@10-Mal/35eq,
v-Fe,Os/Pol@10-Mal/50eq and y-Fe,Os/Pol@10-Mal/100eq) were investigated via IR spectroscopy
and TEM. The IR spectra obtained after the subtraction of native y-Fe,Os/Polymer MNPs are
presented in Figure 111-13.
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Figure 111-13. Spectral subtraction results for: y-Fe,Os/Pol@10-Mal/10eq; y-Fe,Oz/Pol@10-Mal/25¢eq; y-Fe,O3/Pol@10-
Mal/35eq; y-Fe,Os/Pol@10-Mal/50eq and y-Fe,Os/Pol@10-Mal/100eq.
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All the spectral subtractions of maleimide functionalized MNPs confirmed the disappearance of
the band at 1703 cm™ characteristic for out-of-phase C=0 stretching vibration of cyclic imides and
showed the appearance of a new band at 1707 cm™ characteristic to the out-of-phase C=0 stretching
vibration of the maleimide functionality. Thus, these spectra confirmed the deprotection step
(previously proved by TGA coupled with MS, see 111.3.1.2.). Band shift at 1640 cm™ attributed to the
C=0 amide | mode was also present in all the spectra, confirming the preservation of the grafted
compound after the deprotection step.

MNPs after the deprotection step were also analysed by TEM. TEM images of
v-Fe,Os/Pol@10-Mal/25eq, v-Fe,O5/Pol@10-Mal/35eq, v-Fe,Os/Pol@10-Mal/50eq and
v-Fe;Os/Pol@10-Mal/100eq are  presented in  Figure 1lI-14 (TEM  image  of
v-Fe;O3/Pol@10-Mal/10eq was previously showed in Figure 111-2 c).
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Figure 111-14. TEM images of: (a) y-Fe,Oz/Pol@10-Mal/25eq; (b) y-Fe,Os/Pol@10-Mal/35eq; (c) y-Fe,Ox/Pol@10-
Mal/50eq and (d) y-Fe,Os/Pol@10-Mal/100eq.

TEM images proved that particles’ integrity is not affected after the deprotection step.

To conclude, the FT-IR study clearly showed that the grafting efficiency is directly proportional
to the quantity of compound 10 introduced for the grafting reaction. The highest amount of grafted
coupling agent 10 was obtained when 100 equivalents of organic molecules were loaded in the grafting

reaction.
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111.3.2.2. Influence of the loading in the grafting process of coupling agent 18

Similarly to the coupling agent 10, with the aim to find the best grafting conditions for two-
branched coupling agent 18, five grafting experiments using different amount of compound 18 were
performed according to the Scheme I11-5 (see also Experimental part).
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Scheme 111-5. Grafting of two-branched coupling agent 18 on y-Fe,Os/Polymer MNPs.

Thus, 10, 25, 35, 50 or 100 molar equivalents of coupling agent 18 (per equivalent of COOH
groups) were loaded in the grafting reaction.

TEM images of y-Fe,O3/Pol@18/10eq, v-Fe,O3/Pol@18/25eq, vy-Fe,Os/Pol@18/35eq,
v-Fe,O3/Pol@18/50eq and y-Fe,O3/Pol@18/100eq are shown in Figure 111-15. These images showed
that the surface modification of y-Fe,Os/Polymer MNPs does not affect the size and shape of the
particles. Also, the observations of colloidal suspensions of all these samples in water showed that

MNPs do not form aggregates, this being an important parameter regarding the targeted applications.
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Figure 111-15. TEM images of: (a) y-Fe,Os/Pol@18/10eq; (b) y-Fe,Os/Pol@18/25¢eq; (c) y-Fe,Os/Pol@18/35eq;
(d) y-Fe,O4/Pol@18/50eq and (e) y-Fe,O3/Pol@18/100eq.
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With the aim to analyse the characteristic IR bands for two-branched coupling agent 18, the IR

spectrum was recorded (Figure 111-16).
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Figure 111-16. ATR FT-IR spectrum of coupling agent 18.

Similarly to the coupling agent 10, the FT-IR spectrum of coupling agent 18 showed the
presence of several characteristic absorption bands: a very weak absorbance band around 3449 cm™
assigned to the antisymmetric stretching vibration of NH, groups; two bands at 2956 cm™ and
2868 cm™ characteristic to the antisymmetric and symmetric CH stretching vibrations of -O-CH,
groups; two peaks at 1770 cm™ (weak) and at 1693 cm™ (strong) corresponding to the in-phase and
out-of-phase stretching vibrations of the two C=0 groups present in five membered cyclic imide rings;
the bands at 1397 cm™ and 1193 cm™ that involve the symmetric and antysymetric C-N-C stretch; and
the bands at 914 cm™, 876 cm™ and 852 cm™ characteristic to the furan ring deformation. Additionally,

the absorption band at 1735 cm™ attributed to the C=0 stretching of ester groups has appeared.*

Next, FT-IR spectra of y-Fe,Os/Pol@18/10eq, y-Fe,Os/Pol@18/25eq, y-Fe,Os/Pol@18/35eq,
v-Fe,O3/Pol@18/50eq and y-Fe,O3/Pol@18/100eq were recorded, and are presented in spectral

subtraction mode in Figure 111-17.
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Figure 111-17. Subtraction of native polymer coated MNPs’ spectrum from the spectra of MNPs functionalized with two-
branched coupling agent 18 (corresponding to 5 grafting experiments).

All the spectral subtractions (Figure 111-17) showed the appearance of the characteristic strong
out-of-phase C=0 band at 1704 cm™ and the weak in-phase C=O band at 1775 cm™. Also, the
characteristic C=0 stretching band of ester groups is observed at 1740 cm™. The broad band around
1640 cm™ is assigned to the C=0 amide | mode™ and provides the direct evidence of the amide bound

formation, confirming the covalent linkage of coupling agent 18 to MNP’s surface.

Similarly to the grafting of coupling agent 10, the efficiency of coupling agent 18 grafting is
related to the quantity of organic coupling agent involved in the grafting reaction. However, no notable
difference was observed for grafting involving 50 or 100 equivalents of compound 18. Therefore, the
highest amount of grafted two-branched coupling agent 18 can be achieved by adding 50 equivalents
of compound while for an efficient grafting of linear coupling agent 10, 100 equivalents of compound
are necessary. In addition, the characteristic absorption bands for the grafting of two-branched

coupling agent 18 are more intense than for the grafting of the linear coupling agent 10.

111.3.2.3. Influence of the loading in the grafting process of coupling agent 23

Similarly to the coupling agents 10 and 18, the grafting of coupling agent 23 (10, 25, 35, 50 or
100 equivalents) on MNPs was performed, and is schematically represented in Scheme 111-6 (see also
experimental part). The resulting MNPs (y-Fe,Os/Pol@23/10eq, vy-Fe,Os/Pol@23/25¢q,
v-Fe,O3/Pol@23/35eq, y-Fe,Os/Pol@23/50eq and y-Fe,O3/Pol@23/100eq) were investigated by
TEM and IR spectroscopy.
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Scheme 111-6. Grafting of four-branched coupling agent 23 on y-Fe,Os/Polymer MNPs.

Similarly to the grafting of coupling agents 10 and 18, TEM of y-Fe,Os/Pol@23/10eq,
v-Fe,Os/Pol@23/25eq, y-Fe,Os/Pol@23/35eq, y-Fe,Os/Pol@23/50eq and y-Fe,O3/Pol@23/100eq
(Figure 111-18) showed that the surface modification does not change the particles morphology,
independently on the loading of coupling agent.

(@) (b) (©

200 nm 200 nm

(d) O

Figure 111-18. TEM images of (a) (y-Fe,Os/Pol@23/10eq; (b) y-Fe,Os/Pol@23/25eq; (c) y-Fe,Os/Pol@23/35¢q;
(d) y-Fe,Os/Pol@23/50eq and (e) y-Fe,O3/Pol@23/100eq.

Next, FT-IR spectrum of coupling agent 23 was recorded (Figure 111-19).
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Figure 111-19. ATR FT-IR spectrum of four-branched coupling agent 23.

Additionally to the peaks observed for coupling agents 10 and 18 (see sections 111.3.2.1 and
111.3.2.2), the spectrum of dendron 23 showed the appearance of a broad band in the region between
3670 cm™ and 3150 cm™ that comprise antisymmetric and symmetric stretching vibrations of NH,
groups and N-H stretching vibrations characteristic for secondary amides. Also, a shoulder on the out-
of-phase C=0 stretching band (at 1693 cm™) was observed around 1668 cm™. This shoulder is caused
by the C=0 stretching band characteristic for monosubstituted amides*® and it is usually called amide
|. The absorption band at 1551 cm™ involves both C-N stretching and C-N-H banding vibrations, and

is usually called amide 11.22

FT-IR spectra of the surface modified MNPs (y-Fe,O3s/Pol@23/10eq, y-Fe,Os/Pol@23/25eq,
v-Fe,Os/Pol@23/35eq, y-Fe,Os/Pol@23/50eq and y-Fe,O3/Pol@23/100eq) were recorded and the

subtracion of native polymer coated MNPs’ spectrum was performed (Figure 111-20).

The spectral subtractions (Figure I11-20) showed the presence of all the bands characteristic to
carbonyl groups in compound 23: in-phase C=0 band at 1775 cm™, out-of-phase C=0 band at 1703
cm™, C=0 stretching band of ester groups at 1740 cm™ and a broad shoulder in the 1680-1630 cm™

region that arises from the C=0 amide stretch.
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Figure 111-20. Subtraction of native polymer coated MNPs’ spectrum from the spectra of MNPs functionalized with four-
branched coupling agent 23 (corresponding to 5 grafting experiments).

Obviously, the FT-IR spectroscopy study confirmed the presence of four-branched coupling
agent 23 on MNPs’ surface. Surprisingly, and contrary to the results obtained for the grafting of the
linear coupling agent 10 and two-branched coupling agent 18, the grafting of four-branched coupling
agent 23 seems to be independent of the amount of coupling agent introduced in the grafting reaction.
All the FT-IR spectra showed approximately the same intensity of the out-of-phase C=0 band at
1703 cm™ which is much more intense comparing to the one obtained for the functionalization of
MNPs with two-branched coupling agent 18. Also, it is noteworthy that this high grafting rate was

achieved by employing only 10 equivalents of coupling agent in the grafting reaction.

To highlight the differences obtained for grafting of linear (10) and dendritic structures (18 and

23), the following comparative study was performed.

111.3.3. Comparative study - dendritic coupling agents versus linear coupling agent
This study has the goal to monitor the effect of dendritic coupling agents’ generation on the
grafting reaction quality as well as on the efficiency of the functionalized MNPs in the immobilization

of biomolecules, what is meant by the term “dendritic effect”.

111.3.3.1. Evolution of surface functionalization
In the previous paragraph (111.3.2), it has already been observed that the grafting of linear and
dendritic coupling agents does not follow the same rules. The best way to highlight this difference is

the representation of the FT-IR spectral subtractions data obtained for the grafting series (10, 25, 35,
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50 or 100 equivalents) of each coupling agent (10, 18, 23) (Figure I11-13, Figure Il1-17 and
Figure 111-20) on a graph, representing the dependence of the absorption band intensity at 1703 cm™
(the maximum of out-of-phase C=0 band of cyclic imides in five membered ring) as the function of
the number of equivalents of coupling agent (Figure 111-21).
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Figure 111-21. Evolution of surface functionalization with linear coupling agent 10 (red line); two-branched coupling agent
18 (dendron G1) showed with black line; and four-branched coupling agent 23 (dendron G2) (blue line).

It is worthy to mention, that the series of grafting experiments (10, 25, 35, 50 or 100 equivalents)
for each coupling agent (10, 18, 23) followed by their deprotection step were repeated at least 2 times

and the recorded spectra were reproducible.

Figure 111-21 clearly showed that under the identical conditions of the grafting reaction, the
linear coupling agent 10 (red line) achieves the maximal absorbance intensity of about 0.01,
two-branched coupling agent 18 (black line) achieves the maximal absorbance intensity around 0.02
while the four-branched coupling agent 23 (blue line) achieves the maximal absorbance intensity of
approximately 0.04. Moreover, the ratio of the absorption bands’ intensity (1:2:4) is directly
proportional to the number of functional groups present on MNPs’ surface that, which is provided by
the growth of dendron generation. Thereby, the amount of functional groups increases with the

dendron’s generation, highlighting a positive “dendritic effect” on the surface functionalization.

At the same time, the amount of coupling agent necessary for achieving the maximum of surface
functionalization is different for each coupling agent. Thus, the maximum of surface functionalization
can be achieved when 100 equivalents of coupling agent are employed in the case of linear coupling

agent 10, 50 equivalents in the case of two-branched coupling agent 18 (dendron G1), and only 10
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equivalents in the case of four-branched coupling agent 23 (dendron G2). Eventually, these results

reinforce the positive “dendritic effect” on the surface functionalization.

The optimal grafting conditions (loading of coupling agents) were employed in
functionalization of MNPs at a larger scale followed by deprotection of maleimide functionalities
according to the previously described procedure (DMSO, 99°C, 5 h., mechanical stirring). The spectral
subtractions of the obtained MNPs: y-Fe,Os/Pol@10-Mal/100eq, y-Fe,Os/Pol@18-Mal/50eq and
v-Fe,Os/Pol@23-Mal/10eq are presented in Figure 111-22.
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Figure 111-22.  Spectral ~subtraction results: y-Fe,Os/Pol@10-Mal/100eq, y-Fe,Os/Pol@18-Mal/50eq and
v-Fe,03/Pol@23-Mal/10eq.

This figure confirms that the amount of grafted coupling agent does not change after the
deprotection step, respecting the same ratio between the peaks intensity of 1:2:4 as before
deprotection. For simplicity the number of compound’s equivalents employed in the grafting reaction,

will not be further indicated in the name of modified MNPs.

111.3.3.2. Zeta potential measurements

Zeta potential measurements represent an efficient technique to assess the change of the surface
charge and the colloidal stability of the system. Zeta potential is a physical property exhibited by
particles in suspension. Nanoparticles have a surface charge that attracts a thin layer of ions of
opposite charge to the nanoparticle surface. The layer surrounding the particle exists in two parts: an
inner region (Stern layer) where the ions are strongly bound and an outer layer (diffuse) region where

they are less firmly associated (Figure 111-23).

103



Chapter I11: Functionalization of core-shell y-Fe,Oz/Polymer magnetic nanoparticles

Electrical double layer
\ \
«+——— Particlesurface

o ® @I <— Stern layer
@ A IO @ <— Slipping plane
A 0 ©
® | | ©
\ )| )
©) £ |
S

'Diffus:e layer

—_ Zeta

Negativelycharged ... ___, Potential
particle ‘

mv .

1/K
Debye Length

Figure 111-23. Electrical double layer model.

Zeta potential is defined as the potential measured in mV at the slipping plane distance from the
particle surface (for technical details on the experimental measurements see reference).?’ Zeta potential
values typically range from +100 mV to -100 mV and can be used as an indicator of dispersion
stability. Generally, particles with a zeta potential more positive than +30 or more negative than
—30 mV are considered to represent stable suspensions. Suspensions with a low zeta potential value or
about zero (isoelectric point) will eventually aggregate due to van der Waal inter-particle

attractions.?%?

In aqueous media the pH of the sample is one of the most important factors that affect its zeta
potential. Thereby, zeta potential is usually measured as a function of pH. To investigate the effect of
pH on the surface charge of native and functionalized MNPs, zeta potential measurements of diluted
aqueous suspensions of MNPs were performed at 25°C by varying pH from 3.6 to 8.0 (Figure 111-24).
The pH of the samples was adjusted by adding 0.01 M solution of hydrochloric acid or 0.01 M sodium

hydroxide solution.
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Figure 111-24. Effect of pH on the surface charge of functionalized and initial MNPs: y-Fe,O3/Pol-COOH,;
v-Fe,05/Pol@10-Mal; y-Fe,0O3/Pol@18-Mal and y-Fe,O3/Pol@23-Mal.

Figure 111-24 showed that the isoelectric point for the modified MNPs has shifted towards higher
values of pH values and represents: 2.7 for native MNPs, 3.6 for y-Fe,Os/Pol@10-Mal; 3.8 for
v-Fe,O3/Pol@18-Mal; and 4.3 for y-Fe,Os/Pol@23-Mal. The shift of isoelectric point value points
out the change of the surface charge of the modified MNPs, which occurred upon the surface
modification chemistry. Also, zeta potential measurements allows predicting that the colloidal state of
the modified MNPs will be stable in ultrapure water medium at pH values where zeta potential is more
positive than +30 or more negative than —-30 mV.

111.3.3.3. Colloidal state of maleimide functionalized y-Fe,O3/Polymer MNPs in water

Colloidal state of native (y-Fe,Os/Pol-COOH) and maleimide functionalized MNPs
(y-Fe2Os/Pol@10-Mal, y-Fe,Oz/Pol@18-Mal and y-Fe,Os/Pol@23-Mal) in ultrapure water was
examined by Transmitted Light Microscopy (Figure I11-25).

In accordance with zeta potential measurements, in this medium, all the analysed MNPs are well
dispersed, pointing out the absence of a chemical aggregation. The absence of aggregates represents an
important parameter that demonstrates the colloidal stability of the sample, resulting in a good
dispersion. However, one should not forget, that particles’ colloidal stability is strongly dependent on
the nature of dispersant (polarity, density, etc). In the following paragraphs, concerning the ability of
the modified MNPs to immobilize biomolecules or models of biomolecules, the colloidal stability will

be strongly followed and optimized when necessary.
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Figure [111-25. Transmitted Light Microscopy images of (a) y-Fe,O3/Pol-COOH; (b) y-Fe,Os/Pol@10-Mal;
(c) y-Fe,Os/Pol@18-Mal and (d) y-Fe,Os/Pol@23-Mal) dispersed in ultrapure water.

111.3.3.4. Covalent coupling of thiol modified biotin with maleimide functionalized
v-Fe,Os/Polymer MNPs and consequent recognition by streptavidin coated gold NPs
As a model for testing the labelling efficiency of maleimide functionalized MNPs the strategy

presented in Scheme 111-7 was proposed.

This strategy involved first a covalent coupling of commercially available thiol modified biotin
(HS-PEG-Biot) with maleimide functionalized MNPs (y-Fe,Os/Pol@10-Mal, y-Fe,Os/Pol@18-Mal
or v-Fe,Os/Pol@23-Mal) to give vy-Fe,Os/Pol@10@Biot, vy-Fe,Os/Pol@18@Biot and
v-Fe,Os/Pol@23@Biot respectively. Then commercially available 15 nm streptavidin coated gold
NPs (SA-Au NPs) were immobilized on the resulting biotin functionalized MNPs
(y-Fe,Os/Pol@10@Biot, y-Fe,Os/Pol@18@Biot and y-Fe,Os/Pol@23@Biot) via Biotin-
Streptavidin affinity to give y-Fe,Os/Pol@10@Biot@SA-Au, y-Fe,Os/Pol@18@Biot@SA-Au and
v-Fe;Os/Pol@23@Biot@SA-Au respectively. The immobilized SA-Au NPs served as a nanoscale

106



Chapter I11: Functionalization of core-shell y-Fe,O3/Polymer magnetic nanoparticles

marker, and allowed both: their observation by TEM as well as the quantification of the immobilized
SA-Au NPs amount by UV-Vis spectroscopy.
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Scheme 111-7. Schematic representation of covalent coupling of thiol modified biotin with yFe,Os/Pol@10-Mal followed
by the immobilization of 15 nm SA-Au NPs via Biotin-Streptavidin affinity.

For this purpose, 0.05 mg of each type of biotin functionalized MNPs (y-Fe,Os/Pol@10@Biot,
v-Fe;04/Pol@18Biot and y-Fe,Os/Pol@23@Biot) were incubated with 2.00x10™ SA-Au NPs
(4.0x10" SA-Au NPs per 1mg of functionalized MNPs). During the immobilization reaction, no
sedimentation or aggregation was observed. The solutions of 15 nm SA-Au NPs recovered after this
immobilization were analysed by UV-Vis Spectroscopy for quantitative study while the resulting
MNPs were examined by TEM.

TEM images of y-Fe,O3/Pol@10@Biot@SA-Au, vy-Fe,Os/Pol@18@Biot@SA-Au and
v-Fe,Os/Pol@23@Biot@SA-Au (Figure 111-26, Figure 111-27 and Figure 111-28 respectively) clearly
showed that MNPs functionalized with dendritic structures 18 and 23 immobilise a higher quantities of
SA-Au NPs than those functionalized with a linear coupling agent 10. At this stage, no difference was
noticed between y-Fe,O3/Pol@18@Biot@SA-Au and y-Fe,Os/Pol@23@Biot@SA-Au, since in both
cases a compact covering of functionalized MNPs with 15 nm SA-Au NPs was observed. It is worthy
to mention that free SA-Au NPs were not observed in any of the samples, pointing out the efficiency
of the washing procedure.
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Figure 111-26. (a) and (b) TEM of y-Fe,O:/Pol@10@Biot@SA-Au.
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Figure 111-27. (a) and (b) TEM of y-Fe,O5/Pol@18@Biot@SA-Au.
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Figure 111-28. (a) and (b) TEM of y-Fe,O3/Pol@23@Biot@SA-Au.
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UV-Vis absorption spectroscopy measurements of the solutions of 15 nm SA-Au NPs recovered
after the immobilization reactions were performed, since Au NPs with diameter between 12 and 41 nm
are strongly absorbent in the UV-Vis region 520 — 530 nm and when the size of gold nanoparticle is
constant, the absorbance is proportional to the concentration of gold.? The quantitative analysis can be
performed based on the Bouguer—Beer—Lambert law, commonly called Beer’s law. This law can be

expressed as:
A=c¢cl,

where A is the measured absorbance of the sample at a given wavelength, ¢ is the molecular
absorptivity (or molar absorption coefficient) at a certain wavelength, | (in cm) is the path length of
source beam in the sample or the thickness of the cuvette, and ¢ is the molar concentration of the
sample. This law basically states that the intensities of absorption bands are linearly proportional to the

concentration of each component in a homogeneous mixture or solution.

In analogy to this law, in the case of NPs, the intensities of absorption bands are linearly
proportional to the number of nanoparticles (Nyp) in @ homogeneous mixture. Normally, the
concentration of SA-Au NPs in the sample should be expressed in Nnp/mL, but in our case the change
in absorbance was monitored as a function of the nanoparticles number (in the sample) since the
volume of all measured samples remained constant (0.2 mL). Such data representation simplifies the
calculations of SA-Au NPs number in the sample. The cuvette thickness (I) was also constant and

constituted 0.1 cm in all measurements. Therefore, all said above can be expressed as:
A = k‘Nnp,

where A is the measured absorbance of a sample at a given wavelength, k is a constant and Nyp is the

number of nanoparticles in 0.2 mL.

Thus, a calibration plot was firstly recorded, in which the absorbance of 15 nm SA-Au NPs’
solutions of known concentrations was measured (Figure 111-29 a). The dependence of the absorption
band intensity at 526 nm as the function of number of particles represents the calibration curve (Figure
[11-29 b) that was used to determine number of SA-Au NPs left in solution after the immobilizations

step.
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Figure 111-29. (a) Calibration plot of 15 nm SA-Au NPs and (b) calibration curve.

Absorption spectra of the 15 nm SA-Au NPs’ solutions, recovered after the immobilization

reactions, are shown in Figure I11-30 a. The measured absorbance at 526 nm was used to calculate the

amount of SA-Au NPs left in solution after the immobilization reactions and respectively that of
immobilized SA-Au NPs (Figure 111-30 b).
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Figure 111-30. (a) Dependence A=f(L) of the solutions of 15 nm SA-Au NPs recovered after the immobilization reaction,
and (b) Dependence of Absorbance at 526 nm as function of 15 nm SA-Au NPs number left in solution after the
immobilization reaction.

According to the calculations, y-Fe,Os/Pol@10@Biot immobilized 29 % of added SA-Au NPs
(0.58 x 10™ of SA-Au NPs on 0.05 mg of y-Fe,0s/Pol@10@Biot or 1.16 x 10*? of SA-Au NPs per
1mg of y-Fe,O3/Pol@10@Biot); y-Fe,Os/Pol@18@Biot immobilized 40 % of added SA-Au NPs
(0.79 x 10™ of SA-Au NPs on 0.05 mg of y-Fe,0s/Pol@18@Biot or 1.58 x 10*? of SA-Au NPs per
1mg of y-Fe,Os/Pol@18@Biot) and y-Fe,Os/Pol@23@Biot immobilized 43 % of added SA-Au NPs
(0.86 x 10™ of SA-Au NPs on 0.05 mg of y-Fe,0s/Pol@23@Biot or 1.72 x 10*? of SA-Au NPs per
1mg of y-Fe,Os/Pol@23@Biot). These results are in a good coherence with those seen by TEM
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(Figure 111-26-28) and highlight the positive “dendritic effect” on the surface functionalization. The
higher is the dendron generation, the higher is the ability of maleimide functionalized MNPs to

immobilize thiol containing biomolecules.

In order to check the specificity of the immobilization, biotin functionalized MNPs
(y-Fe2Os/Pol@10@Biot, y-Fe,O3/MNP-Pol@18@Biot and y-Fe,Os/Pol@23@Biot) were incubated
with commercial 20 nm amino PEGylated gold nanoparticles (H,N-PEG-Au NPs) respecting the same
experimental conditions as for immobilization of SA-Au NPs (2.00x10** of H,N-PEG-Au NPs per
0.05 mg of each type of MNPs). Since biotin functionalized MNPs do not possess any functionality
capable to covalently react with the amino groups of HoN-PEG-Au NPs, this model allows monitoring
the specificity of biotin functionalized MNPs. UV-Vis absorption spectroscopy measurements of 20
nm H,N-PEG-Au NPs’ solutions recovered after the incubations were performed (by recording firstly
a calibration curve, similarly as it was done for SA-Au NPs) and are presented in Figure 111-31a, while
MNPs that were incubated with 20 nm H,N-PEG-Au NPs were analysed in TEM (Figure 111-31b, c, d).
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Figure 111-31. (a) Dependence of Absorbance at 523 nm as function of 20 nm H,N-PEG-Au NPs number left in solution
after the incubation reaction; (b) vy-Fe,Os/Pol@10@Biot incubated with 20 nm H,N-PEG-Au NPs;

(c) y-Fe,Os/Pol@18@Biot incubated with 20 nm H,N-PEG-Au NPs; (d) y-Fe,Os/Pol@23@Biot incubated with 20 nm
H,N-PEG-Au NPs.

(d)
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As expected, Figure 111-31 (a) showed that all the samples of MNPs (y-Fe,Os/Pol@10@Biot,
v-Fe;Os/Pol@18@Biot and y-Fe,Os/Pol@23@Biot) have similar behaviour regarding their
incubation with 20 nm H,N-PEG-Au NPs. Indeed, according to the calculations, the quantity of 20 nm
H2N-PEG-Au NPs that was non-specifically immobilized on biotin functionalized MNPs represent
around 4 % for all the samples. These results are in a good coherence with those seen in TEM
(Figure 111-31 b, c, d).

To conclude, this strategy offered the possibility to indirectly quantify (via Biotin-SA affinity)

the ability of maleimide functionalized MNPs to immobilize a thiol tagged biomolecule. Moreover, the
test of biotin functionalized MNPs incubation with H,N-PEG-Au NPs proved the high covering of
MNPs with maleimide functionality. All these results indirectly confirm the successful

functionalization of MNPs and the positive “dendritic effect” on the surface functionalization.

111.3.3.5. Immobilization of amino functionalized gold nanoparticles on maleimide

functionalized y-Fe,Os/Polymer MNPs

It is known that maleimide group reacts specifically with thiol groups when the pH of the
reaction mixture is between 6.5 and 7.5, while at pH higher than 8.0, maleimides will favour a reaction
with primary amines (like Lysine and Arginine side chains) over thiols.?*?* This study aims to monitor
the reactivity of maleimide functionalized MNPs towards amino group in the typical reaction
conditions used for immobilization of thiols (see 111.3.3.4 and 111.3.3.6). For this purpose maleimide
functionalized MNPs (y-Fe,Os/Pol@10-Mal, y-Fe,Os/Pol@18-Mal, y-Fe,Os/Pol@23-Mal) were
incubated with 20 nm H,N-PEG-Au NPs as shown in the Scheme 111-8, (2.00x10™ of H,N-PEG-Au
NPs per 0.05 mg of each type of maleimide functionalized MNPs). In this model H,N-PEG-Au NPs

were used in order to imitate the amino containing biomolecule.

H2N—PEG

S H,N-PEG-Au 9

H’\,o\/\o’\,N /I —_— / )LN/\/O\/\o’\,’\ﬁ\N/PEG\@
- H

PBS/Tween-20
0 pH=7.1, 16 h., o)
v-Fe,O5/Pol@10-Mal 37°C v-Fe,O53/Pol@10@Au

Scheme 111-8. Schematic representation of H,N-PEG-Au NPs immobilization on yFe,Os/Pol@10-Mal.

As a blank sample, y-Fe,O3/Pol-COOH were also incubated with 20 nm H,N-PEG-Au NPs in
the same conditions (carboxylic acid groups were not activated). The resulted MNPs were analysed by
TEM (Figure 111-32) while the 20 nm H,N-PEG-Au NPs’ solutions recovered after the performed
immobilization were analysed by UV-Vis Spectroscopy (Figure 111-33).
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200 nm
(@) (b)

200 nm 200 nm
(c) (d)

Figure 111-32. (a) y-Fe,03/Pol-COOH incubated with 20 nm H,N-PEG-Au NPs; (b) y-Fe,O3/Pol@10-Mal incubated with
20 nm H,N-PEG-Au NPs; (c) y-Fe,Os/Pol@18-Mal incubated with 20 nm H,N-PEG-Au NPs; (d) y-Fe,Os/Pol@23-Mal
incubated with 20 nm H,N-PEG-Au NPs.

TEM revealed a relatively poor number of immobilized 20 nm H,N-PEG-Au NPs regardless the
sample (comparing to that seen in Figure 111-31 b, ¢ and d). At the same time, we can note that the
amount of immobilized 20 nm H,N-PEG-Au NPs increases with increasing the number of functional
groups present on MNPs’ surface, pointing out on the addition of amino group to maleimide double
bond. This hypothesis is also supported by the fact that y-Fe,O3/Pol-COOH immobilized a smaller
number of 20 nm H,N-PEG-Au NPs than maleimide functionalized MNPs and, consequently,
confirms that the immobilization of H,N-PEG-Au NPs on maleimide functionalized MNPs is due to
the addition of amino group to maleimide double bond and not due to the reaction between the amino

group and free carboxylic acid groups left on MNPs’ surface.
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The analysis of the 20 nm H;N-PEG-Au NPs’ solutions recovered after the immobilization by
UV-Vis Spectroscopy (Figure 111-33) afforded estimation of the percentage of immobilized
H>N-PEG-Au NPs.

0.12 [—s— Calibration curve

| W H,N-PEG-Au NPs employed in incubation
0.10  H,N-PEG-Au NPs left in solution

[ after incubation with:

| M y-Fe,0,/Pol-COOH

r B y-Fe,0,/Pol@10-Mal

| M y-Fe,0,/Pol@18-Mal

[ W y-Fe,0,/Pol@23-Mal

o
o
®

Absorbance at 523 nm
o
(o]

[ —y=0.056x

0.04

002 1

000 1 1 1 1
0.0 05 1.0 15 2.0

Number of H,N-PEG-Au NPs x 10°""

Figure 111-33. Dependence of Absorbance at 523 nm as function of H,N-PEG-Au NPs’ number left in solution after the
incubation reaction.

Thus, according to the calculations, the quantity of 20 nm H,;N-PEG-Au NPs that was
immobilized on vy-Fe,O3/Pol-COOH represents 1 %, on y-Fe,Os/Pol@10-Mal — 2 %, on
v-Fe;Os/Pol@18-Mal — 11 % and on y-Fe,Os/Pol@23-Mal — 27 %. These results are in a good
coherence with those observed in TEM images and additionally point out on the increase of the
amount of immobilized 20 nm H;N-PEG-Au NPs with the increase of the number of maleimide

functional groups present on MNPs’ surface.

To conclude, despite the fact that this experiment showed the possibility of amino group
addition, in these reaction conditions (that actually are optimized for thiol addition), the quantity of
H,N-PEG-Au NPs immobilized on maleimide functionalized MNPs remains not significant comparing
to the quantities of thiol containing “objects” that can be immobilized, since the reaction with thiols
takes place 1000 times faster than with amines.”® Thus, the specificity of maleimide functionalized

MNPs towards thiol groups was confirmed.

111.3.3.6. Covalent coupling of thiol modified oligonucleotide with maleimide functionalized

v-Fe;Os/Polymer MNPs

Oligonucleotides are short, single-stranded deoxyribonucleic acids (ssSDNA) or ribonucleic acids
(ssRNA). A particular property of these molecules is that they can readily bind, in a sequence-specific
manner (hybridization), to their respective complementary oligonucleotides, DNA, or RNA. This

property served as a foundation for their use as probes for detecting or separating DNA or RNA.?®
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Thus, oligonucleotides have found application in various fields of biotechnology, especially in DNA
microarrays, fluorescent in situ hybridization (FISH) and the synthesis of artificial genes.

Immobilization of oligonucleotides on MNPs is of a great interest for many bioanalytical
biotechnological applications due to the advantage of the magnetic separation. In view of these
challenges, the covalent immobilization is of particular importance, since it gives the possibility to
fully preserve the biological activity of ssSDNA, including its functions of hybridization and bioaffinity.
Many different approaches of covalent immobilization on different solid supports have been reported,
however the number of reports on immobilization of oligonucleotides on MNPs is scarce.?” In this
work we report simple and effective method of oligonucleotide immobilization via thiol-maleimide
reaction. Moreover the performance of oligonucleotide modified MNPs in hybrid capture of a
complementary fluorescent labelled oligonucleotide was investigated. Scheme 111-9 illustrates the steps
of this strategy (on the example of y-Fe,Os/Pol@10-Mal).

1T

HS
1 HS-dT oligonucleotide

10 mM Phosphate buffer solution, T
pH=7.0, 16 h.,37°C 3

11 fluorochrome-conjugated oligo-dA

Saline Sodium Citrate 3X,
pH=7.0, 15 min., r.t.

y-Fe,0,/Pol@10@dTdA

II1 i H,O (Rnase/Dnase free), 5 min., r.t. P

y-Fe,0,/Pol@10@dT

Scheme 111-9. 1) Covalent coupling of thiol modified oligonucleotide (HS-dT) with maleimide functionalized MNPs
(y-Fe,Oz/Pol@10-Mal); 1) Hybrid capture of a complementary sequence oligo poly A (fluorochrome-conjugated oligo-dA
Alexa Fluor) on oligonucleotide-modified MNP (y-Fe,Os/Pol@10@dT); and I11) Dehybridization.
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In the first step the thiol modified oligonucleotide, namely 3' thiol modified oligonucleotide

poly T: TTT-TTT-TTT-TTT-TTT-TTT (HS-dT oligonucleotide) was covalently immobilized on
maleimide functionalized MNPs. In the second step, the hybridization of the immobilized
oligonucleotide dT with a complementary sequence oligo poly A of fluorochrome-conjugated oligo-
dA Alexa Fluor was performed. The last step represents the dehybridization, and the eluted in this step
fluorochrome-conjugated oligo-dA was quantified on fluorescence microplate reader (Figure 111-34). A
control experiment was also performed on y-Fe,O3/Pol-COOH. The hybridization, dehybridization
and quantification of oligo-dA were performed by Ademtech SA.* The quantity of oligo-dA Alexa
Fluor detected in Figure 111-34 is directly related to the quantity of HS-dT oligonucleotide immobilized
on maleimide functionalized MNPs.

4.5
4 L i
3 - .
2 - .
1.6
1.2
| l |
0 0.0 , | |

v-Fe,0,/POI@COOH | 1-Fe, 0 /Pol@10@dT | 1-Fe,0 /Pol@18@dT | y-Fe,0 /Pol@23@dT

Amount of oligo-dA Alexa Fluor
pmol/mg of MNPs

Figure 111-34. Results of the fluorescent quantification of the oligo-dA Alexa Fluor eluted after the dehybridization.

The results showed that all the maleimide modified y-Fe,Os/Polymer MNPs immobilize the
target biomolecule. Thus, y-Fe,O3/Pol@10-Mal immobilized 1.2 pmol/mg of HS-dT oligonucleotide;
v-Fe,Os/Pol@18-Mal — 1.6 pmol/mg and y-Fe,O3/Pol@23 — 4.5 pmol/mg. In contrast, that native vy-
Fe,O3/Polymer MNPs (y-Fe,O3/Pol-COOH, that do not possess maleimide groups) do not immobilize
the any HS-dT oligonucleotide (0.0 pmol/mg), pointing out the specificity of the reaction of thiol with
maleimide group. Also, these results highlights that the immobilized oligonucleotide preserved its
functions of hybridization. Moreover, the results proved the positive “dendritic effect” on the thiol

modified oligonucleotide immobilization.

For comparison, A. del Campo an co-workers?® performed a similar study, in which the amino
modified oligonucleotide was immobilized on aldehyde modified magnetite NPs (30 — 100 nm) and
subsequently used for the capture of the complementary fluorescent labelled oligonucleotide. They

showed that the amount of immobilized oligonucleotide was directly influenced by the density of the
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functional groups on the NPs’ surface. The maximum amount of immobilized oligonucleotide was

0.145 nmol/mg.

Thus, the amounts of immobilized oligonucleotide on the maleimide modified y-Fe,Os/Polymer
MNPs (y-Fe,Os/Pol@10-Mal, y-Fe,Os/Pol@18-Mal and y-Fe,Os/Pol@23) are encouraging and can
be improved by modifying the immobilization reaction conditions.

111.4. Conclusion

In this chapter maleimide functionalization of y-Fe,Os/Polymer MNPs was investigated. The
chemical modification of core-shell y-Fe,Os/Polymer MNPs was achieved via covalent attachment of
previously synthesised coupling agents (see Chapter II): linear coupling agent 10 (containing one
functional group); two-branched coupling agent 18 (containing two functional groups) and

four-branched dendritic coupling agent 23 (containing four functional groups).

The surface modification chemistry has been controlled via FT-IR spectroscopy that proved to be
an efficient technique to monitor the grafting process. It was observed that the grafting efficiency is
strongly dependent on the quantity of coupling agents employed into the grafting process and had to be
adjusted particularly for each molecule. Thus, the maximum of surface functionalization with linear
coupling agent 10 can be achieved by adding 100 equivalents of compound; with two-branched
coupling agent 18 (dendron G1) 50 equivalents of compound are necessary; while four-branched
coupling agent 23 (dendron G2) allows achieving the maximum of surface functionalization by adding
only 10 equivalents of compound. These results clearly showed that functionalization with dendritic
coupling agents 18 and 23 is more efficient than functionalization with linear coupling agent 10.
Moreover, the amount of functional groups on MNPs’ surface increases with the growth of dendron’s
generation and according to the FT-IR studies it is directly proportional to the number of functional
groups in the structure of the grafted coupling agent. This study showed that functionalizing MNPs
with dendritic structures is more advantageous than functionalizing with linear structures and despite
the fact that synthesis of dendritic coupling agents is more complicated, the quantities necessary for an

efficient functionalization fully justifies their synthesis.

The surface modification chemistry was also proved by TGA coupled with MS analyses and zeta
potential measurements. The functionalized MNPs preserved their integrity as well as their colloidal

stability, possessing a good dispersion in aqueous solutions and polar solvents.
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The ability of maleimide functionalized MNPs to immobilize biomolecules or a model of
biomolecules was studied by performing a series of immobilization tests. In the first strategy, the
covalent immobilization of a thiol modified biotin (HS-PEG-Biot) on maleimide functionalized MNPs
was performed, and was controlled via Biotin-SA affinity recognition. This study clearly showed the
positive “dendritic effect”, since MNPs functionalized with dendritic structures immobilise higher
quantities of SA-Au NPs than those functionalized with linear coupling agent (y-Fe,Os/Pol@10@Biot
immobilized 29 % of added SA-Au NPs, y-Fe,Os/Pol@18@Biot immobilized 40 % of added SA-Au
NPs and y-Fe,Os/Pol@23@Biot immobilized 43 % of added SA-Au NPs). Moreover, the specificity

of this immobilization was confirmed.

The reactivity of maleimide functionalized MNPs towards amino group, in the typical reaction
conditions used for immobilization of thiols, was monitored by incubating maleimide functionalized
MNPs with HoN-PEG-Au NPs. This study revealed the specificity of the maleimide functionalized
MNPs towards thiol group, since a relatively poor number of H,N-PEG-Au NPs was immobilized.
Despite the fact that this experiment showed the possibility of amino group addition, in these reaction
conditions (that are actually optimized for thiol addition), the quantity of H,N-PEG-Au NPs
immobilized on maleimide functionalized MNPs remains non-significant comparing to the quantities
of thiol containing “objects” that can be immobilized, since the reaction with thiols takes place much

more faster than that with amines.

Finally, 3' thiol modified oligonucleotide poly T (HS-dT oligonucleotide) was successfully
immobilized on maleimide functionalized MNPs and subsequently quantified. The quantities of the
immobilized HS-dT oligonucleotide are encouraging, but still can be improved. As expected, an
increase of the immobilized HS-dT oligonucleotide amount with the increase of the functional groups

number was observed, highlighting the positive “dendritic effect” on the surface functionalization.
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IV.1. Introduction

This chapter is dedicated to the functionalization of the core-shell y-Fe;03/SiO, MNPs with
maleimide functional group and their characterization. The characteristics of core-shell y-Fe;Os/SiO;
MNPs are very similar to those of core-shell y-Fe,Os/Polymer MNPs (see Chapter 111)," while
differences in the shell are discussed in the beginning of this chapter. Chemical anchoring of coupling
agents’ layer onto the silica surface was achieved by the hydrolysis condensation reaction of silanol
groups from silica with alkoxy groups of the linear and dendritic functional silyl-terminated coupling
agents 11, 19 and 24 (see Chapter II).

The obtained maleimide functionalized y-Fe;O3/SiO, MNPs have been characterized by FT-IR
spectroscopy, TGA coupled with MS, TEM, Transmitted Light Microscopy and Zeta Potential
measurements. Also, the labelling efficiency of maleimide functionalized y-Fe,O3/SiO, MNPs was

studied by performing a series of immobilization tests.

IVV.2. Presentation of core-shell y-Fe,O3/SiO, MNPs

The core-shell y-Fe,O3/SiO, MNPs utilized as support for the surface modification chemistry in
this chapter are presented in Figure 1V-1. These y-Fe,03/SiO, MNPs have size of 300 nm and similarly
to y-Fe,Os/Polymer MNPs (discussed in Chapter 111) possess ferrofluid maghemite core and same
magnetic characteristics (SPIONPs content: around 70 %; magnetization at saturation: approx. 40

cm®/g at 300 K). The only difference between these core-shell MNPs consists in their shell.

Silica Shell Surface
’\ 19 - % 3 Funrc(:lllonal
: HOR 3 group
, ¥ o
HO—S8
B ¥ o,
X HO )
19 nm
X 20 nm )
5$0 ””: - . ':"-.F % : -.? *
o . Maghemite core
7-Fe, Oy
@ (b)

Figure 1V-1. (a) TEM image of core-shell y-Fe,03/SiO, magnetic nanoparticle; (b) Schematic representation of core-shell
v-Fe,03/SiO, magnetic nanoparticle.
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These y-Fe;03/SiO, MNPs have a uniform non-porous silica shell with controlled thickness
(around 20 nm). Also, silica shell is chemically and thermally stable material. The silica shell contains
two types of silicon atoms: the siloxane bridges (Si-O-Si) and silanol groups (Si-OH). Thus, silica
surface modification can occur via the reaction of a particular molecule with either the siloxane (by
nucleophilic substitution at the silicon atom) or silanol (direct reaction with the hydroxyl group)
functions, although it is generally accepted that it is the reaction with the silanol function that
constitutes the main modification pathway.” The reactivity of siloxane and silanol groups is strongly
dependent on the reaction conditions. Thus, in aqueous solutions, specifically silanol groups represent
the active sites for the covalent anchorage of the functional organosilane moieties onto the
v-Fe203/SiO, MNPs’ surface. On the contrary, under anhydrous conditions, these are the siloxane

bridges who are responsible for the chemical modification.?

When the aim of the work is creating of MNP material with a uniform and optimal surface
functionalization, understanding of the involved surface modification mechanisms is essential. For this
purpose, possible mechanisms of silica surface modifications as well as the influence of some

parameters on the grafting efficiency are discussed in the following section.

IVV.3. Surface modification chemistry of core-shell y-Fe,O3/SiO, MNPs

Commonly the surface modification of silica-based hybrid materials is achieved by silanization
of surface sites, relying on the formation of strong siloxane bonds.* This modification approach
involves the use of functional silylated coupling agents (organosilanes), which are organic compounds
with chloro- or methoxy- or ethoxysilyl anchor groups that can attack either siloxane or the silanol
surface functions.” The particularity of organosilanes, is that the silane reactive groups are typically
unreactive towards organic molecules, but can covalently couple to certain inorganic substrates. The
reactivity of the trichloro- or trialkoxy-organosilanes increases in the following order: R—Si(OC;Hs)3 <
R-Si(OCHj3)3; < R-SICls. Since the organosilanes with chloro- or methoxy- anchor groups are very
reactive, difficulties may occur to obtain a uniform grafting. In addition, trichlorosilanes are corrosive
(elimination of HCI) and can damage or even destroy MNPs, while trimethoxysilanes evolve the
elimination of MeOH (toxic). In this work, the silanization was performed by using functional silylated
coupling agents with ethoxy anchoring groups (synthetized as described in Chapter Il) and therefore
the further introduction to silanization chemistry is focused on the use of silanes with alcoxysilyl
anchor groups. The terms silanes, organosilanes, silane coupling agents and silylated coupling agents

are used interchangeably.
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Generally, silylated coupling agents can be employed in surface modification chemistry either in
organic solvents or in aqueous solutions, and in some cases even in the absence of solvents the
chemical vapour deposition of the silane is possible.® Nevertheless, the silanization performed in
solution remains the most common approach and the choice of the reaction solvent is mostly justified
by the solubility of coupling agents. In our case, all the synthesised silylated coupling agents has a
limited solubility in nonpolar solvents and are well soluble in polar solvents such as ethanol for
example. Therefore, the grafting of silylated coupling agents 11, 19 and 34 was performed in hydro-
alcoholic basic medium according to a conventional method originally described by Stober.”® In this
context, hydrophilic and protic solvents (like alcohols) usually accelerate the hydrolysis of silanes and
consequently increase the condensation reaction kinetics.>'® In addition, the presence of water in the
reaction media is desirable for the silanization reaction to occur, since it is responsible for the
hydrolysis of the alcoxysilyl anchor groups necessary for the further condensation reaction as shown in
Scheme IV-1."
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Scheme IV-1. Simplified mechanism of silanization process (employing a functional triethoxysilane coupling agent, where
R is the desired functional group) in the presence of water.

As the quantity of present free hydroxyl groups on the silica surfaces is often too low to form
more than one siloxane group on the surface (for example, no more than 4 hydroxyl groups per nm? for
glass),*? crosslinking between the coupling agents occurs via the left unreacted silanol groups,
resulting in an even stronger attachment of the layer on the substrate surface (see Figure 1V-4,

Condensation step).
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However, when the silanization reaction is performed in aqueous solutions, a special attention
must be paid on the choice of the reaction conditions, since a competing reaction can occur in solution
during the silanization, namely the polycondensation of the organosilane (oligomerization). This
reaction leads to the formation of silane aggregates, as it is illustrated in Scheme 1V-2.1
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Scheme 1V-2. Schematic representation of a possible oligomerization reaction.

The formed oligomers are still able to react with the MNPs’ surface through the unreacted silanol
groups and if the oligomerization reaction goes too far, large aggregates will be immobilized on the
MNPs’ surface. The kinetics of these processes depends on the experimental parameters used in the
surface modification reaction (reaction time and temperature, chosen solvent, water concentration,
etc.) and, as a consequence, the properties of the final MNP material are also dependent on these
parameters. Thus, for example, raising the reaction temperature accelerates the hydrolysis and
condensation kinetics, both in solution and onto the surface. The reaction time is strongly dependent
on the silane reactivity and can vary from several minutes to several hours. Also, the slower silane
introduction is, the more efficient the surface coverage is.** Often, not enough consideration is given to

these factors.

Adding of small quantities of base or nucleophiles, especially, amines with exchangeable protons
(i.e. ethylamine, diethylamine, and ammonia) in the silanization process can catalyse both, the
hydrolysis and condensation reactions on the silica surface, thus promoting the surface modification
process.”® To explain the amines catalytic effect two mechanisms were proposed by J. P. Blitz and

coworkers, as shown in Scheme V-3 and Scheme 1V-4.°
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Scheme 1V-3. General mechanistic description of amine catalysis of silanization reaction: (A) adsorption of ammonia onto
a silanol site, (B) nucleophilic attack of the silicon atom of the silylated coupling agent by the oxygen atom of the silica
surface, (C) pentacoordinated intermediate resulting from attack, (D) proton abstraction by ethoxy leaving group with
electrophilic assistance by ammonia, and (E) silylated surface with generation of ethanol and release of ammonia.*®®
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Scheme 1V-4. General mechanistic description of amine catalysis of silylation reaction involving concerted bond breaking
and bond formation.*®

Thus, the silanization process is strongly dependent on the reaction conditions such as the choice
of solvent, reaction temperature, reaction time, as well as on the nature of organosilane and catalyst
concentrations involved into reaction. Several studies were performed to reveal the ways in which
these parameters influence the surface modification process, but still there is no a unique protocol
which will ensure maximal silanization efficiency, since the parameter that influences the reaction are

various and the occurring mechanisms are complicated.”*’

Moreover, MNPs can cross-link between them through siloxane bridges as a consequence of
uncontrolled reaction conditions. Also, issues such as the homogeneity of the MNPs’ coating and the
density of functional groups may be crucial for the final performance of the modified material.’

Therefore, all these parameters should be kept in mind wile choosing the grafting reaction conditions.

IV.3.1. General grafting and maleimide functional group deprotection procedures

The silanization reaction (called further grafting) was performed in hydro-alcoholic solution, in
the presence of ammonia catalyst. The choice of this reaction solvent is conditioned by both: the high
solubility of coupling agents as well as good dispersion of y-Fe,O3/SiO, MNPs in polar solvents.
Additionally, in order to ensure the maximal colloidal stability of y-Fe,Os/SiO, MNPs during the
grafting procedure, polyethylene glycol tert-octylphenyl ether (Triton X-405 or Tx) surfactant was
employed. The grafting of functional silylated coupling agents 11, 19 and 24 on core-shell
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v-Fe203/Si0, MNPs was performed according to the procedure described in the experimental part
(respecting the same reaction conditions for the grafting of coupling agents 11, 19 and 24) and is
illustrated in Scheme V-5, Scheme 1V-6 and Scheme 1V-7.

Q NH;, EtOH/H,0
+ Ly~0 N
NNY"0
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1-Fe,04/Si0,-OH 11 1-Fe;,04/Si0,@11

Scheme 1V-5. Grafting of silylated coupling agent 11 on core-shell y-Fe,O3/SiO, MNPs.
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Scheme 1V-6. Grafting of silylated coupling agent 19 on core-shell y-Fe,O3/SiO, MNPs.
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Scheme IV-7. Grafting of silylated coupling agent 24 on core-shell y-Fe,04/SiO, MNPs.

Next, the deprotection of maleimide group on y-Fe,O5/SiO.,@11, y-Fe,O5/SiO, @19, and
v-Fe,03/Si0,@24 was performed, as shown in Scheme 1V-8, Scheme 1V-9 and Scheme I1V-10
respectively.
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Scheme 1V-8. Deprotection of maleimide functional group on y-Fe,O5/SiO,@11.
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Scheme IV-9. Deprotection of maleimide functional group on y-Fe,O5/SiO,@19.
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Scheme 1V-10. Deprotection of maleimide functional group on y-Fe,O3/SiO,@24.

All the samples of maleimide functionalized vy-Fe,O3/SiO, MNPs, in its protected
(y-Fe205/Si0,@11, vy-Fe,03/SIO, @19, and  y-Fe,O3/SiO,@24) and deprotected form
(v-Fe20s5/Si0,@11-Mal, y-Fe,05/Si0,@19-Mal, and y-Fe,O5/SiO,@24-Mal) were submitted to

analyses and are discussed in the following paragraph.

In parallel, the deprotection of maleimide functional group was performed directly on the
silylated coupling agents 11, 19 and 24, which was not possible on the coupling agents with amino
anchor group 10, 18 and 23 (discussed in Chapter I11), due to the polymerization side reaction between
the amino group and maleimide double bound. The deprotection of maleimide functional group of
silanes 11, 19 and 24 was performed as illustrated in Scheme 1V-11, Scheme IV-12 and Scheme 1V-13

respectively.
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Scheme 1V-11. Deprotection of maleimide functional group on silylated coupling agent 11.
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Scheme 1V-12. Deprotection of maleimide functional group on silylated coupling agent 19.
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Scheme 1V-13. Deprotection of maleimide functional group on silylated coupling agent 24.

Recording the IR spectra of the maleimide functional silanes 11-Mal, 19-Mal and 24-Mal
provides direct information about the maleimide characteristic absorption bands, and thus significantly
simplifies the interpretation of IR spectra of the functionalized MNPs.

IVV.3.2. Characterization of functionalized y-Fe,03/SiO, MNPs

1V.3.2.1. ATR FT-IR study of functionalized y-Fe,O3/SiO; MNPs

The FT-IR spectra of the silylated coupling agents 11, 19 and 24, as well as those of the
corresponding maleimide functional silanes 11-Mal, 19-Mal and 24-Mal were recorded (Figure V-2
and Figure 1V-3), highlighting the changes of the characteristic absorption bands frequencies caused
by furan cleavage. Thus, after the deprotection step, the characteristic out-of-phase C=0 stretching
band of cyclic imides shifted from 1698 cm™ to 1706 cm™ in the case of maleimide functional silanes
11-Mal and 19-Mal, and from 1696 cm™ to 1702 cm™ in the case of maleimide functional silane
24-Mal. The furan ring deformations at 916 cm™, 878 cm™, and 854 cm™ completely disappeared. In
the case of silane 24-Mal, a band at 873 cm™ was observed. This absorption band was not observed in
silane 24 since it was completely covered by the furan ring deformation at 878 cm™. All the spectra
showed the apparition of a new peak at 695 cm™. This vibration seems characteristic for five-
membered heterocyclic ring systems, and was observed at 697 cm™ in the maleic anhydride and at 696
cm™ in N-((3-Triethoxysilyl)propyl)maleimide.*®*® Therefore, it was assigned to the maleimide ring
deformation. The obtained frequencies values (cm™) of the silanes 11, 11-Mal, 19, 19-Mal, 24 and 24-
Mal absorption bands, were used as references for interpretation of the functionalized MNPs’ FT-IR

spectra.
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Figure 1V-2. (a) ATR FT-IR spectrum of the linear silylated coupling agent 11; (b) ATR FT-IR spectrum of the two-
branched silylated coupling agent 19; (c) ATR FT-IR spectrum of the four-branched silylated coupling agent 24.
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Figure 1V-3. (@) ATR FT-IR spectrum of maleimide functional silane 11-Mal; (b) ATR FT-IR spectrum of maleimide
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functional silane 19-Mal; and (c) ATR FT-IR spectrum of maleimide functional silane 24-Mal.
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FT-IR spectra of y-Fe,Os/SiO, MNPs modified with coupling agents 11, 19 and 24
(v-Fe205/Si0,@11, vy-Fe,04/Si0,@19, and y-Fe,O3/SiO,@24) and corresponding maleimide
functionalized MNPs (y-Fe,O3/SiO,@11-Mal, y-Fe,Os3/SiO,@19-Mal, and y-Fe,O3/SiO,@24-Mal)
are presented in Figure 1V-4, Figure IV-5 and Figure 1V-6.

Figure 1VV-4 gather the spectra of native y-Fe,03/SiO, MNPs (y-Fe;O3/SiO,-OH) — in blue; the
MNPs resulted after the grafting of the silylated linear coupling agent 11 (y-Fe,O3/SiO,@11) — in
green, and those obtained after the maleimide group deprotection (y-Fe,Os/SiO,@11-Mal) — in red.
Each spectrum represents an average of at least three experiments (corresponding to the three

performed grafting or deprotection experiments).
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Figure IV-4. ATR FT-IR spectra of: native silica coated y-Fe,O3 MNPs (y-Fe,03/SiO,-OH) — solid line in blue, MNPs
obtained after the grafting of linear silylated coupling agent 11 (y-Fe,O3/SiO,@11) — solid line in green, and MNPs
obtained after the cleavage of furan protection (y-Fe,Os/SiO,@11-Mal) — dotted line in red (a) in the region 1800-1500
nm; and (b) in the region 900-850 nm.

The FT-IR spectrum of y-Fe,O3/SiO,@11 (green solid line, Figure I1V-4) showed the
characteristic bands of silylated coupling agent 11. The band at 1698 cm™ is assigned to the out-of-
phase C=0 stretching of cyclic imides. The shoulder around 1560 cm™ arises from the amide Il mode
(vC-N and 5C-N-H), while the increase of absorption band intensity around 1633 cm™ corresponds to
the amide | mode (vC=0), both revealing the presence of urea moiety. However, we must not forget
that the increase of absorption band intensity around 1633 cm™ could be also due to the H-O-H
bending vibration of water molecules adsorbed on MNPs’ surface.”> Another proof of the successful
surface modification is the presence of the specific furan ring deformation band, seen at 877 cm™
(Figure 1V-4 b). The FT-IR spectrum of maleimide functionalized y-Fe,03/SiO, MNPs resulted after
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the cleavage of furan protection — y-Fe,O3/SiO,@11-Mal (red dotted line, Figure 1V-4) demonstrated
the successful maleimide deprotection by the shift of characteristic cyclic imides out-of-phase C=0
stretching band from 1698 cm™ to 1708 cm™ and disappearance of the furan ring deformation at
877 cm™. Unfortunately, the appearance of a new peak at 695 cm™ could not be monitored, being
completely covered by the peaks at 696 cm™ arising from y-Fe,03/SiO, MNPs’ core-shell structure.

Grafting of the silylated two-branched coupling agent 19 (FT-IR spectrum in green solid line,
Figure 1VV-5) can be monitored by the presence of five characteristic bands: the out-of-phase C=0
stretching at 1699 cm™; the well delimited absorption band arising from C=0O stretching of ester
groups at 1740 cm™; the increase of absorption band intensity around 1633 cm™ attributed to the amide
| mode; the shoulder around 1560 cm™ indicating the presence of the amide Il mode; and the furan
specific ring deformation at 877 cm™ (Figure 1V-5 b).
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Figure IV-5. ATR FT-IR spectra of: native silica coated y-Fe,O3 MNPs (y-Fe,03/SiO,-OH) — solid line in blue, MNPs
obtained after the grafting of two-branched silylated coupling agent 19 (y-Fe,O3/SiO,@19) — solid line in green, and MNPs
obtained after the cleavage of furan protection (y-Fe,Os/SiO,@19-Mal) — dotted line in red (a) in the region 1800-1500
nm; and (b) in the region 900-850 nm.

In addition, the FT-IR spectrum of y-Fe,O3/SiO,@19, showed an increase in intensity of all
compound’s characteristic absorption bands, comparing to the recorded FT-IR spectrum of
v-Fe,03/Si0,@11 (Figure 1VV-4) indicating the presence of a larger amount of functional groups on
MNPs’ surface. Thus, under the identical conditions of the grafting reaction, the grafting of the two-
branched silylated coupling agent 19 allows achieving a larger number of functional groups comparing
to the IR results obtained for the grafting of the linear silylated coupling agent 11. FT-IR spectrum of
v-Fe205/Si0,@19-Mal (red dotted line, Figure 1V-5) demonstrated the successful maleimide
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deprotection by the shift of out-of-phase C=0 stretching band from 1699 cm™ to 1707 cm™ and

complete disappearance of the furan ring deformation at 877 cm™.

Grafting of the four-branched silylated coupling agent 24 (FT-IR spectrum in green solid line,
Figure 1V-6) revealed the presence of six characteristic bands. A very strong out-of-phase C=0
stretching vibration (cyclic imides) is detected at 1702 cm™, and even a weak in-phase C=0 stretching
vibration is visible at 1774 cm *. The characteristic absorption band of the C=0 stretching vibration of
ester groups is well delimited at 1734 cm™. Also, the apparition of a broad shoulder in the
1560 — 1520 cm™ region (arising from the amide Il mode), as well as the increase in intensity of the
absorption band around 1640 cm™ (amide | mode) confirm the presence of amide groups on MNPs’
surface. Another indication for the high surface modification is the peak at 877 cm™* assigned to the

furan specific ring deformation (Figure 1VV-6 b).
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Figure IV-6. ATR FT-IR spectra of: native silica coated y-Fe,O3 MNPs (y-Fe,03/SiO,-OH) — solid line in blue, MNPs
obtained after the grafting of four-branched silylated coupling agent 24 (y-Fe,O5/SiO,@24) — solid line in green, and
MNPs obtained after the cleavage of furan protection (y-Fe,O3/SiO,@24-Mal) — dotted line in red (a) in the region 1840-
1520 nm; and (b) in the region 900-850 nm.

Surprisingly, the grafting of the four-branched silylated coupling agent 24 resulted in a
considerable increase of all the characteristic absorption bands’ intensities comparing to the IR spectra
of MNPs functionalized with linear 11 or two-branched 19 silylated coupling agents (Figure 1V-4 and
Figure 1V-5). This increasing intensity makes evident, that the number of functional groups present on
MNPs’ surface is dependent on the number of functional groups present in the coupling agent’s
structure (and thus, dependent on the dendron generation). However, the increase in intensity of the

bands is not proportional to number of functional groups present in the coupling agents’ structure used
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for the surface modification, indicating that the dendron’s generation does not represents the only
factor in achieving of high surface functionalization. From the comparison of the spectra (Figure V-4,
Figure IV-5 and Figure 1V-6) it is apparent that the grafting reaction is strongly dependent on the
chemical nature of the coupling agents, being completely different in the case of the four-branched
silylated coupling agent 24. Silane 24 differs from the silanes 11 and 19 by the presence of amide
groups in the backbone, and also has a higher molecular weight. These changes seem to have a
significant influence on the chemical properties of silane, with a substantial influence on the reactivity.

FT-IR spectrum of y-Fe,O3/SiO,@24-Mal (red dotted line, Figure 1V-6) showed the
characteristic shift of out-of-phase C=0 stretching band from 1702 cm™ to 1707 cm™ and the
disappearance of the furan ring deformation at 877 cm™ pointing out on the cleavage of furan
protection. Similarly to the coupling agent 24 deprotection (Figure V-3 c) the band at 783 cm™ was
observed. However, the intensity of this band suggests that it could be partially generated by the
residual Diels-Alder adduct (non-deprotected maleimide).

To conclude, the performed FT-IR study allowed confirming both, the successful grafting of
silylated coupling agents 11, 19 and 24 as well as the cleavage of the furan protection. Also, it showed
that the amount of grafted molecule increases with increasing the dendron’s generation. However, in
the case of core-shell y-Fe,O3/SiO, MNPs, it is possible that the surface modification efficiency is

influenced by the dendron generation and also by de coupling agent’s chemical nature.

1V.3.2.2. TGA coupled with MS study of y-Fe,O3/SiO, MNPs functionalized with silylated

coupling agent 11

The surface coverage of the modified core-shell y-Fe,O3/SiO, MNPs as well as the occurring
thermal decomposition processes were investigated by TGA coupled with MS. For this purpose three
samples were submitted for analyses: native core-shell y-Fe,03/SiO; MNPs (y-Fe,O3/SiO,-OH);
MNPs obtained after the grafting of silylated coupling agent 11 (y-Fe,O3/SiO,@11); and maleimide
functionalized MNPs (y-Fe,O3/SiO,@11-Mal). The recorded TGA curves are presented in Figure
V-7, Figure 1VV-9 and Figure 1V-11 respectively. The mass loss seen in TGA was then associated with
the corresponding key ions detected via MS at the given range of temperature (shown in Figure 1V-8,

Figure 1V-10 and Figure 1V-12 respectively).

TG measurement of native y-Fe,O3/SiO, MNPs (y-Fe,O43/SiO,-OH) is presented in Figure 1V-7.
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Figure 1V-7. TG measurement of native y-Fe,03/SiO; MNPs (y-Fe,03/SiO,-OH).

The TG curve of y-Fe,03/SiO,-OH did not show well delimited steps of thermal decomposition,
since there are several decomposition processes which take place simultaneously. Thus, according to
R. P. W. Scott and S. Traiman: the layer of weakly adsorbed water on silica surface can be completely
removed by heating to 120°C; the layer of adsorbed water that is strongly held by hydrogen bonding
does not commence to leave the surface until a temperature of 200°C is reached, and can be
completely removed only about 650°C; and the silanol groups can be converted to siloxyl groups when
the silica is heated to 450°C, however, the significant loss of silanol groups does not appear to take
place until 750°C.%* Also, we must not forget that the TG curve comprises the mass of adsorbed
solvents on MNPs’ surface as well as the mass resulted after the decomposition processes related to the
core-shell MNPs’ content. The total mass loss for y-Fe,O3/SiO,-OH after heating the sample to 900°C

constituted 7.83 % and showed to be an exothermic process.

The mass loss seen in TGA, associated with the corresponding key ions detected via MS at the
given range of temperature, is presented in Figure V-8 a. The MS spectra showed to be in a good
coherence with the upper described decomposition processes. At the same time, the molecular ion
current of furan (m/z = 68.06) was not detected in the range of temperatures between 50°C and 250°C
(corresponding to the range of temperatures when the retro Diels-Alder reaction occurs, Figure V-8
b).
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Figure 1V-8. (a) Combination of the mass loss curve from TGA for native y-Fe,03/SiO; MNPs (y-Fe,03/SiO,-OH) with
the corresponding ion currents detected in MS in the range of temperatures between 30°C and 900°C; and (b) Combination
of the mass loss curve from TGA for y-Fe,03/SiO,-OH with the ion current corresponding to m/z = 68.06 in the range of

temperatures between 50°C and300 °C.

The TG and DTG curves of y-Fe,O3/SiO,@11 (Figure 1V-9) showed similar behaviour as that
for y-Fe,03/SiO,-OH (Figure 1V-7), while the DTA curve showed to be different, pointing out on the

change in thermal decomposition processes. For a better understanding of the thermal decomposition

processes, the TG curve should be examined associated to the corresponding fragment ion currents

detected in MS (Figure 1VV-10).
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Figure 1V-10. (a) Combination of the mass loss curve from TGA for y-Fe,O4/SiO,@11 with the corresponding fragment
ion currents detected in MS in the range of temperatures between 30°C and 900°C, and (b) Combination of the mass loss
curve from TGA for y-Fe,O4/SiO,@11 with the detected ion of furan (m/z = 68.06) in the range of temperatures between
50°C and 300°C.

The mass loss until 240°C can be associated to the release of adsorbed onto the MNPs’ surface
water and ethanol, the ethanol resulted after the hydrolyses of ethoxy groups that did not hydrolyse
during the grafting reaction, as well as the release of furan. The release of furan (Figure 1V-10 b)
begins at a temperature of around 94°C with the maximum at around 131°C and finishes around
162°C. The detected maximum of furan release (131°C) is coherent with the results obtained in
Chapter 111 as well as the previously reported literature values.” However, the mass loss of 1.78 %
found in this range of temperatures (Figure 1VV-10 b) cannot be attributed only to the furan mass loss
(and to the mass loss due to the amount of grafted coupling agent, respectively), since the release of
furan occurs simultaneously with the release of the water and ethanol (Figure 1VV-10 a). The detection

of furan ion current additionally confirms the successful grafting of silylated linear coupling agent 11.

Further heating of the sample (at temperatures upper than 200°C) results in the thermal
decomposition of the coupling agent (including maleimide functionality) that is associated with the
decomposition processes related to the MNPs’ core content. The total mass loss for y-Fe,O3/SiO,@11
after heating the sample to 900°C constituted 7.31 % comparing to 7.83 % of total loss detected for
v-Fe,03/Si0,-OH. These results suggest that the total mass loss of the sample is strongly dependent
on the quantity of adsorbed water and/or solvents, as well as on the core-shell structure of MNPs
(silica coating and ferrofluid core).
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In the case of y-Fe,O3/SiIO,@11-Mal (Figure 1V-11) the TG, DTG and Differential Thermal
Analysis (DTA) curves of showed similar behaviour as in the case of y-Fe,O3/SiO,@11 (Figure 1V-9)
indicating the similarity of the decomposition processes, except the release of furan (Figure 1V-12).
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Figure IV-11. TG measurement of y-Fe,O3/SiO,@11-Mal.
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Figure 1V-12. (a) Combination of the mass loss curve from TGA for y-Fe,O3/SiO,@11-Mal with the corresponding
fragment ion currents detected in MS in the range of temperatures between 30°C and 900°C, and (b) Combination of the
mass loss curve from TGA for y-Fe,O3/SiO,@11-Mal with the ion current corresponding to m/z = 68.06 in the range of
temperatures between 50°C and 300°C.

According to in the MS spectra of y-Fe,O5/SiO,@11-Mal (Figure 1V-12) as it was expected, the
furan ion current (m/z = 68.06) was not detected in the range of temperatures between 50°C and
250°C, thus confirming the deprotection of maleimide functional group.
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To conclude, TGA coupled with MS analysis gave an additional to IR technique confirmation of
the successful grafting of silylated linear coupling agent 11, as well as the proof of the complete
cleavage of furan protection. However, these techniques cannot provide any information about the
quantity of grafted molecules and, in addition, TGA represents a destructive high mass consuming
technique (10 — 20 mg of MNPs). For these reasons, similar study was not investigated in the case of
MNPs functionalized with dendritic silylated coupling agents 19 and 24.

1V.3.2.3. TEM study of maleimide functionalized y-Fe,O3/SiO, MNPs

To investigate the morphological changes (size, shape etc.) that can occur on the MNPs’ surface
upon surface modification chemistry, TEM images of the modified y-Fe,03/SiO, MNPs:
v-Fe,05/Si0,@11, v-Fe,05/Si0, @19, 7-Fe,05/Si0,@24, v-Fe,05/Si0,@11-Mal,
v-Fe;03/Si0,@19-Mal, and y-Fe,O3/SiO,@24-Mal were recorded (Figure 1V-13). These images
confirmed that all the particles retain their integrity after the grafting procedure as well as after the
maleimide group deprotection step. The general aspect of MNPs after the carried out surface
modification did not show significant changes. In all the cases the shell of the particles remained

homogeneous and no oligomerization on the MNPs’ surface was observed as side reaction.

At the same time, a non-significant increase in shell thickness was observed. Thus, for
v-Fe203/SiO, MNPs functionalized with linear coupling agent 11 the shell thickness increased with
1-2 nm (Figure 1V-13 a and b), for those functionalized with two-branched coupling agent 19 (Figure
IV-13 ¢ and d) the shell thickness increased with 1-3 nm, while for those functionalized with four-
branched coupling agent 24 (Figure 1V-13 e and f) it increased with 3-5 nm (assuming that the shell
thickness of the native core shell y-Fe,O3/SiO, MNPs was 20 nm). These results suggest that the
grafting of coupling agents on the y-Fe,O3 MNPs’ surface resulted in the formation of a thin

homogeneous layer.
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Figure 1V-13. TEM images of (a) y-Fe,Os/Si0O,@11; (b) y-Fe,03/SiO,@11-Mal; (c) y-Fe,04/Si0O,@19; (d)
’Y'FEZO3/S|02@19'M3.I, (E) ’Y'F8203/S|02@24, (f) ’Y-F8203/S|02@24-Mal

1V.3.2.4. Zeta potential measurements for maleimide functionalized y-Fe,O3/SiO, MNPs

Zeta potential measurements of diluted aqueous suspensions of native and functionalized
v-Fe;03/SiO, MNPs were performed at 25°C by varying pH from 4.2 to 8.5. The pH of the
v-Fe;03/Si0, MNPs samples was adjusted by adding 0.01 M solution of hydrochloric acid or 0.01 M
sodium hydroxide solution. Figure 1V-14 illustrates the results obtained after performing the

measurement of zeta potential as function of pH.
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Figure 1V-14. Effect of pH on the surface charge of native and functionalized v-Fe,03/SiO, MNPs:
’Y'F9203/Si02@24'Mal; ’Y'F9203/Si02@19-Ma|; ’Y-FeZO3/SiOZ@ll-MaI; and "{-F6203/Si02'OH.

As we can note, the curve profile of functionalized y-Fe,O3/SiO, MNPs is different from that of
native y-Fe,03/SiO, MNPs. Thus, the isoelectric point for all the samples of maleimide functionalized
y-Fe203 MNPs has shifted towards higher values of pH, and constitutes: 4.5 for y-Fe,O3/SiO,@11-
Mal; 4.6 for y-Fe,O3/SiO,@19-Mal; and 5.0 for y-Fe,O3/SiO,@24-Mal, comparing to 4.2 for native
v-Fe,03/Si0,-OH. This shift of isoelectric point values is due to the change of the surface charge of
MNPs as the result of the surface modification. It is noteworthy that the isoelectric point for the
v-Fe;03/Si0,@24-Mal is a bit higher than for y-Fe,Os/SiO,@11-Mal and y-Fe,O3/SiO,@19-Mal,
suggesting that the negative charge on the surface of MNPs is more shielded after the surface
modification with coupling agent 24 than with coupling agents 11 or 19, which is in a good coherence
with a thiker shell thikness observed in TEM in the case of y-Fe,O3/SiO,@24-Mal.

IV.3.2.5. Colloidal state of maleimide functionalized y-Fe,O3/SiO, MNPs in water

Colloidal state of native (y-Fe,O3/SiO,-OH) and maleimide functionalized MNPs
(y-Fe203/Si0,@11-Mal, y-Fe,0O3/SiO,@19-Mal, and y-Fe,O3/SiO,@24-Mal) dispersed in ultrapure
water was examinated by Transmitted Light Microscopy (Figure 1V-15).

The results of Transmitted Light Microscopy investigation are in good coherence with zeta
potential measurements, according to which samples y-Fe,O3/SiO,@11-Mal (Figure 1V-14 green line
and Figure 1V-15 b) and y-Fe,O3/SiO,@19-Mal (Figure 1V-14 red line and Figure 1V-15 c) are well
dispersed in ultrapure water medium, while sample y-Fe,O3/SiO,@24-Mal (Figure 1VV-14 blue line

and Figure 1V-15 d) has the less stable colloidal state (in this medium). In this sample few aggregates
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were observed. These aggregates negatively impact the colloidal stability of y-Fe,Os/SiO,@24-Mal in
ultrapure water and result in a faster precipitation of MNPs comparing to other samples. Therefore, to

improve the stability of the functionalized y-Fe;O3/SiO; MNPs in aqueous medium surfactants were
employed.
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Figure I1V-15. Transmitted Light Microscopy images of (a) y-Fe,O3/SiO,-OH; (b) v-Fe,O4/SiO,@11-Mal; (c) -
F6203/S|02@19—Ma|, (d) ’Y'F9203/S|02@24-Ma|

IV.4. Immobilization tests

In order to study and compare the efficiency of maleimide functionalized y-Fe,O3/SiO, MNPs to

immobilize thiol containing biomolecules two immobilization tests were performed and are presented
below.
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IVV.4.1. Covalent coupling of thiol modified biotin with the maleimide functionalized

v-Fe,03/Si0, MNPs and consequent recognition by SA-Au NPs

The labelling efficiency of maleimide  functionalized  y-Fe;O3/SiO2;  MNPs
(v-Fe204/Si0,@11-Mal, y-Fe,0s/SiO,@19-Mal, and y-Fe,O3/SiO,@24-Mal) was tested according
to the general strategy that was previously detailed in Chapter 111 (section 111.3.3.3) and is illustrated in
Scheme 1V-14 (on the example of y-Fe,O3/SiO,@11-Mal).

H S
HS/\/O‘{‘/\O]/\’N iH
10
(0] o) HN o

Ly~ Ompne Nb’ HS-PEG-Biot .~
H PBS/Tween-20, pH=7.1, 16 h., 37 °C

(0]
y-Fe,0,/Si0,@11-Mal

O

H s
\N/\/O/‘ONhﬁS/\/OL/\Ok?,NTI/\/\/Q\NH >
H d o) HNY,  PBS/Tween-20,

. . H=7.1,16 h.,
y-Fe,05/Si0,@11@Biot 57 G

o
H ST\
\N/\,O\/\O/\,N S/\/O‘L/\O]/—]}/N NH \
H o HN&s
o} o -

1-Fe,0,/Si0,@11@Biot@SA-Au

Scheme 1V-14. Schematic representation of thiol modified biotin immobilization on y-Fe,05/SiO,@11-Mal followed by
immobilization of SA-Au NPs via Biotin-Streptavidin affinity.

The first step of this strategy involved the covalent coupling between HS-PEG-Biot and
maleimide  functionalized ~ MNPs  (y-Fe,O3/SiO,@11-Mal,  y-Fe,O3/SiO,@19-Mal  or
v-Fe;03/Si0,@24-Mal). The second step consists in the immobilization of SA-Au NPs via
Biotin-Streptavidin affinity. Same reaction conditions as described in Chapter 111, section 111.3.3.3.
were used for both steps. During the immobilization of SA-Au NPs, no sedimentation was observed in
the case of y-Fe,Os/SiO,@11@Biot; the microscopic colloidal aspect of y-Fe,O3/SiO,@19@Biot
was less stable (at the end of reaction); while in the case of y-Fe,O3/SiO,@24@Biot a precipitation of

the particles was observed (at the end of reaction).

UV-Vis spectroscopy measurements for the SA-Au NPs’ solutions recovered after the
immobilization reactions were performed (according to the procedure described in Chapter I11, section
111.3.3.3.) and the results are presented in Figure 1V-16 a. TEM images of the
v-Fe;05/Si0,@11@Biot@SA-Au, v-Fe203/Si0,@19@Biot@SA-Au and
v-Fe205/Si0,@24@Biot@SA-Au are presented in Figure 1V-16 b, c, d.
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The calculations according to the calibration plot (Figure 1V-16 a) showed that
v-Fe;04/Si0,@11@Biot immobilized 1.62 x 10 of SA-Au NPs per 1mg (or 0.73 x 10™ of SA-Au
NPs on 0.045mg* of y-Fe,04/Si0,@11@Biot); y-Fe,03/Si0O,@19@Biot immobilized 1.76 x 10" of
SA-Au NPs per 1mg (or 0.65 x 10 of SA-Au NPs on 0.037mg* of y-Fe,04/Si0,@19@Biot) and
v-Fe,04/Si0,@24@Biot immobilized 2.24 x 10 of SA-Au NPs per 1mg (or 0.55 x 10™ of SA-Au
NPs on 0.025mg* of y-Fe,03/Si0,@24@Biot). TEM images (Figure 1V-16 b, ¢ and d) are in a good
coherence with the UV/Vis study revealing a compact covering of the functionalized y-Fe,Os/SiO;
MNPs with SA-Au NPs.

0.20

__—'— Calibration curve
| H SA-Au NPs employed in incubation ||

: SA-Au NPs left in solution
| after incubation with:

. W y.Fe,0,/5i0,@11@Biot
| W y-Fe,0,/Si0,@19@Biot
-+ W y-Fe,0,/Si0,@24@Biot

o
-
(8]

Absorbance at 526 nm
o
)

[ —y=0.088x .
0.05
0.00 L ! L L
0.0 05 1.0 15 2.0 200 nm
Number of SA-Au NPs x 10°"7 = o
@ (b)

200 nm 200 nm

(©) (d)

Figure 1V-16. (a) Dependence of Absorbance at 526 nm as function of 15 nm SA-Au NPs number left in solution after the
immobilization reaction; (b) TEM image of y-Fe,0s/SiO,@11@Biot@SA-Au; (¢) TEM image of
v-Fe,04/SiO,@19@Biot@SA-Au; and (d) TEM image of y-Fe,O4/Si0,@24@Biot@SA-Au.

*Concentration of maleimide functionalized MNPs (y-Fe;03/Si0,@11@Biot, v-Fe,0:/SiO,@19@Biot and
v-Fe,04/SI0,@24@Biot) recalculated via optical density measurements.
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To conclude, this strategy offered the possibility to verify (via Biotin-SA affinity) the capacity of
maleimide functionalized MNPs to immobilize a thiol tagged biomolecule. All the samples of
functionalized y-Fe,03/Si0O, MNPs showed to immobilise a high amount of SA-Au NPs, and therefore,
these results indirectly confirm the successful homogeneous functionalization of MNPs.

IV.4.2. Covalent coupling of HS-dT oligonucleotide with maleimide functionalized

v-Fe,03/Si0, MNPs and hybrid capture of its complementary sequence

Scheme 1V-15 illustrates the steps of this strategy based on the example of
y-Fe,04/Si0,@11-Mal.

o]

o
1-Fe,05/8i0,@11-Mal v 343

HS-dT oligonucleotide
10 mM Phosphate buffer solution,
pH=7.0, 16 h., 37°C
o]

\HNOWONN/;]\S

o]
1-Fe,04/Si0,@11@dT

I

fluorochrome-conjugated oligo-dA
Saline Sodium Citrate 3X,

pH=7.0, 15 min., r.t.

0

\uNO\/\Of\,N/i?\S

(o]
1-Fe,0,/8i10,@11@dTdA

III i H,0 (Rnase/Dnase free), 5 min., r.t.

o]

O
1-Fe,04/8i0,@11@dT

Scheme 1V-15. 1) Covalent coupling of HS-dT with y-Fe,O3/SiO,@11-Mal; 1) Hybrid capture of a complementary
sequence oligo poly A (fluorochrome-conjugated oligo-dA Alexa Fluor) on y-Fe,0O3/Si0O,@11@dT; and Il1)
Dehybridization.

In the first step the HS-dT oligonucleotide was covalently immobilized on maleimide
functionalized MNPs (y-Fe;Os/SiO,@11-Mal, y-Fe,03/SiO,@19-Mal or y-Fe,03/SiO,@24-Mal). In
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the next step, the hybridization of the immobilized oligonucleotide dT with a complementary sequence
oligo poly A of fluorochrome-conjugated oligo-dA (Alexa Fluor) was performed. The last step
represents the dehybridization. The eluted in this step fluorochrome-conjugated oligo-dA was
quantified on fluorescence microplate reader (Figure 1\VV-17). A control experiment was also performed
on 7y-Fe,03/SiO,-OH. The hybridization, dehybridization and quantification of oligo-dA were
performed by Ademtech SA.* The quantity of oligo-dA Alexa Fluor detected in Figure 1V-17 is
directly related to the quantity of HS-dT oligonucleotide immobilized on maleimide functionalized
v-Fe203/Si0, MNPs.
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Amount of oligo-dA Alexa Fluor
pmol/mg of MNPs

Figure 1V-17. Results of the fluorescent quantification of the oligo-dA Alexa Fluor eluted after the dehybridization.

These results showed that maleimide functionalized y-Fe,O3/SiO, MNPs have an excellent
capacity to immobilize HS-dT oligonucleotide. According to calculations, y-Fe,O3/SiO,@11-Mal
immobilized 59.6 pmol/mg of HS-dT oligonucleotide; y-Fe,O3/SiO,@19-Mal — 32.0 pmol/mg of HS-
dT oligonucleotide and y-Fe,O3/SiO,@24-Mal — 233.8 pmol/mg of HS-dT oligonucleotide, while
native y-Fe,O3/SiO,-OH do not immobilize any HS-dT oligonucleotide (O pmol/mg).

Even though, the performances in immobilization of HS-dT oligonucleotide of the sample
v-Fe;,03/Si0,@19-Mal (y-Fe,03/SiO, MNPs functionalized with two branched dendritic coupling
agent) and y-Fe,O3/SiO,@11-Mal (functionalized with linear coupling agent) are comparable, these
results prove the positive dendritic effect on the example of y-Fe,Os/SiO,@24-Mal (functionalized
with four branched dendritic coupling agent). Moreover, these results showed that maleimide
functionalized vy-Fe,03/SiO, MNPs are much more reactive in this HS-dT oligonucleotide
immobilization (y-Fe,O3/SiO,@24-Mal immobilize 233.8 pmol/mg) comparing to their maleimide
functionalized y-Fe;Os/Polymer MNPs analogues (y-Fe;O5/SiO,@23-Mal immobilize 4.5 pmol/mg,
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see Chapter 111, section 111.3.3.5.). These differences in the term of immobilization efficiency may be
explained by several parameters, such as the nature of the shell (polymer versus silica), the quality of

the MNPs’ colloidal dispersion as well as the changes at the MNPs’ surface.

IVV.5. Conclusion

In this chapter maleimide functionalization of core-shell y-Fe,03/SiO, MNPs was investigated.
The chemical modification of core-shell y-Fe,O3/SiO, MNPs was achieved via covalent attachment of
previously synthesised silylated coupling agents (see Chapter I1): linear coupling agent 11 (containing
one functional group); two-branched coupling agent 19 (containing two functional groups) and four-
branched dendritic coupling agent 24 (containing four functional groups).

The surface modification chemistry was mainly monitored by IR spectroscopy. The IR study
proved the successful grafting of silylated coupling agents and showed that the amount of functional
groups present on the functionalized y-Fe,O3/SiO, MNPs surface increases with the dendron’s
generation. However, it was not directly proportional to the number of functional groups present in the
coupling agents’ structure, as it was found in the case of y-Fe,Os/Polymer MNPs functionalization (see
Chapter I11). In the case of y-Fe,O3/SiO, MNPs functionalization, the surface modification efficiency
was probably influenced by both: the coupling agent’s dendron generation and its chemical nature.
Thus, according to IR spectroscopy study, the grafting reaction is strongly dependent on the chemical
nature of the coupling agents, being completely different in the case of the four-branched silylated
coupling agent 24 that ensures the highest amount of functional groups on MNPs’ surface. TGA
coupled with MS analyses gave an additional (to IR technique) confirmation of the successfully
grafting, as well as the proof of the performed deprotection step (on the example of silylated linear
coupling agent 11). Another confirmation of the successful maleimide functionalization was obtained

by performing zeta potential measurements.

The integrity of the maleimide functionalized y-Fe,03/SiO, MNPs (in its protected and free
form) has been monitored by TEM, according to which all the functionalized y-Fe,O3/SiO, MNPs
preserved their morphology and integrity. At the same time, a slight increase in shell thickness was
observed pointing out on the formation of a thin homogeneous layer of coupling agents on the
y-Fe,03/SiO, MNPs’ surface.

The performances of maleimide functionalized y-Fe;O3/SiO, MNPs to immobilize biomolecules

or a model of biomolecules were investigated by performing two immobilization tests. The first test
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included the covalent immobilization of a thiol modified biotin (HS-PEG-Biot) on maleimide
functionalized MNPs, and the efficiency of the immobilization was controlled via Biotin-SA affinity
recognition. TEM revealed a homogeneous, compact covering with SA-Au NPs of all the biotin
functionalized y-Fe,O3/SiO, MNPs independent on the dendron generation. However, the UV-Vis
study showed that the amount of the immobilized SA-Au NPs increases with the increase of the

dendron generation.

In the second test, 3' thiol modified oligonucleotide poly T (HS-dT oligonucleotide) was
immobilized on the maleimide functionalized y-Fe,O3/SiO, MNPs. These results showed that
maleimide functionalized y-Fe,Os/SiO, MNPs have an excellent capacity to immobilize HS-dT
oligonucleotide. The best results in immobilization of HS-dT oligonucleotide were observed for the
v-Fe203/Si0O, MNPs modified with dendron 24 (233.8 pmol/mg), highlighting the efficiency of
dendritic functionalization. Moreover, all the maleimide functionalized y-Fe,O3/SiO, MNPs showed a
higher capacity to immobilize a thiol modified oligonucleotide comparing to the maleimide
functionalized y-Fe,Os/Polymer MNPs (Chapter I11, section 111.3.3.5.).
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In the field of biotechnology (such as proteomics, bio-catalysis and biomaterials), magnetic
separation exploiting MNPs represents an attractive method for reliable capture, isolation, purification
and controlled manipulation of biomolecules (proteins, enzymes, antibodies, peptides, lipids, nucleic
acids, etc.), since it is a simple, fast and cheap method. With this goal in mind, the purpose of this
work was to design stable, water-dispersible, functionalized MNPs that would ensure selective
covalent immobilization of biomolecules. An indispensable step in elaboration of such MNPs is the
surface modification. Moreover, a precise control over the surface functionalization of MNPs is
crucial, because it governs their physicochemical properties, their colloidal stability, and their
biological behaviour. In this work a comparative study regarding the dendritic effect on the
functionalization of core-shell MNPs (with polymer or silica shell) was investigated.

The first part of the work was dedicated to the design and synthesis of linear and dendritic
coupling agents. Since the surface modification chemistry was investigated on two types of core-shell
MNPs (with polymer or silica), two “families” of coupling agents were synthesized. Each “family” of
coupling agents possessed an anchoring site (amino or silane), capable to form covalent bonding with
the available on MNPs’ surface groups (carboxyl or silanol) and a functional group (maleimide). In
order to investigate the “dendritic effect” on the surface functionalization, three types of coupling
agents were designed: linear coupling agents (containing one functional group: compounds 10 and 11);
two-branched coupling agents (containing two functional groups: compounds 18 and 19) and four-
branched dendritic coupling agents (containing four functional groups: compounds 23 and 24). Since
the majority of the tests in biotechnology are performed in aqueous medium it was indispensable to
design hydrophilic coupling agents, therefore PEG chains or/and PAMAM chains were introduced in
the coupling agents’ backbones. In addition, the PEG chain is considered to be one of the most inert
chemical groups towards non-specific protein adsorption. Both “families” of coupling agents (amino

and silane-based coupling agents) were successfully synthesized and characterized.

The second part of the work was dedicated to the grafting of maleimide functionalized coupling
agents onto the core-shell y-Fe,Os/Polymer MNPs and their characterization. The surface
functionalization of MNPs with polymer shell was achieved by the grafting of amine containing
coupling agents (linear coupling agent 10, two-branched coupling agent 18 and four-branched
dendritic coupling agent 23) on carboxylic acid functionalized surface of MNPs (via EDC/NHS
chemistry). This step has been controlled via FT-IR spectroscopy, which showed that the grafting
efficiency strongly depends on the quantity of coupling agents employed into the grafting process.
Thus, the maximum of surface functionalization with linear coupling agent 10 was achieved by adding
100 equivalents of compound; with two-branched coupling agent 18 (dendron G1) 50 equivalents of

compound were necessary; while four-branched coupling agent 23 (dendron G2) allowed achieving the
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maximum of surface functionalization by adding only 10 equivalents of compound. Moreover, the
amount of functional groups on MNPs’ surface increases with the growth of dendron’s generation and
was directly proportional to the number of functional groups present in the structure of the coupling
agent, thus highlighting the positive “dendritic effect” on the surface functionalization. The surface
functionalization was also confirmed by TGA coupled with MS analyses and zeta potential
measurements. The maleimide modified y-Fe,Os/Polymer MNPs preserved their integrity as well as
their colloidal stability, since a good dispersion in aqueous solutions and polar solvents was
maintained. The capacity of maleimide functionalized y-Fe,Os/Polymer MNPs to immobilize
biomolecules or models of biomolecules was investigated via a series of immobilization tests. All of
them proved the efficiency of maleimide functionalization of y-Fe,Os/Polymer MNPs to immobilize
thiol containing biomolecules as well as the positive “dendritic effect” on the surface
functionalization. Moreover, the reactivity of maleimide functionalized vy-Fe;Os/Polymer MNPs
towards amino group, in the typical reaction conditions used for immobilization of thiols (pH in the
range of 6.5-7.5), was explored. It was confirmed that the quantities of amine containing biomolecules
that can be immobilized on maleimide functionalized y-Fe,Os/Polymer MNPs remain negligible
comparing to the quantities of thiol containing biomolecules.

The third part of the work was dedicated to the maleimide functionalization and characterization
of the core-shell y-Fe,03/SiO, MNPs. The chemical modification of core-shell y-Fe,O3/SiO; MNPs
was achieved via hydrolysis-condensation reaction of silanol groups of silica shell with the silane
groups of the coupling agents (linear coupling agent 11, two-branched coupling agent 19 and four-
branched dendritic coupling agent 24). The surface modification chemistry of y-Fe,03/SiO, MNPs was
monitored by IR spectroscopy. This study proved the successful grafting of silylated coupling agents
(11, 19 and 24) and showed that the amount of functional groups present on the surface of modified
v-Fe203/SiO, MNPs increases with the dendron’s generation. The highest amount of functional groups
on MNPs’ surface was achieved by the grafting of four-branched dendritic coupling agent 24,
highlighting the efficiency of dendritic structures for the surface modification and proves once again
the positive “dendritic effect” on the surface functionalization. The surface functionalization was also
confirmed by TGA coupled with MS analyses and zeta potential measurements. TEM showed that
maleimide functionalized y-Fe,O3/SiO, MNPs preserved their morphology and integrity, while a slight
increase of the shell thickness suggests the formation of a thin homogeneous layer of coupling agents
on the y-Fe,03/SiO; MNPs’ surface. Also, all the maleimide functionalized y-Fe;O3/SiO, MNPs
preserved a good colloidal stability in aqueous media. Finally, the capacity of maleimide
functionalized y-Fe,O3/SiO, MNPs to immobilize biomolecules was investigated by performing two
immobilization tests: immobilization of thiol modified biotin and thiol modified oligonucleotide. Both

tests proved the efficiency of the maleimide functionalized y-Fe,O3/SiO, MNPs towards the
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immobilization of thiol containing biomolecules. An excellent immobilization capacity of the
maleimide functionalized y-Fe,O3/SiO, MNPs for the thiol modified oligonucleotide was observed.
The highest amount of immobilized HS-dT oligonucleotide (233.8 pmol/mg) was achieved in the case
of y-Fe,O3/SiO, MNPs modified with dendron 24, highlighting again the efficiency of dendritic
functionalization. Moreover, all the maleimide functionalized y-Fe;O3/SiO, MNPs showed a higher
capacity to immobilize a thiol modified oligonucleotide comparing to their analogues - maleimide
functionalized y-Fe,Os/Polymer MNPs. Also, it is noteworthy that the optimization of immobilization
protocols can lead to even higher amount of immobilized HS-dT oligonucleotide. Therefore, it could
be envisaged to perform a more detailed study regarding the specific immobilization of biomolecules

in a complex medium.

As expected, this study proved the efficiency of the surface functionalization with dendritic
structures. Moreover, it was determined that a variety of parameters strongly influences the efficiency
of the MNPs’ functionalization, among these the four most important factors are: (I) the nature of the
surface (polymer or silica); (I1) the size of the particles; (111) the nature of the coupling agents, (linear
or dendritic structure, as well as the dendron’s generation); and (1V) the loading of the coupling agents
in the grafting reaction. Dendritic surface modification strategy can be extended to other surfaces as
well (i.e. functionalization of other types of NPs). Moreover, it allows introducing on the surface a

wide range of accessible functional groups.
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Experimental part

1. Solvents and reagents

Solvents and starting materials were purchased from Acros, Alfa Aesar or Aldrich. All reagents
used as starting materials in this work were reagent-grade. All the solvents used for the synthesis were
anhydrous, some of them were purchased: DMF, DMSO, Dioxane, THF, CHCI;, EtOAc, AcOH,
others were dried over dehydrating agents and distilled under an inert atmosphere:

- CH.Cl,: CaHy;
- MeOH: CaHy;
- Toluene: Na/benzophenone.

Core-shell superparamagnetic nanoparticles [Silica-Adembeads (y-Fe;03/SiO,-OH) and
Carboxyl-Adembeads (y-Fe,O3/Pol-COOH)] were purchased from Ademtech SA; 15 nm Conjugate-
Streptavidin Gold Nanoparticles, EM.STP15 (SA-Au NPs) from BBI Solutions; 20 nm Amino
PEGylated Gold Nanoparticles, 24877 (H,N-Au NPs) from Polysciences Inc; Biotin-PEG-Thiol,
41156-1095 (HS-PEG-Biot), from Polypure; and 3' thiol modified oligonucleotide poly T: TTT-TTT-
TTT-TTT-TTT-TTT or Oligonucleotide-Thiol, (HS-dT) from Eurogentec.

2. Equipment:

Nuclear Magnetic Resonance (NMR)
NMR spectra were performed at Institut des Sciences Moléculaires (ISM), CNRS-University of

Bordeaux (Centre Nationale de la Recherche Scientifique), on the following spectrometers:

e Bruker DPX 200 FT NMR spectrometer (*H: 200, **C: 50 MHz);

e Bruker Avance 300 FT NMR spectrometer (*H: 300, **C: 75MHz);
e Bruker DPX 400 FT NMR spectrometer (*H: 400, *3C: 101 MHz).
e Bruker DPX 600 FT NMR spectrometer (*H: 600, **C: 151 MHz).

Chemical shifts of *H NMR signals were calibrated according to the signals of deuterated
solvents quoted to internal standard TMS (6 = 0.00) and expressed as chemical shifts in parts per

million (ppm, J), multiplicity, coupling constant (Hz), and relative intensity.

Mass Spectrometry (MS)
Mass spectra were performed by the Centre d’Etude Structurale et d’Analyse des Molécules
Organiques (CESAMO), ISM, CNRS-University of Bordeaux, on a QStar Elite Mass Spectrometer

equipped with an electrospray ionization (ESI) source (operated in a positive or negative ion mode).
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Thermogravimetric (TG) measurements coupled with Mass spectrometry

TG coupled with MS analyses was performed at ISM (C,M group), on Pyrolysor coupled to a
Balzers Instruments Thermostar quadrupolar mass spectrometer Type: Netzsch STA 409. The mass
loss of the dried samples (10-20 mg) was monitored under argon at temperatures from 30°C to 1000°C
with a heating rate of 5 K/min.

Elemental Analysis (EA)
Chemical formula of compounds was achieved by elemental analysis, carried out by Service
Centrale d’ Analyse, CNRS at Lyon-Vernaison.

Fourier Transform Infrared (FT-IR) Analysis
FT-IR spectra were recorded at ISM (Molecular Spectroscopy Group (GSM)) on the following

spectrometers:

e FT-IR Spectrometer Perkin-Elmer 100
e FT-IR Spectrometer Nicolet iS50

The middle infrared region (approximately 4000-400 cm ') was used to study the fundamental

vibrations.

UV-Vis Analysis
UV-Vis spectra were recorded between 200 and 800 nm using a PerkinElmer UV/Vis
spectrophotometer Lambda 650 at ISM (GSM).

Transmitted Electron Microscopy (TEM)

TEM images were obtained on Electronic Microscope HITACHI H7650, (120 Kv, high
resolution, equipped with a GATAN 11MPx camera) at Bordeaux Imaging Centre (BIC). The samples
were prepared by deposition of MNPs dispersed in ethanol or water (5-10uL, 0.25-0.5 mg/mL) on

carbon coated copper grids and dried in the air.

Transmitted Light Microscopy
The colloidal state of the final maleimide functionalized MNPs dispersed in water was observed

under Transmitted Light Microscope equipped with an AxioCam digital camera.

Zeta Potential

Zeta Potential measurements were carried out on Horiba Scientific nanoparticle analyzer SZ-100
at ISM (PHotonics and Omics ENabled by Innovations in Chemical Synthesis (Phoenics) group). The
measurements were performed at 25°C for diluted aqueous suspension of functionalized MNPs at pH

varying from 3.5 to 9.0.
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3. Synthesis of precursors and dendritic structures

Compound 1

SI‘ )OL Chemical Formula: C;,H,sN,0,Si
- |I\/\O NH™O~~0~-NH; Molecular Weight: 292,45 g/mol

To a solution of 2,2-(ethylenedioxy)bis(ethylamine) (6.2 mL, 42.34 mmol, 6 eq. in 40 mL of
dioxane), 2.0 mL of TEA (14.20 mmol; 2 eq.) were added. Then, a solution of TEOC-ONp (2.00 g,
7.06 mmol in 40 mL of dioxane) was added dropwise during 2.5 h. The reaction mixture was stirred
overnight at room temperature. Afterwards, the solvent was evaporated and the residue was solubilized
in 40 mL of H,0, next compound 1 was extracted with CH,Cl, (5x20 mL). The organic phase was
washed with brine (5%50 mL), dried over magnesium sulphate (MgSQ,), filtrated and evaporated to
dryness to yield compound 1 (83 %) as a pale yellow oil.

'H NMR (300 MHz, CDCl3) § 5.37 (s, 1H, -NH-), 4.21 — 4.03 (m, 2H, -CH,-OCO0), 3.59 (s, 4H, -O-
CH-CH,-0-), 3.52 (d, J = 5.2 Hz, 4H, -CH,-0-), 3.34 (d, J = 5.0 Hz, 2H, -CH»-NH-), 2.87 (t, J = 5.2
Hz, , 2H, -CH-NH,), 2.23 (s, 2H, -NH,), 1.01 — 0.88 (m, 2H, -CH,-Si), 0.00 (s, 9H, -Si-CH3).

13C NMR (75 MHz, CDCls) § 156.91 (s, 1C, -O(C=0)NH-), 73.27 (s, 2C, -O-CH,-), 70.20 (s, 2C, -O-
CH,-CH,-0-), 62.90 (s, 1C, -CH,-OCO), 41.60 (s, 1C, -CH,-NH,), 40.74 (s, 1C, -CH,-NH-), 17.80 (s,
1C, -CHa-Si), -1.47 (s, 3C, -Si-CHs).

Compound 4
(0]
o N Chemical Formula: C16H25NO4
O SN :
HO ’ Molecular Weight: 295.37 g/mol
(@)

To a solution of maleic anhydride (0.23 g, 2.30 mmol, 1 eq. in 5 mL of glacial AcOH) a solution
of 12-aminolauric acid (0.50 g, 2.30 mmol in 5 mL of glacial AcOH) was added. The obtained slurry
was stirred for 8 h under argon, at room temperature. The resulting white precipitate (intermediate
maleamic acid) was filtrated and washed with H,O (3x30 mL), then re-dispersed in 50 mL of H,O and
refluxed for 2 h. Afterwards, the H,O was removed under vacuum to yield N-maleimidolauric acid (72

%) as a white powder.

IH NMR (300 MHz, DMSO) 5 7.68 (s, 1H, OH), 6.04 (s, 2H, CH=CHumateimice), 2.77 (S, 2H, -CHz-N),
2.18 (s, 2H, -CH,-COOH), 1.49 (s, 4H, -CH,-CH,-COOH, -CH,-CH,-N), 1.24 (s, 14H, -CH,-).
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3C NMR (75 MHz, DMSO) & 174.91 (s, 1C, C=0 4q), 167.76 (s, 2C, -N(C=0)-), 136.53 (s, 2C,
CH=CHmateimice), 39.33 (s, 1C, -CH,-N), 34.14 (s, 1C, -CH,-COOH), 29.30 (s, 4C, -CH,-), 29.00 (s,
2C, -CH,-), 27.43 (s, 1C, -CH,-), 26.20 (s, 1C, -CH,-), 24.96 (s, 1C, -CH,-).

Compound 5
(0]
0 Chemical Formula: CdHsNO,
HOJJ\’N ! Molecular Weight: 155.11 g/mol
0]

To a solution of maleic anhydride (9.80 g, 0.10 mol, 1 eq. in 100 mL of glacial AcOH) 7.50 g of
glycine (0.10 mol) were added. The resulting slurry was stirred for 8 h under argon at room
temperature. The white precipitate (intermediate compound) was collected by filtration and washed
with cold H,O (2x20 mL), then re-dispersed in 200 mL of H,O and refluxed for 30 min. Afterwards,
the mixture was concentrated and the resulting white precipitate was collected by filtration, washed
with cold H,O (20 mL), and dried under high vacuum to yield 2-maleimidoacetic acid (55 %) as a
white powder.

IH NMR (300 MHz, DMSO) 3 6.06 (s, 2H, CH=CHateimice), 3.65 (S, 2H, -CHa-).

13C NMR (75 MHz, DMSO) & 169.09 (s, 1C, C=0 qq), 167.32 (s, 2C, - N(C=0)-), 134.75 (s, 2C,
CHchma|eimide), 39.91 (S, 1C, 'CHZ').

Compound 8
O
o Chemical Formula: CgHgOy4
@ Molecular Weight: 166,13 g/mol
O
Method A:

To a dried 500 mL round-bottom flask with a magnetic stirring bar, 40.0 g of maleic anhydride
(0.41 mol, 1 eq.), 200 mL of benzene and 30 mL of furan (0.41 mol, 1 eq.) were added. The reaction
mixture was stirred at room temperature for 24 h under argon atmosphere. The precipitated out product
was collected via vacuum filtration, washed with diethyl ether and dried under vacuum to yield

compound 8 (58 %) as small white needless, which were used without further purification.
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Method B:

Maleic anhydride (30.0 g, 0.31 mol) was suspended in 150 mL of toluene, the suspension was
warmed up to 80°C and 33 mL of furan (0.46 mol, 1.3 eq.) were added. The turbid solution was stirred
for 6 h and then cooled to room temperature without stirring. White crystals, which precipitated out of
solution after 1 h, were collected by vacuum filtration, washed with petroleum ether (2x30 mL) and
dried under vacuum to yield compound 8 (58 %) as small white needles.

'H NMR (400 MHz, DMSO) § 6.58 (s, 2H, CH=CH), 5.35 (s, 2H, CHO), 3.31 (s, 2H, CH).

13C NMR (101 MHz, DMSO) & 171.53 (s, 2C, C=0), 136.85 (s, 2C, CH=CH), 81.64 (s, 2C, CHO),
49.08 (s, 2C, CH).

FT IR (cm™) = 1858, 1780 (vc=o five membered ring anhydrides); 921, 878, 849, 822, 813, 691
(maleic anhydride ring deformation).

Compound 9
Sl.i )OL o NO Chemical Formula: C,,H3,N,0,Si
g | ~ 0T NHT 0N @ Molecular Weight: 440.56 g/mol
(0)

A solution of compound 8 (0.84 g, 5.03 mmol, 1.5 eq. in 20 mL of anhydrous MeOH) was added
dropwise to a solution of compound 1 (0.98 g, 3.35 mmol, 1 eqg. in 10 mL of anhydrous MeOH) at
room temperature and then refluxed for 4 h. Afterwards, the solvent was removed under vacuum and
the residue was solubilized in 20 mL of CH,Cl,, washed first with H,O (2x10 mL) and then with brine
(2x10 mL) (in order to remove the excess of compound 8). The organic layer was dried over MgSQy,
filtrated and concentrated under vacuum. The residue was purified by silica gel chromatography

(AcOEt) to yield compound 9 (10 %) as a pale yellow oil.

IH NMR (200 MHz, CDCls) § 6.49 (s, 2H, CH=CH), 5.24 (s, 2H, CHO), 4.12 (s, 2H, CH,), 3.80 —
3.41 (M, 10H, -CH»-O-CH,-CH,-O-CH,-CH,-), 3.33 (s, 2H, CH,-NH), 2.84 (s, 2H, CH), 0.96 (t, 2H,
CH_-Si), 0.01 (s, 9H, CH).

BC NMR (75 MHz, CDCly) § 176.26 (s, 2C, C=0), 156.98 (s, 1C, (C=O)NH), 136.65 (s, 2C,
CH=CH), 81.01 (s, 2C, CH), 72.33 (s, 1C, OCH}), 70.69 — 69.95 (d, 2C, OCHS,), 67.30 (s, 1C, OCHb,),
63.01 (s, 1C, CH,0CO), 47.58 (s, 2C, CH), 40.90 (s, 1C, CHa-NH), 38.29 (s, 1C, CH»-N), 17.93 (s,
1C, CH,-Si), -1.37 (s, 3C, CHa).
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Compound 10

0]

O~ N Chemical Formula: C,H,,N,O5
HoN © @ Molecular Weight: 296,32 g/mol
(0)

Method A:

A solution of compound 8 (1.00 g, 6 mmol in 40 mL of anhydrous dioxane) was added dropwise
to a solution of 2,2-(ethylenedioxy)bis(ethylamine) (7.50 g, 51 mmol, 8.5 eq. in 30 mL of anhydrous
dioxane) at room temperature. The resulting mixture was then heated to 80°C and stirred overnight. At
the end of reaction the solvent was evaporated and the obtained residue was solubilized in 200 mL of
CH,Cl,, washed firstly with H,O (2x100 mL), then with brine (2x100 mL) (to remove the excess of
2,2-(ethylenedioxy)bis(ethylamine)) and dried over MgSO,. Afterwards, the solution was filtrated and
concentrated under vacuum. The residue was purified by column chromatography on basic alumina

(CH2Clx/MeOH, v/v 98:2) to yield compound 10 (20 %) as a viscous pale yellow oil.
Method B:

Compound 8 (1.00 g, 6 mmol) and 2,2-(ethylenedioxy)bis(ethylamine) (7.50 g, 51 mmol, 8.5
eq.) were mixed at room temperature, and then the mixture was heated to 80°C upon which the solid
anhydride gradually dissolved. The resulting mixture was then left under stirring (at 80°C) for 3 h.
After cooling to room temperature, the mixture was solubilized in 200 mL of CH,Cl, and washed
firstly with H,O (2x100 mL) and then with brine (2x100 mL) (to remove the excess of 2,2-
(ethylenedioxy)bis(ethylamine)). The organic phase was dried over MgSQy, filtrated and concentrated
in vacuum. The compound was purified by column chromatography on basic alumina, first with a
mixture of CH,Cl,/MeOH (v/v 98:2) in order to remove the side product and then with a mixture of

CH,Cl,/MeOH (v/v 5:1) to yield compound 10 (27 %) as viscous pale yellow oil.

'H NMR (200 MHz, CDCls) & 6.48 (s, 2H, CH=CH), 5.23 (s, 2H, CH), 3.64 (m, 4H, -CH,-0), 3.56
(M, 4H, -O-CH,-CH,-0-), 3.45 (t, 2H, -CH,-N), 2.81 (5, 2H, CH), 2.83 (t, 2H, -CH2-NHy), 1.41 (s, 2H,
-NHy).

13C NMR (151 MHz, CDCl3) & 176.12 (s, 2C, C=0), 136.51 (s, 2C, CH=CH), 80.86 (s, 2C, CHO),
72.97 (s, 1C, -CH,-0), 70.20 (d, J = 34.6 Hz, 2C, -O-CH,-CH,-0-), 67,11 (s, 1C, CH,-0), 47.43 (s,
1C, CH), 41.62 (s, 1C, -CHa-NH,), 38.13 (s, 1C, -CH,-N).

MS (ESI, m/z) [M+H]" calc. — 297.1398, found — 297.1411; [M+Na]* calc. — 319.1264, found —
319.1277

EA calc.: C, 56.75; H, 6.80; N, 9.45; O, 27.00; found: C, 56.49; H, 6.86; N, 9.20; O, 28.60
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FT IR (cm™) = 3373 (vas NH,), 2918 (vas CHy); 2865 (vs CHy); 1772, 1693 (vc=o cyclic imides in five
membered ring); 915, 876, 852, 824, 813 (maleimide ring deformation).

Compound 11

> ]
(0] 0 . . .
CO—din By~ Om N Chemical Form.ula.'C24H41N309$1
1 H H Molecular Weight: 543.68 g/mol
o o
>

A solution of compound 10 (0.20 g, 6.75 mmol in 20 mL of freshly distilled CH,Cl,) was cooled
to 0 °C and 0.17 mL of isocyanato propyl tri-(etoxy)silane (6.75 mmol, 1 eq.) were added dropwise.
The mixture was stirred at room temperature overnight under argon atmosphere. Afterwards, the

solvent was evaporated under vacuum to yield quantitatively compound 11 as pale yellow oil.

IH NMR (200 MHz, CDCl) § 6.51 (s, 2H, CH=CH), 5.25 (t+s, 3H, CH, NH), 5.05 (t, J = 5.2 Hz, 1H,
NH), 3.79 (q, J = 7.0 Hz, 6H, -O-CH,-CHy), 3.66 (dd, J = 9.4, 4.2 Hz, 4H, -CH,-0), 3.55 — 3.45 (m,
6H, -O-CH,-CH,-O-, -CH,-N), 3.42 — 3.32 (m, 2H, -CH,-NH-), 3.18 (dd, J = 13.0, 7.0 Hz, 2H, -CH,-
NH-), 2.86 (s, 2H, CH), 1.68 — 1.49 (m, 2H, -CH,-CH,-Si), 1.19 (t, J = 7.0 Hz, 9H, -CH3), 0.68 — 0.57
(m, 2H, 'CHQ'CHQ'Si).

13C NMR (101 MHz, CDCl) & 176.82 (s, 2C, -(C=0)-N), 158.61 (s, 1C, NH-(C=0)-NH), 136.71 (s,
2C, CH=CH), 81.01 (s, 2C, CH), 70.59 (s, 1C, -O-CH,-), 70.18 (d, J = 26.9 Hz, 2C, -O-CH,-CH,-O-),
67.47 (s, 1C, -CH,-0-), 58.50 (5, 6C, -O-CH,-CHs), 47.64 (s, 2C, CH), 43.03 (s, 1C, -CH,-NH-), 39.95
(s, 1C, -CH2-NH-), 38.89 (s, 1C, -CH,-N), 23.97 (s, 1C, -CH,-CH,-Si), 18.42 (s, 3C, -CH3), 7.86 (s,
1C, -CH,-Si).

MS (ESI, m/z) [M+Na]" calc. — 566.2504, found — 566.2494
EA calc.: C, 53.02; H, 7.60; N, 7.73; Si, 5.17; found: C, 50.75; H, 7.00; N, 7.87; Si, 5.03

FT IR (cm™) = 3362 (van NH(C=0)NH); 2973 (vas CHa); 2923 (vas CHy); 2881 (vs CHy); 1774, 1698
(ve=o cyclic imides in five membered ring); 1637 (vc=o urea) amide I; 1558 (ven, dnn C-N-H) amide 11;
1099, 1072, 1021 (vsi.o Si-OEt); 916, 877, 854, 824 (maleimide ring deformation).

Compound 12

j)L o Chemical Formula: C;;H,4N,0,
+o NH™Z~"~0™-NH; Molecular Weight: 248,32 g/mol

A solution of di-tert-butyl dicarbonate (11.25g, 0.05 mol, 1 eq. in 125 mL of anhydrous dioxane)
was added dropwise to a solution of 2,2-(ethylenedioxy)bis(ethylamine) (44 mL, 45.75 g, 0.31 mol, 6

eg. in 125 mL of anhydrous dioxane). The mixture was stirred at room temperature overnight under
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argon atmosphere. Afterwards, the solvent was evaporated, the residue was solubilized in 400 mL of
CH,Cl, and washed with H,O (3x200 mL) (to remove the excess of 2,2-
(ethylenedioxy)bis(ethylamine)). The organic phase was dried over MgSQy,, filtrated and concentrated
under vacuum. A column chromatography on basic alumina was then performed (AcOEt 100%) to
yield compound 12 (88 %) as pale yellow oil.

'H NMR (300 MHz, CDCls) § 5.15 (s, 1H, NH), 3.59 (s, 4H, -O-CH,-CH,-0-), 3.55 - 3.47 (m, 4H, -
O-CHy-), 3.29 (dd, J = 10.4, 5.2 Hz, 2H, CHp-NH-), 2.86 (t, J = 5.2 Hz, 2H, -CH>-NH,), 1.57 (s, 2H, -
NH,), 1.42 (s, 9H, -CHy).

13C NMR (101 MHz, CDCl3) § 156.08 (s, 1C, O-(C=0)-NH-), 79.18 (s, 1C, C), 73.28 (s, 2C, -O-
CHjy-), 70.26 (s, 2C, -O-CH»-CH»-0-), 41.70 (s, 1C, -CH»-NHy), 40.38 (s, 1C, -CH»-NH-), 28.46 (s,
3C, CHa).

MS (ESI, m/z) [M+H]" calc. — 249.1818, found — 249.1808
EA calc.: C, 53.20; H, 9.74; N, 11.28; O, 25.77; found: C, 52.73; H, 9.61; N, 10.84; O, 26.35

FT IR (cm™) = 3361 (vas NHy); 2974 (vas CHa3); 2926 (vas CHy):; 2866 (vs CHy):; 1704 (ve-o
O(C=0)NH); 1518 (vcn, onn C-N-H) amide 1.

Compound 13

0
o} i :
Byomonigy SN,
o)

A mixture formed of compound 10 (2.40 g, 8.11 mmol, 1 eq. in 40 mL of freshly distillated
CH,Cl,) and TEA (1.81 mL, 1.31 g, 12.98 mmol, 1.6 eq.) was cooled to 0°C and 1.81 mL of acryloyl
chloride (0.9546 g, 0.01 mmol, 1.3 eq.) were added dropwise. The mixture was stirred at room
temperature  overnight under argon atmosphere. The formed precipitate (salt of
triethylammoniumcloride) was then eliminated by filtration. Then, 1 mL of 0.01% 4-Methoxyphenol
(MEHQ) (100ppm) were added to the obtained clear yellow solution, as an inhibitor (to avoid
polymerization). The solvent, excess of acryloyl chloride and TEA were evaporated under vacuum.
The resulting residue was solubilized in 150 mL of CH,Cl,, washed with brine (3x100 mL), dried over
MgSQ, and filtrated. Again, 1 mL of 0.01% MEHQ (100ppm) were added to the organic solution. The

solvent was evaporated under vacuum to yield compound 13 (77 %) as viscous brown oil.

IH NMR (400 MHz, CDCl3) 8 6.50 (s, 3H, CH=CH, NH), 6.26 (qd, J = 17.0, 6.0 Hz, 2H, CH,=), 5.62
(dd, J = 9.7, 2.2 Hz, 1H, -CH=), 5.24 (s, 2H, CH), 3.73 — 3.49 (m, 12H, N-CH,-CH,-O-CH,-CH,-O-
CHy-CH-NH-), 2.84 (s, 2H, CH).
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13C NMR (101 MHz, CDCls) & 176.42 (s, 2C, -(C=0)-N), 165.76 (s, C, -(C=0)-NH-), 136.67 (s, 2C,
CH=CH), 131.15 (s, 1C, -CH=), 126.35 (s, 1C, CH,=), 81.02 (s, 1C, CHO), 70.37 (s, 1C, -O-CH,-),
69.95 (d, J = 20.7 Hz, 2C, -O-CH,-CH,-0-), 67.38 (s, 1C, -O-CHj-), 47.61 (s, 1C, CH), 39.35 (s, 1C, -
CH,-NH-), 38.45 (s, 1C, -CH,-N).

MS (ESI, m/z) MS [M+Na]" calc. — 373.1370, found — 373.1378
EA calc.: C, 58.28; H, 6.33; N, 8.00; O, 27.40 found: C, 57.35; H, 6.04; N, 7.33; O, 28.65

FT IR (cm'l) = 3321 (vnu (C=0)NH); 2947 (vas CH2); 2872 (vs CHy); 1773, 1696 (vc=o cyclic imides
in five membered ring); 1627 (vc=o (C=0)NH) amide I; 1536 (vcn, Onn C-N-H) amide 11; 916, 877,
854 (maleimide ring deformation).

Compound 15

(0]
N Chemical Formula: C;,H;;NO,
HO™- @ Molecular Weight: 209,20 g/mol
(0)

Compound 8 (10.00 g, 60.19 mmol) was dispersed in 20 mL of MeOH and the suspention cooled
to 0 °C. Then, a solution of ethanolamine (3.6 mL, 60.19 mmol, 1 eq.) in 20 mL of MeOH) was added
dropwise during 10 min. The resulting clear yellow solution was stirred first, for 5 min. at 0 °C, then
30 min. at room temperature, and finally refluxed for 4 h. At the end of reaction the flask was cooled
to room temperature, and after 2 h the product began to crystallize. The mixture was stored in the

freezer overnight, and the precipitated out crystals were collected by vacuum filtration (yield: 44 %).

'H NMR (300 MHz, CDCls) § 6.51 (s, 2H, CH=CH), 5.26 (s, 2H, CH), 3.70 (dt, J = 10.0, 3.5 Hz, 4H,
-CHy-N-, HO-CHy-), 2.88 (s, 2H, CH), 2.40 (s, 1H, -OH).

3C NMR (75 MHz, CDCl) & 176.89 (s, 2C, N-(C=0)-), 136.62 (s, 2C, CH=CH), 81.08 (s, 2C, OCH),
60.30 (s, 1C, -CH,-OH), 47.60 (s, 2C, CH), 41.84 (s, 1C, -CH,-N).

MS (ESI, m/z) [M+Na]" calc. — 232.0580, found — 232.0587

FT IR (cm™) = 3473 (v OH); 2932 (vas O-CHy); 2866 (vs CHy); 1768, 1683 (ve=o cyclic imides in five
membered ring); 918,875, 851 (maleic anhydride ring deformation).

Compound 16

0]
§)0L N Chemical Formula: C;3H3NOs
o™ @ Molecular Weight: 263,25 g/mol
(0]
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A mixture formed of compound 15 (2.00 g, 9.56 mmol, 1 eq. in 40 mL of freshly distilled
CH,Cl,) and anhydrous TEA (2.2 mL, 1.55 g, 15.3 mmol, 1.6 eq.) was cooled to 0 °C and 1 mL of
acryloyl chloride (1.13 g, 12.43 mmol, 1.3 eq.) were added dropwise. The mixture was stirred at room
temperature overnight under argon atmosphere. The solvent, excess of acryloyl chloride and TEA were
evaporated under vacuum. The resulting residue was re-solubilized in 150 mL of CH,Cl,, washed with
brine (3x100 mL), dried over MgSOy, filtrated and concentrated in vacuum. Next, the obtained residue
was purified by column chromatography on silica gel (AcOEt 100%) to yield compound 16 (60%) as
white crystals.

'H NMR (300 MHz, CDCly) 8 6.51 (s, 2H, CH=CH), 6.37 (d, J = 17.3 Hz, 1H, CH,=), 6.06 (dd, J =
17.3, 10.5 Hz, 1H, =CH-), 5.83 (d, J = 11.9 Hz, 1H, CH,=), 5.25 (s, 2H, CH), 4.30 (t, J = 5.4 Hz, 2H, -
O-CHj,-), 3.80 (t, J = 5.4 Hz, 2H, -CH,-N-), 2.86 (s, 2H, CH).

13C NMR (75 MHz, CDCly) § 176.07 (s, 2C, -N-(C=0)-), 165.84 (s,1 C, -(C=0)-O-), 136.66 (s, 2C,
CH=CH), 131.41 (s, 1C, CH,=), 128.07 (s, 1C, =CH-), 81.02 (s, 2C, -CH-0), 60.81 (s, 2C, -O-CHy-),
47.56 (s, 2C, -CH-), 37.89 (s, 2C, -CH,-N-).

MS (ESI, m/z) [M+Na]" calc. — 286.0685, found — 286.0692
EA calc.: C, 59.31; H, 4.98; N, 5.32; O, 30.39; found: C, 59.64; H, 5.03; N, 5.27; O, 29.66

FT IR (cm™) = 2907 (vas O-CHy); 1773, 1690 (vc=o cyclic imides in five membered ring); 1723 (ve=o
ester); 914,873, 850, 824 (maleimide ring deformation).

Compound 17

o\/\N
0 “ Chemical Formula: C5;H5oN4O14

L 0 W m
+O NH \/\ONB Molecular Weight: 774,81 g/mol
O~UN .
0]

To the solution of compound 12 (2.00 g; 8.05 mmol in 15 mL of anhydrous DMF) a solution of
compound 16 (8.48 g; 32.22 mmol; 4 eq. in 3bmL of DMF) was added. The reaction mixture was
stirred at 40 °C during 5 days. Afterwards the solvent was evaporated and the residue was purified by
column chromatography on silica gel, first the excess of compound 16 was eluted with a mixture of
CH,CI,/AcOEt (v/v 90:10), then an elution with AcOEt (100%) was performed to yield compound 17
(56 %).

'H NMR (400 MHz, CDCl3) 5 6.50 (s, 4H, CH=CH), 5.24 (s, 4H, CH), 5.08 (s, 1H, NH), 4.19 (t, J =
5.4 Hz, 4H, -(C=0)-0-CH,-), 3.73 (t, J = 5.4 Hz, 4H, -CH,-N-(cycle)), 3.51 (dd, J = 21.9, 13.1 Hz,
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8H, -O-CH,-), 3.29 (d, J = 4.8 Hz, 2H, -NH-CH,-), 2.86 (s, 4H, -CH-), 2.76 (t, J = 7.2 Hz, 4H, -N-
CHy-), 2.63 (t, J = 6.1 Hz, 2H, -CH,-N-), 2.39 (t, J = 7.2 Hz, 4H, -CH,-(C=0)-0-), 1.42 (s, 9H, -CHj).

13C NMR (101 MHz, CDCls3) 6 176.12 (s, 4C, -N-(C=0)-), 172.30 (s, 2C, -(C=0)-0-), 156.11 (s, 1C, -
(C=0)-0-), 136.65 (s, 4C, CH=CH), 81.02 (s, 4C, -CH-0), 79.23 (s, 1C, =C=), 70.34 (d, J = 6.7 Hz,
2C, -CH,-0-), 69.63 (d, J = 71.2 Hz, 2C, -CH,-0-), 60.63 (s, 2C, -(C=0)-0-CH,-), 53.21 (s, 1C, -CH,-
N-), 49.61 (s, 2C, -N -CH,-), 47.56 (s, 2C, -CH-), 40.46 (s, 1C, -NH-CHj-), 37.91 (s, 2C, -CH,-N-
(cycle)), 32.42 (s, 2C, -CH,-(C=0)-0 -), 28.53 (s, 3C, -CHs).

MS (ESI, m/z) [M+H]" calc. — 775.3402, found — 775.3404; MS [M+Na]" calc. — 797.3221, found —
797.3249

EA calc.: C, 57.36; H, 6.50; N, 7.23; O, 28.91; found: C, 57.21; H, 6.75; N, 7.22, O, 29.77

FT IR (cm™) = 3382 (van (C=O)NH); 2970 (vas CHa); 2929 (vas CHy); 2868 (vs CHy); 1773, 1695
(ve=0 cyclic imides in five membered ring); 1732 (vc=0 ester); 1515 (ven, Onn C-N-H) amide 11;
915,876, 853, 824 (maleimide ring deformation).

Compound 18

o)
j ) Chemical Formula: C5,H4,N,O1,
0]

(0] .
NHY>~~0™~-N Molecular Weight: 674,70 g/mol

e

Compound 17 (3.50g) was solubilized in 100 mL of freshly distilled CH,Cl, and gaseous HCI
was bubbled through the solution during 30 min. At the end of the reaction the solvent was evaporated
under vacuum and the obtained residue was solubilized in 100 mL of H,O, washed with CH,ClI;
(3%100 mL) and dried in vacuum to yield compound 18 (65 %) as a slightly yellow very hygroscopic

foam (foamy oil).

'H NMR (400 MHz, D;0) 8 6.65 (s, 4H, CH=CH), 5.32 (s, 4H, CH), 4.38 (t, J = 5.0 Hz, 4H, -
(C=0)0-CH,-), 3.92 (t, 2H, -O-CHy-), 3.85 (t, J = 5.0 Hz, 4H, -CH,-N-), 3.80 (t, 2H, -CH,-0-), 3.76
(s, 4H, -O-CH,-CH,-0-), 3.55 (t, J = 6.4 Hz, 4H, -N-CH,-), 3.50 (t, 2H, -CHz-N-), 3.25 (t, 2H, -CHo-
NH,) 3.17 (s, 4H, CH), 2.90 (t, J = 6.8 Hz, 4H, -CH,-(C=0)0-).

13C NMR (101 MHz, D,0) § 179.83 (s, 4C, N(C=0),), 172.20 (s, 2C, -(C=0)0-), 137.00 (s, 4C,
CH=CH), 81.61 (s, 4C, CH), 70.36 (s, 1C, -CH,-0-), 70.12 (s, 1C, -O-CH,-), 66.97 (s, 1C, -CH,-0-),
64.43 (s, 1C, -O-CH,-), 62.22 (s, 2C, -(C=0)0-CH,-), 54.04 (s, 1C, -CH,-N-), 49.76 (s, 2C, -N-CHy-),
47.62 (s, 4C, CH), 39.61 (s, 1C, -CH»-NH;), 38.10 (s, 2C, -CH,-N), 28.66 (s, 2C, -CH,-(C=0)0-).

MS (ESI, m/z) [M+H]" calc. — 675.2877, found — 675.2878; MS [M+Na]" calc. — 697.2697, found —
697.2648
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EA (Mx4H,0x2HCI) calc.: C, 46.95; H, 6.28; Cl, 8.66; N, 6.84; O, 31.27; found: C, 47.54; H, 6.44;
Cl,9.91; N, 7.01; O, 29.36

FT IR (cm™) = 3449 (vas NH2); 2956 (vas CH2); 2868 (vs CHy); 1770, 1693 (vc=o cyclic imides in five
membered ring); 1735 (vc=o ester); 914, 876, 852, 824 (maleimide ring deformation).

Compound 19

%

LO~gi~—"NH NH\’O‘/\O/\’N

’ ?“’t

A solution formed of compound 18 (0.675 g, 1.0 mmol in 30 mL of freshly distilled CH,ClI,)
and TEA (0.56 mL, 0.41 g, 4.0 mmol, 4 eq.) was cooled to 0°C and 0.2350 g of isocyanato propyl tri-

Chemlcal Formula C42H63N5016SI

Molecular Weight: 922,06 g/mol

(etoxy)silane (0.95 mmol, 0.95 eq.) were added dropwise. The mixture was stirred at room temperature
overnight under argon atmosphere. Afterwards, the solvent was evaporated under vacuum and 10 mL
of THF was added to the obtained residue. The precipitated out powder (TEAxHCI) was filtrated and

the solution was concentrated under vacuum to yield compound 19 as viscous yellowish transparent oil
(99 %).

'H NMR (300 MHz, CDCl3) 8 6.50 (s, 4H, CH=CH ), 5.24 (s, 4H, CH), 5.03 (s, 1H, NH), 4.88 (s, 1H,
NH), 4.19 (t, J = 5.4 Hz, 4H, -(C=0)0-CHy-), 3.79 (g, J = 7.0 Hz, 6H, -O-CH,-CH3), 3.72 (t, J = 5.4
Hz, 4H, -CH,-N), 3.55 (s, 4H, -O-CH,-CH,-0-), 3.50 (dd, J = 11.8, 5.6 Hz, 4H, -O-CHj-, -CH,-0-),
3.35 (dd, J = 10.2, 5.2 Hz, 2H, -NH-CH,-), 3.14 (dd, J = 13.1, 6.9 Hz, 2H, -CH,-NH-), 2.86 (s, 4H,
CH), 2.76 (t, J = 7.2 Hz, 4H, -N-CH,-), 2.61 (t, J = 5.8 Hz, 2H, -CH-N-), 2.39 (t, J = 7.2 Hz, 4H, -
CH,-(C=0)0-), 1.57 (dt, J = 15.5, 7.7 Hz, 2H, -CHy-), 1.20 (t, J = 7.0 Hz, 9H, -O-CH,-CHs), 0.65 —
0.56 (M, 2H, -Si-CHy-).

13C NMR (101 MHz, CDCls) § 176.21 (s, 4C, N(C=0),), 172.36 (s, 2C, -(C=0)0O-), 158.58 (s, 1C,
C=Ourea), 136.67 (s, 4C, CH=CH), 81.05 (s, 4C, CH), 71.13 (s, 1C, -CH,-O-), 70.75 (d, J = 56.7 Hz,
2C, -O-CH,-CH,-0-), 69.45 (s, 1C, -O-CHj-), 60.75 (s, 2C, -(C=0)0-CH,-), 58.51 (s, 3C, -O-CHa-
CHa), 53.31 (s, 1C, -CH2-N), 49.58 (s, 2C, -N-CH,-), 47.60 (s, 4C, CH), 43.07 (s, 1C, -CHp-NH-),
40.34 (s, 1C, -NH-CH,-), 37.91 (s, 2C, -CH2-N), 32.27 (s, 2C, -CHp-(C=0)0-), 23.83 (s, 1C, -CH;-),
18.42 (s, 3C, -CHs), 7.78 (s, 1C, -Si-CH,-).

MS (ESI, m/z) [M+H]" calc. — 922.4111, found — 922.4108; MS [M+Na]" calc. — 944.3914, found —
944.3710

EA calc.: C, 54.71; H, 6.89; N, 7.60; O, 27.76; Si, 3.05; found: C, 52.48; H, 6.74; N, 7.73; Si, 3.15

174



Experimental part

FT IR (cm™) = 3368 (vnn NH(C=0)NH); 2972 (vas CH3); 2923 (vas CH2); 2876 (vs CHy); 1775, 1698
(ve=o cyclic imides in five membered ring); 1734 (vc=o ester); 1641 (vc=o urea) amide I; 1559 (vcn, OnH
C-N-H) amide II; 1099, 1074, 1020 (vsi-0 Si-OEt); 916, 877, 854, (maleimide ring deformation).

Compound 20

e
I On N Chemical Formula: C;9H;¢N,0O4
“‘O NH™ © > Molecular Weight: 420,50 g/mol
o)
0] \

To a solution of compound (12) (6.00 g, 24.16 mmol in 100 mL freshly distilled MeOH), 22
mL of methyl acrylate (20.8 g, 241.6 mmol, 10 eq.) were added. The mixture was stirred for 3 days at
50 °C. At the end of reaction the excess of methyl acrylate and MeOH was evaporated under vacuum

to yield compound (20) (quantitatively) as yellow oil.

'H NMR (300 MHz, CDCls) § 5.07 (s, 1H, NH), 3.64 (s, 6H, -O-CHs), 3.56 (s, 4H, -O-CH,-CH,-0-),
3.51 (t, J = 5.4 Hz, 4H, -O-CH,-), 3.28 (dd, J = 10.4, 5.2 Hz, 2H, -CH,-NH-), 2.81 (t, J = 7.1 Hz, 4H, -
N-CHa-), 2.66 (t, J = 6.1 Hz, 2H, -CH»-N-), 2.44 (t, J = 7.1 Hz, 4H, -CH,-COO0), 1.41 (s, 9H, -CHs).

13C NMR (75 MHz, CDCly) § 173.03 (s, 2C, -(C=0)-0-), 156.09 (s, 1C, -(C=0)-NH-), 79.22 (s, 1C,
Cy), 70.43 (d, J = 10.1 Hz, 2C, -O-CH,-CH,-0-), 69.79 (s, 2C, -CH,-O-), 53.36 (s, 1C, -CHo-N-),
51.63 (s, 2C, -O-CH3), 50.04 (s, 2C, -N-CH,), 40.48 (s, 1C, -CHp-NH-), 32.68 (s, 2C, -CH,-COO-),
28.52 (s, 2C, -CHy).

MS (ESI, m/z) [M+H]" calc. — 421.2544, found — 421.2554; MS [M+Na]" calc. — 443.2431, found —
443.2441

EA calc.: C, 54.27; H, 8.63; N, 6.66; O, 30.44; found: C, 54.66; H, 8.54; N, 6.60; O, 30.64

FT IR (cm™) = 3374 (vnu O(C=0)NH); 2976 (vas CHs); 2951 (vas CHy); 2867 (vs CHy); 1735 (vc=o
ester); 1711 (vc=0 O(C=0)NH); 1513 (vcn, onn C-N-H) amide II.

Compound 21

NH2
0 I~
j»NH
J(i o] Chemical Formula: C,;H,4N¢O¢
~\~O NH 0 \)\ Molecular Weight: 476,61 g/mol
NH
(@) ~\
NH2

175



Experimental part

To a solution of compound 20 (11.00 g, 26.16 mmol in 100 mL freshly distilled MeOH), 140
mL of ethylene diamine (126g, 2.09 mol, 80 eq.) were added. The mixture was stirred for 5 days at 25
°C. At the end of reaction the excess of ethylene diamine and MeOH was evaporated under vacuum to
yield compound 21 (quantitatively) as a very viscous brown oil.

'H NMR (400 MHz, CDCly) & 7.46 (s, 2H, -NH-), 5.65 (s, 1H, -NH-), 3.56 — 3.47 (m, 8H, -CH,-O-
CHy-CH,-O-CHy-), 3.24 (dd, J = 11.7, 5.8 Hz, 6H, -CONH-CH,-), 2.81 — 2.69 (m, 8H, N- CHy-, -CH,-
NH,), 2.62 (t, J = 5.3 Hz, 2H, -CH,-N), 2.33 (t, J = 6.2 Hz, 4H, -CH,-CONH-), 2.03 (s, 4H, -NH)),
1.40 (s, 9H, -CHa).

13C NMR (151 MHz, CDClg) § 171.93 (s, 2C, -(C=0)NH), 155.26 (s, 1C, -O(C=0)NH), 78.22 (s, 1C,
Cq), 69.32 (s, 2C, -O-CH,-CH,-0-), 68.34 (s, 2C, -O-CHy-), 52.77 (s, 1C, -CH,-N), 50.01 (s, 2C, -N-
CHy-), 41.14 (s, 1C, -OCONH-CH,-), 40.46 (s, 2C, -CH,-NH,), 39.38 (s, 2C, -CONH-CH,-), 33.36 (5,
2C, -CH,-CONH -), 27.52 (s, 3C, -CHs).

MS (ESI, m/z) [MH"] calc. — 477.3395, found — 477.3398; MS [MNa'] calc. — 499.3240, found —
499.3243

EA calc.: C, 52.92; H, 9.31; N, 17.63; O, 20.14; found: C, 52.12; H, 9.20; N, 16.88 O, 21.15

FT IR (cm™) = 3295 (v (C=0)NH); 2970 (vas CHa); 2929 (vas CHa); 2866 (vs CHa); 1702 (ve-o
O(C=0)NH); 1644 (vc=0) amide I: 1537 (vcn, dnu C-N-H) amide 11.

Compound 22

6}
00
N o
Oy Yo )
JOL o 0o z Chemical Formula: C73HggN1(O56
“—0 NH~0™-N o) Molecular Weight: 1529,59 g/mol

?\N&N&ow

To a solution of compound 21 (1.81 g, 3.80 mmol in 20 mL of anhydrous DMF) a solution of
compound 16 (8.00 g, 30.39 mmol, 8 eq. in 40 mL of anhydrous DMF) was added. The reaction

mixture was stirred at 40°C during 5 days. At the end of reaction, the solvent was evaporated and the
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residue was purified relying on the difference of solubility of the mixture in Toluene. The compound
22 is not soluble in Toluene while the starting material (compound 16) added in a large excess is.
Thus, the residue was solubilized in a minimal volume of CH,Cl, and added dropwise to a large
volume of toluene, and then the solution volume was reduced twice. After two days the precipitated
out gluey mass was separated from the solution by decantation and the procedure was repeated again
(at least three times). By this procedure compound 22 was obtained in 46 % yield.

'H NMR (300 MHz, CDCls) § 6.51 (s, 8H, CH=CH), 5.24 (s, 8H, CH), 4.20 (s, 8H, -(C=0)O-CHy"),
3.73 (t, J = 5.3 Hz, 8H, -CH,-N), 3.58 (s, 4H, -O-CH,-CH,-0-), 3.51 (t, 4H, -CH,-O-,-O-CHy-), 3.27
(dd, J = 10.0, 5.0 Hz, 6H, -NH-CH,-), 2.85 (d, J = 19.2 Hz, 12H, CH, -N-CH,-), 2.71 (t, J = 6.7 Hz,
8H, -N-CH,-), 2.50 (t, J = 5.8 Hz, 6H, -CH,-N-), 2.42 — 2.29 (m, 12H, -CH,-(C=0)O, -CH,-
(C=0)NH), 1.43 (s, 9H, -CH3).

13C NMR (101 MHz, CDCl3) & 176.25 (s, 8C, -N(C=0),), 172.42 (s, 6C, -(C=0)O-, -(C=0)NH-),
156.21 (s, 1C, -O(C=O)NH-), 136.72 (s, 8C, CH=CH), 81.09 (s, 8C, CH), 79.24 (s, 1C, Cq), 70.39 (s,
4C, -CHy-0-CH,-CH,-O-CH,-), 60.86 (s, 4C, -(C=0)O-CH,-), 52.87 (d, J = 18.6 Hz, 3C, -CH,-N),
50.29 (s, 2C, N-CHy-), 48.91 (s, 4C, N-CHy-), 47.65 (s, 8C, CH), 40.51 (s, 1C, -O(C=0)NH-CH,-),
37.94 (s, 4C, -CH,-N), 37.24 (s, 2C, (C=O)NH-CH;-), 32.43 (s, 6C, -CH,-(C=0)NH-, -CH,-(C=0)0-),
28.60 (s, 3C, -CH).

MS (ESI, m/z) [M]* calc. — 765.3321, found — 765.3329; MS [M] calc. — 1529.6570, found —
1529.6210; MS [M+Na]" calc. — 1551.6345, found — 1551.5985

EA calc.: C, 57.32; H, 6.33; N, 9.16; O, 27.20; found: C, 57.76; H, 6.39; N, 9.03; O, 26.96

FT IR (cm™) = 3372 (vas NH2); 2958 (vas CHa3); 2923 (vas CH,); 2869 (vs CHy); 1774, 1695 (vc-o0
cyclic imides in five membered ring); 1730 (vc=o ester); 1640 (vc=0) amide I; 1527 (vcn, dnn C-N-H)
amide I1; 915,876, 853, 824 (maleimide ring deformation)

Compound 23

yrf Paaaech |
L~ O o Chemical Formula: CesHggN 10004
2 > o o Molecular Weight: 1429,48 g/mol
o7 N ,JLO’\/N
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Compound 22 (3.00g) was solubilized in freshly distilled CH,Cl, (40 mL) and gaseous HCI
was bubbled through the solution during 25 min. At the end of the reaction, the solvent, t-butanol and
excess of HCI were evaporated under vacuum. Next, the residue was solubilized in 100 mL of H,0,
washed with CH,Cl, (3x100 mL) and dried in vacuum to yield compound 23 (77 %) as a yellow-

orange very viscous oil.

'H NMR (300 MHz, D;0) 8 6.65 (s, 8H, CH=CH), 5.32 (s, 8H, CH), 4.36 (t, J = 5.1 Hz, 8H, -
(C=0)0-CH,-), 3.94 (d, J = 4.4 Hz, 2H, O-CH,-), 3.83 (dd, J = 9.4, 4.7 Hz, 10H, -CH,-O-, -CH»-N-),
3.78 (s, 4H, -O-CH,-CH,-0-), 3.72 — 3.65 (m, 4H, -(C=O)NH-CH,-), 3.55 (dd, J = 13.8, 6.9 Hz, 14H,
-N-CHj-, -CH,-N), 3.43 (t, J = 5.7 Hz, 4H, -CH»-N), 3.28 — 3.22 (t, 2H, -CH,-NH5), 3.16 (s, 8H, CH),
2.91 (d, J = 6.4 Hz, 12H, -CH,-(C=0)NH-, -CH,-(C=0)0-).

BC NMR (75 MHz, D,0) § 179.31 (s, 8C, -N(C=0),), 172.81 (s, 2C, (C=0)NH), 172.61 (s, 4C,
(C=0)0), 136.56 (s, 8C, CH=CH), 81.16 (s, 8C, CH), 69.79 (d, J = 19.5 Hz, 2C, -O-CH,-CH,-0-),
66.54 (s, 1C, -CH,-0-), 64.09 (s, 1C, -O-CHy-), 61.88 (s, 4C, (C=0)0O-CH,-), 53.09 (s, 2C, -CH,-N),
52.91 (s, 1C, -CH,-N), 49.85 (s, 8C, N-CHy-), 49.14 (s, 2C, N-CH,-), 47.54 (s, 8C, CH), 39.17 (s, 1C, -
CH,-NH,), 37.11 (s, 4C, -CH,-N), 34.53(s, 2C, -CH,-(C=0)NH-), 28.77 (s, 4C, -CH,-(C=0)0-), 28.23
(s, 2C, -CH,-(C=0)NH-).

MS (FD, m/z) [M+H]" calc. — 1429.6051, found — 1429.6008

EA (Mx5H,0x4HCI) calc: C, 49.04; H, 6.17; Cl, 8.52; N, 8.41; O, 27.86; found: C, 48.76; H, 6.16; Cl,
9.58; N, 8.72; O, 26.92.

FT IR (cm™) = 3389 (vas NH2); 2956 (vas CHy); 2866 (vs CHy); 1772, 1693 (ve=o cyclic imides in five
membered ring); 1735 (vc=o ester); 1551 (ven, dnn C-N-H) amide 11; 1184 cm™ (C-N-C stretch); 914,
877, 852, 824 (maleimide ring deformation)

Compound 24

N
r~
I OerH w>/’O‘/\N . -
I 0 0 z Chemical Formula: C7gH 49N ;;0,4Si

VO\SIiv”JL”’\/O*/\O’\’N 0 Molecular Weight: 1676,84 g/mol

% }NHMNJOLWN

178



Experimental part

To 1.00 g of compound 23 (0.70 mmol) dispersed in 30 mL of freshly distilled CH,Cl,, 1.46
mL of TEA (1.06 g, 10.50 mmol, 15 eq) were added. After compound 23 was solubilized, the solution
was cooled to 0 °C and 0.1732 g of isocyanato propyl tri-(etoxy)silane (0.70 mmol, 1 eq.) were added
dropwise. The reaction proceeded at room temperature, under argon atmosphere, overnight.
Afterwards the solvent and excess of TEA were evaporated, and the obtained residue was purified by
gel permeation chromatography. Three successive size exclusion columns with Biorad S-X3 beads
swelled with CH,Cl, allowed yielding compound 24 in 73 %.

'H NMR (300 MHz, CDCls) 8 6.50 (s, 8H, CH=CH), 5.50 (s, 1H, NH), 5.22 (s, 8H, CH), 4.17 (s, 8H,
-(C=0)0-CHy-), 3.77 (d, J = 7.0 Hz, 6H, -O-CH,-CH3), 3.71 (s, 4H, -CH»-N), 3.54 (s, 4H, -O-CH,-
CH,-0-), 3.48 (t, 4H, -CH,-O-,-O-CHy-), 3.32 (s, 2H, NH(C=0)NH-CH,-), 3.24 (s, 4H, (C=O)NH-
CHy-), 3.11 (d, J = 6.2 Hz, 2H, -CH,-NH(C=0)NH), 2.86 (s, 8H, CH), 2.84 — 2.76 (m, 4H, N-CH,-),
2.69 (s, 8H, N-CHy-), 2.48 (s, 6H, -CH2-N), 2.35 (s, 12H, -CH,-(C=0)NH-, -CH,-(C=0)0-), 1.55 (s,
2H, -CHy-), 1.18 (t, J = 7.0 Hz, 9H, -CHs3), 0.59 (s, 2H, -Si-CH,-).

13C NMR (101 MHz, CDCls) § 176.25 (s, 8C, -N(C=0),), 172.44 (s, 6C, (C=O)NH, (C=0)0), 158.90
(s, 1C, C=Oures), 136.66 (s, 8C, CH=CH), 81.03 (s, 8C, CH), 70.74 (d, J = 84.0 Hz, 4C, -CHp-O-CH,-
CH,-0-CHj-), 60.80 (s, 4C, (C=0)0-CHy-), 58.45 (s, 3C, -O-CH,-CHs), 52.84 (s, 3C, -CH,-N-), 50.39
(s, 2C, -N-CH-), 48.84 (s, 4C, -N-CH,-), 47.59 (s, 8C, CH), 42.96 (s, 1C, -CH,-NH-), 40.15 (s, 1C, -
NH-CH,-), 37.85 (s, 4C, -CH,-N), 37.23 (s, 2C, (C=O)NH-CH,-), 33.48 (s, 2C, -CH,-(C=O)NH-),
32.39 (s, 4C, -CH,-(C=0)0-), 23.92 (s, 1C, -CH,-), 18.40 (s, 3C, -CH3), 7.78 (s, 1C, -Si-CHy-).

MS (FD, m/z) [M+H]" calc. — 1676.7291, found — 1676.7123
EA calc: C, 55.87; H, 6.55; N, 9.19; O, 26.72; Si, 1.67; found: C, 51.57; H, 6.68; N, 9.44; Si, 1.69

FT IR (cm™) = 3368 (vay NH(C=0)NH); 2970 (vas CHa); 2923 (vas CHy); 2866 (vs CHy); 1774, 1696
(ve=o cyclic imides in five membered ring); 1732 (vc=o ester); 1644 (vc=o urea) amide I; 1549 (ven, Onm
C-N-H) amide I1; 1099, 1074, 1019 (vsi-o Si-OEt); 915, 877, 853, (maleimide ring deformation).

4 General grafting and maleimide functional group deprotection procedures

Grafting of coupling agents 10, 18 or 23 on core-shell y-Fe,Os/Polymer MNPs

First, 5 mg of y-Fe,Os/Polymer MNPs were dispersed in 1 mL of 50 mM MES/0.3 % PF
solution. Next, 2.85 mg of EDC (corresponding to 8.5 eq. per equivalent of available COOH groups on
v-Fe;Os/Polymer MNPs, which is ~350 pumol COOH/Q) solubilized in 1 mL of 50 mM MES/0.3 % PF
solution and 5.99 mg of NHS (3.5 eq. per equivalent of EDC quantity) solubilized in 1 mL of 50 mM
MES/0.3 % PF solution were added. Then, 10, 25, 35, 50 or 100 equivalents of coupling agents 10 or
18 or 23 (per equivalent of available COOH groups on y-Fe;Os/Polymer MNPSs) solubilized in 1 mL of
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50 mM MES/0.3 % PF solution were loaded in the grafting reaction, corresponding to 15 grafting
experiments (see Table 1):

Table 1. Different loading of coupling agents 10, 18 or 23 in the grafting reaction.

Compound 10

Compound 18

Compound 23

v-Fe,Ox/Pol@10/10eq
v-Fe,Ox/Pol@10/25eq
v-Fe,Ox/Pol@10/35eq
v-Fe,Ox/Pol@10/50eq

v-Fe,Oz/Pol@18/10eq
v-Fe,Ox/Pol@18/25¢eq
v-Fe,Ox/Pol@18/35€eq
v-Fe,Oz/Pol@18/50eq

v-Fe,O4/Pol@23/10eq
v-Fe,Os/Pol@23/25eq
v-Fe,O4/Pol@23/35eq
v-Fe,O4/Pol@23/50eq

v-Fe,Ox/Pol@10/100eq v-Fe,Ox/Pol@18/100eq v-Fe,O4/Pol@23/100eq

The total reaction volume for each grafting experiment was brought up to 5 mL (corresponding
to the final concentration of 1 mg of MNPs/mL of solution) and then all the samples were sonicated
(~10 sec, 60W). The grafting proceeded in a thermomixer (300 rpm) at 25°C for 16 h. During all the
grafting period the particles remained well dispersed and no sedimentation or aggregation was
observed. At the end of the grafting, MNPs were separated from the reaction mixture by magnetic
decantation, washed with: MES (1x5mL), H,O (1x5mL), EtOH (3x5mL), re-dispersed in EtOH (5
mg/mL) and stored in the fridge.

Grafting of silylated coupling agents 11, 19 or 24 on core-shell y-Fe;O3/SiO, MNPs

Grafting of coupling agents 11 and 19 on y-Fe,O3/SiO, MNPs can be performed by two
procedures, in the absence of DMF (protocol a) or in the presence of DMF (protocol b), as described
below. Regardless the grafting protocol (a or b) the grafting efficiency is the same (according to the IR
study), therefore procedure a was used for the grafting of coupling agents 11 and 19. Grafting of
coupling agent 24 can be performed exclusively by protocol b, since adding of a small amount of DMF

is necessary for the complete solubilisation of coupling agent 24 in EtOH.

a) First, 10 mg of y-Fe,03/SiO, MNPs were dispersed in a mixture formed of 0.5 mL of 0.21 %
Tx-405 solution, 0.5 mL of EtOH and a catalytic amount of 30 % NH,OH commercial solution (87.5
uL). Then, 0.125 mmol of functional silylated coupling agent 11 (0.068 g) or 19 (0.115 g) was
solubilized in 1 mL of dry EtOH. The grafting was performed in a thermomixer (300 rpm) at 25°C for
2.5 h, during which, the coupling agent solution (11 or 19) was added dropwise (13 pL every 2 min) to
the dispersed y-Fe,O3/SiO, MNPs. Afterwards, the suspension was stirred additionally for 1 h at 40°C.
At the end of the grafting reaction the modified y-Fe,O3/SiO, MNPs (y-Fe,O5/SiO,@11 or
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v-Fe20s/Si0,@19) were separated by magnetic decantation from the reaction mixture, washed with
EtOH (5 x 1 mL), re-dispersed in EtOH (5mg/mL) and stored in the fridge.

b) First, 10 mg of y-Fe,03/SiO, MNPs were dispersed in 0.5 mL of 0.21 % Tx-405 solution and
a catalytic amount of 30 % NH,OH (87.5 uL). Then, 0.125 mmol of functional silylated coupling
agent 11 (0.068 g), 19 (0.115 g) or 24 (0.21 g) was solubilized in the mixture formed of 1.5 mL of dry
EtOH and 0.18 mL of anhydrous DMF. The grafting was performed in a thermomixer (300 rpm) at
25°C for 2.5 h, during which, the coupling agent solution (11, 19 or 24) was added dropwise (22.4 uL
every 2 min) to the dispersed y-Fe,03/SiO, MNPs. Afterwards, the suspensions were stirred for 1 h at
40°C. At the end of the grafting reaction the modified y-Fe,03/SiO, MNPs (y-Fe;O3/SiO,@11,
v-Fe205/Si0,@19 or y-Fe,05/SiO,@24) were separated by magnetic decantation from the reaction
medium, washed with EtOH (5 x 1 mL), dispersed in EtOH (5 mL) and stored in the fridge.

Maleimide group deprotection

10 mg of the modified MNPs (y-Fe,Os/Pol@10, vy-Fe,O3/Pol@18, y-Fe,Os/Pol@23,
v-Fe;05/Si0,@11, y-Fe,O3/SiO, @19, or y-Fe,0O3/SiO,@24) were dispersed in 1 mL of anhydrous
DMSO and the cleavage of furan protection proceeded in a thermomixer (300 rpm) at 99°C during 5 h.
At the end of deprotection reaction the resulting maleimide functionalized MNPs: y-Fe,O3/Pol@10-
Mal, y-Fe,Os/Pol@18-Mal, y-Fe,Os/Pol@23-Mal, y-Fe,03/Si0,@11-Mal, y-Fe,O3/SiO,@19-Mal,
or y-Fe,0O3/Si0,@24-Mal were separated from the reaction mixture by magnetic decantation, washed
with EtOH (5 x 1 mL), dispersed in EtOH (5 mL) and stored in the fridge.

The cleavage of furan protection on silylated coupling agents was performed by refluxing 50 mg
of silylated coupling agents 11, 19 and 24 over 2 hours in the appropriate dry solvent (10 mL) (silanes
11 and 19 were refluxed in toluene, while silane 24 was refluxed in dioxan, since it is not soluble in

toluene). At the end of the deprotection reaction the solvent was evaporated.

5. Immobilization tests

Covalent coupling of thiol modified biotin (HS-PEG-Biot) with the maleimide

functionalized y-Fe,O3s/Polymer or y-Fe,O3/SiO, MNPs

1 mg of maleimide functionalized MNPs (y-Fe,Os/Pol@10-Mal, y-Fe,Os/Pol@18-Mal,
v-Fe,Os/Pol@23-Mal, y-Fe,03/SiOo,@11-Mal, y-Fe,03/SiO,@19-Mal or y-Fe,05/SiO,@24-Mal)
was dispersed in 0.375 mL of 0.01 M PBS/0.05% Tween-20 buffer solution (adjusted to pH=7.1 with
1 M HCI solution), and 2.76 mg of HS-PEG-Biot solubilized in 0.125 mL of 0.01 M PBS/0.05%
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Tween-20 buffer solution were added to the MNPs’ suspension. The reaction mixture was incubated in
a thermomixer (300 rpm) at 37°C for 16 h. During the incubation period the particles remained well
dispersed and no sedimentation or aggregation was observed. At the end of incubation reaction, MNPs
(y-Fe2Os/Pol@10@Biot, y-Fe,Os/Pol@18@Biot, y-Fe,Os/Pol@23@Biot, y-Fe,O5/SiO,@11@Biot,
v-Fe;05/Si0,@19@Biot or y-Fe,O5/SiO,@24@Biot) were separated from the reaction mixture by
magnetic decantation, washed with 0.01 M PBS/0.05% Tween-20 buffer solution, then re-dispersed in
1 mL of the same buffer solution and stored in the fridge.

Immobilization of 15 nm SA-Au NPs on biotin functionalized vy-Fe,Os/Polymer or

v-Fe,05/Si0O; MNPs

First, the storage buffer solution (Tris buffer saline pH=8.2, containing 1 % BSA, 15 mM NaNj3;
and 30 % glycerol) of 15 nm SA-Au NPs’ was replaced with 0.01 M PBS/0.05% Tween-20 buffer
solution (adjusted to pH=7.1 with 1 M HCI solution) according to the following procedure: 1 mL of
SA-Au NPs (13.65 pg/mL of protein, 1.4x10 particles/mL) was transferred into a conical tube and
1 mL of 0.01 M PBS/0.05% Tween-20 buffer solution was added. The particles were vortexed and
then centrifuged during 1 h at the speed of 9000 rpm. The solution was separated from the particles
with a pipet. Next, the particles were re-dispersed in 2 mL of same buffer solution, vortexed and
centrifuged during 1 h at the same speed. The procedure was repeated 2 times and then particles were
dispersed in 1.4 mL (corresponding to 1.00x10** part/mL) of the same buffer solution and stored in the

fridge.

Next, to 0.05 mg of biotin modified MMPs (y-Fe,Os/Pol@10@Biot, y-Fe,Os/Pol@18@Biot,
v-Fe,Os/Pol@23@Biot, v-Fe,05/Si0,@11@Biot, v-Fe,03/Si0,@19@Biot, or
v-Fe,04/Si0,@24@Biot) 2.00x10" SA-Au NPs (15 nm) dispersed in 0.2 mL of 0.01 M PBS/0.05%
Tween-20 buffer solution (pH=7.1) were added (corresponding to 4.0x10"? SA-Au NPs/mg of
functionalized MNPs). The reaction mixture was incubated in a thermomixer (300 rpm) at 37°C for
16 h. and no sedimentation or aggregation was observed during all this period, except sample
v-Fe,03/Si0,@24@Biot where the precipitation of the particles was observed (at the end of
incubation time). Afterwards, MNPs were separated from the reaction mixture by magnetic
decantation and the solutions of SA-Au NPs were analysed by UV-Vis Spectroscopy. The resulting
MNPs (y-Fe,03/Pol@10@Biot@SA-Au, v-Fe,O3/Pol@18@Biot@SA-Au,
v-Fe,03/Pol@23@Biot@SA-Au, y-Fe,03/Si0,@11@Biot@SA-Au, y-Fe,03/Si0,@19@Biot@SA-
Au or y-Fe;,05/SiO,@24@Biot@SA-Au) were washed with water (5x1 mL), then re-dispersed 0.2

mL of water, and stored in the fridge.
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Incubation of biotin functionalized y-Fe;Oz/Polymer MNPs with 20 nm H;N-PEG-Au NPs

First, 20 nm HzN-Au NPs were dispersed in 0.01 M PBS/0.05% Tween-20 buffer solution
(adjusted to pH=7.1 with 1 M HCI solution) according to the following procedure: 0.2 mL of H,N-Au
NPs’ aqueous solution (corresponding to 6.8x10* H,N-Au NPs) were transferred into a conical tube
and 2 mL of 0.01 M PBS/0.05% Tween-20 buffer solution was added. The dispersion was vortexed
and then centrifuged during 40 min. at the speed of 8500 rpm. Then, the solution was separated from
the particles with a pipet. Next the particles were dispersed in 2 mL of same buffer solution, vortexed
and centrifuged during 40 min at the same speed. The procedure was repeated one more times and then
particles were dispersed in in 6.8 mL of buffer solution and stored in the fridge (1x10*2 particles/mL).

Next, 0.05 mg of biotin functionalized y-Fe,Os/Polymer MNPs (y-Fe,Os/Pol@10@Biot,
v-Fe;04/Pol@18@Biot or y-Fe;04/Pol@23@Biot) were incubated with 2.00x 10" H,N-PEG-Au NPs
of 20 nm dispersed in 0.2 mL of 0.01 M PBS/0.05% Tween-20 buffer solution (pH=7.1). The
incubation proceeded in a thermomixer (300 rpm) at 37°C during 16 h. At the end of the incubation
time, MNPs were separated from the reaction mixture, and the solutions of H,N-PEG-Au NPs were
analysed by UV-Vis Spectroscopy, while MNPs were washed with water (5x1 mL), then re-dispersed
0.2 mL of water, and stored in the fridge.

Immobilization of 20 nm H;N-PEG-Au NPs on maleimide functionalized y-Fe,O3/Polymer

MNPs

To 0.05 mg of native or maleimide functionalized MMPs (y-Fe,O3/Pol-COOH,
v-Fe;04/Pol@10-Mal, y-Fe,03/Pol@18-Mal and y-Fe,Os/Pol@23-Mal) 2.00x10* H,N-PEG-Au
NPs (20 nm) dispersed in 0.2 mL of 0.01 M PBS/0.05% Tween-20 buffer solution (adjusted to pH=7.1
with 1 M HCI solution) were added. The reaction mixtures were incubated in a thermomixer (300 rpm)
at 37°C for 16 h. and no sedimentation or aggregation was observed during all this period. Afterwards,
MNPs (y-Fe2O3/Pol-COOH, v-Fe;O3/Pol@10@Au, v-Fe,O3/Pol@18@Au and
v-Fe,O3/Pol@23@Au) were separated from the reaction mixture, and the solutions of H,N-PEG-Au
NPs were analysed by UV-Vis Spectroscopy, while MNPs were washed with water (5x1 mL), then re-

dispersed 0.2 mL of water, and stored in the fridge.

Immobilization of HS-dT oligonucleotide on maleimide functionalized y-Fe,Os/Polymer or

v-Fe,03/SiO, MNPs and hybrid capture of its complementary sequence

First, 1 mg of maleimide functionalized MNPs (y-Fe,O3/Pol-COOH, y-Fe,Os/Pol@10-Mal,
v-Fe,Os/Pol@18-Mal,  y-Fe,Os/Pol@23-Mal,  y-Fe,03/SiO,-OH,  y-Fe,03/SiO,@11-Mal,
v-Fe;03/Si0,@19-Mal, or y-Fe,Os/SiO,@24-Mal) was dispersed in 100 uL of 10 mM phosphate
buffer solution (adjusted to pH=7.0 with a 0.1 M HCI solution), then 10 uL of 1 mM aqueous HS-dT
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solution (10 nmol, 0.0774 mg) were added to the MNPs’ suspension. The incubation reaction
proceeded in the thermomixer (300 rpm) at 37°C during 16 h. All samples showed a good dispersion
from the beginning until the end of the incubation period. At the end of the incubation time,
oligonucleotide modified MNPs (y-Fe2Os/Pol@10@dT, v-Fe;Os/Pol@18@dT,
v-Fe,05/Pol@23@dT, y-Fe,03/Si0,@11@dT, y-Fe,03/SiO,@19@dT, or y-Fe,O3/Si0,@24@dT)
were separated from the reaction mixture by magnetic decantation, washed with water (5x1 mL), re-
dispersed in 0.1 mL of water and stored in the fridge.

Hybridization of the immobilized oligonucleotide dT with a complementary sequence oligo poly
A of fluorochrome-conjugated oligo-dA Alexa Fluor (performed by Ademtech): 100 ug of
oligonucleotide modified MNPs (y-Fe20s/Pol@10@dT, v-Fe;Os/Pol@18@dT,
v-Fe,05/Pol@23@dT, y-Fe,03/Si0,@11@dT, y-Fe,03/Si0O,@19@dT, or y-Fe,O3/SiO,@24@dT)
were dispersed in 50 uLL of SSC 3X (Saline Sodium Citrate) hybridization buffer and 1 uL of 100 uM
oligo-dA-Alexa Fluor (100 pmol) was added. The incubation reaction proceeded in the thermomixer
(1000 rpm) during 15min. At the end of the incubation time, the resulting MNPs
(y-Fe.05/Pol@10@dTdA, v-Fe,03/Pol@18@dTdA, v-Fe,O3/Pol@23@dTdA,
v-Fe,05/Si0,@11@dTdA, y-Fe;,03/Si0,@19@dTdA, or v-Fe,03/Si0,@24@dTdA)  were

separated from the reaction mixture by magnetic decantation and washed with SSC 0.3X (2x50 uL).

The elution of oligo-dA Alexa Fluor (performed by Ademtech) was achieved by incubation of
the hybridized MNPs (v-Fe2O3/Pol@10@dTdA, v-Fe,O3/Pol@18@dTdA,
v-Fe;Os/Pol@23@dTdA, v-Fe;03/Si0,@11@dTdA, v-Fe203/Si0,@19@dTdA, or
v-Fe;03/Si0,@24@dTdA) with 50 uL. of Rnase/Dnase free water, for 5 min at 50°C (1000rpm).
Then, the supernatant was diluted in 950 uL of PBS and analysed on fluorescence microplate reader
FLUOROSKAN.
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List of abbreviations

AcOEt
AcOH

Aloc or Alloc
APTES

ATR

ATRP

BIC

Boc

Boc anhydride
C2M

Chbz
CESAMO

CLIO
CNRS
COosy
CRP
CuAAC
Cu-free AAC
Cys

DA
DCM
DEPT
DIAD
DMAP
DMF
DMSO
DNA
DTA
DTG
EDA
EDC or EDAC
EDTA
ESI

Ethyl acetate

Acetic acid

Allyloxycarbonyl

3-aminopropyltrimethoxysilane

Attenuated Total Reflectance

Atom Transfer Radical Polymerization

Bordeaux Imaging Centre

tert-Butyloxycarbonyl

Di-tert-butyl dicarbonate

Molecular Chemistry and Materials
Carbobenzyloxy

Centre d’Etude Structurale et d’Analyse des
Organiques

Cross-linked Iron Oxide

Centre Nationale de la Recherche Scientifique
Correlation Spectroscopy

Control Radical Polymerization

Cu'-mediated [3 + 2] azide—alkyne cycloaddition
Strain-promoted AAC - “copper-free click chemistry”
Cysteine

Diels-Alder

Dichloromethane

Distortionless Enhancement by Polarization Transfer
Diizopropyl azodicarboxylate
4-Dimethylaminopyridine

Dimethylformamide

Dimethylsulfoxide

Deoxyribonucleic acid

Differential Thermal Analysis

Derivative of the Thermogravimetric curve
Ethylenediamine
N-Ethyl-N'-(3-dimethylaminopropyl)carbodiimide
Ethylenediaminetetraacetic acid

Electrospray lonization

Molécules
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Et,0O Diethyl ether

EtOH Ethanol

FD Field Desorption

FISH Fluorescent In Situ Hybridization

Fmoc 9-Fluorenylmethyloxycarbonyl

FT-IR Fourier Transformed Infrared Spectrometry

G Generation

GA Glutaraldehyde

GLYMO 3-glycidoxypropyltrimethoxysilane

GSM Molecular Spectroscopy Group

H,N-PEG-Au NPs Amino PEGylated gold nanoparticles

HMBC Heteronuclear Multiple Bond Coherence

HOBt Hydroxybenzotriazole

HS-dT oligonucleotide 3' thiol modified oligonucleotide poly T: TTT-TTT-TTT-TTT-
TTT-TTT

HS-PEG-Biot Thiol modified biotin

HSQC Heteronuclear Single Quantum Coherence

IMAC Immobilized Metal Affinity Chromatography

10 Iron Oxide

IONPs Iron Oxide Nanoparticles

IR Infrared Spectroscopy

ISM Institut des Sciences Moléculaires

MEHQ Hydroguinone monomethyl ether

MeOH Methanol

MES 4-Morpholineethanesulfonic acid

MNPs Magnetic nanoparticles

MS Mass Spectrometry

NHS N-hydroxysuccinimide

NMP Nitroxide-mediated Polymerization

NMR Nuclear Magnetic Resonance

NP Nanoparticle

NTA Nitrilotriacetic acid

OA Oleic acid

OEG Oligo(ethylene glycol)

188



List of abbreviations

P(OEGMA-co-MAA)
PAMAM

PBS

PEA

PEG

PEI

PEO

PF

PhsP

Phoenics

Phth
Poly(St-AA)
Poly(TMSMA-r-PEGMA-r-NAS)

PVA
RAFT
RNA

SA

SA-Au NPs
SMCC

SP

SP IONPs
SP NPs
SSC
SSDNA
SSRNA
Sulpho-SMCC

TBAF
TCL-SPION

TEA
TEM

Poly(oligo(ethylene glycol) methacrylate-co-methacrylic acid)
Poly(amidoamine)

Phosphate buffered saline

Poly(ester amine)

Poly(ethylene glycol)

Poly(ethylene imine)

Poly(ethylene oxide)

Pluronic F-127

Triphenylphosphine

PHotonics and Omics ENabled by Innovations in Chemical
Synthesis

Phtalimide

Poly(styrene-co-acrylic acid)

Poly(3-(trimethoxysilyl)propyl methacrylate-r-PEG methyl ether
methacrylate-r-N-acryloxysuccinimide)

Poly(vinyl alcohol)

Reversible Addition-fragmentation Transfer Polymerization
Ribonucleic acid

Streptavidin

Streptavidin coated gold nanoparticles
Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxilate
Superparamagnetism

Superparamagnetic Iron Oxide Nanoparticles
Superparamagnetic Nanoparticles

Saline Sodium Citrate

Single-stranded Deoxyribonucleic acids

Single-stranded Ribonucleic acid
Sulphosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxilate

Tetrabutylammonium Fluoride hydrate

Thermally  Cross-linked ~ Superparamagnetic  Iron  Oxide
Nanoparticle

Triethylamine

Transmission Electron Microscopy
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List of abbreviations

TEM

Troc

Teoc

Teoc-ONp

TEOS

TGA

THF

Triton X-405 or Tx
UV-Vis

Transmission Electron Microscopy
2,2,2-trichloroethyloxycarbonyl
2-(trimethylsilyl)ethyloxycarbonyl
4-Nitrophenyl-2-(trimethylsilyl)ethyl carbonate
Tetraethyl Orthosilicate or Tetraethoxysilane
Thermogravimetric Analyses

Tetrahydrofuran

Polyethylene glycol tert-octylphenyl ether
Ultraviolet—visible
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Fonctionnalisation dendritique de nanoparticules magnétiques ceeur-écorce pour la
biotechnologie

Résumé : Le but de ce travail a été d’¢laborer des nanoparticules magnétiques (MNPS) fonctionnalisées avec
un groupement maléimide, stables, dispersibles dans 1’eau et qui assureront une immobilisation covalente,
sélective et efficace de biomolécules. Bien qu’un large choix de MNPs soit disponible dans le commerce, la
modification chimique de surface des MNPs reste une étape indispensable pour 1’élaboration de matériaux
spécifiques. Un controle précis de la fonctionnalisation de surface des MNPs est crucial, car en découlent
leurs propriétés physico-chimiques, leur stabilité colloidale, et la préservation de 1’activité biologique de la
biomolécule immobilisée. Dans ce travail, nous proposons d’augmenter le nombre de groupes fonctionnels
(maléimide) accessibles a la surface de MNPs, en la modifiant par des agents de couplage dendritiques. Deux
types de MNPs ceeur-écorce de 300 nm (avec un noyau de y-Fe,O3 et une écorce de polymére ou de silice)
ont été utilisés. Afin d’étudier I’effet «dendritique» sur la fonctionnalisation de surface, trois types d’agents
de couplage ont été congus: des agents de couplage linéaires (contenant un groupe maléimide), des agents de
couplage dendritiques a deux branches (contenant deux groupes maléimide) et des agents de couplage
dendritiques a quatre branches (contenant quatre groupes maléimide). L’efficacité de ces MNPs
fonctionnalisées pour immobiliser des biomolécules ou des modéles de biomolécules a été étudiée. Cette
étude a démontré I’intérét de la fonctionnalisation de la surface des MNPs cceur-écorce par des structures
dendritiques pour une immobilisation efficace et spécifique de biomolécules.

Mots clés : fonctionnalisation de surface, agents de couplage dendritiques, nanoparticules magnétiques
cceur-écorce, immobilisation covalente de biomolécules.

Dendritic functionalization of core-shell magnetic nanoparticles for biotechnology

Abstract: The purpose of this work is to design stable, water-dispersible, maleimide functionalized magnetic
nanoparticles (MNPs) that will ensure selective covalent immobilization of biomolecules. While, a large
choice of MNPs is now commercially available, the surface modification of MNPs remains an indispensable
step in the elaboration of such MNPs. A precise control over the surface functionalization of MNPs is
crucial, because it governs their physicochemical properties, their colloidal stability, and their biological
behaviour. In this work with the aim to increase the number of functional groups on MNPs’ surfaces, it was
proposed to functionalize MNPs with dendritic coupling agents and to compare their efficiency with those
functionalized with a linear analogue. Moreover, it was decided to investigate the “dendritic effect” of the
surface functionalization on two types of core-shell MNPs (300 nm) that consist of a maghemite (y-Fe,O3)
ferrofluid core coated with: (1) polymer shell or (1) silica shell. Therefore, three types of coupling agents
(that possess an amino or silane anchoring site) were synthesized: linear coupling agents (containing one
maleimide functional group); two-branched coupling agents (containing two maleimide functional groups)
and four-branched dendritic coupling agents (containing four maleimide functional groups). Then, the
capacity of MNPs functionalized with dendritic or linear coupling agents to immobilize biomolecules or
models of biomolecules was investigated. This study proved the efficiency of the surface functionalization
with dendritic structures for the immobilization of biomolecules.

Keywords: surface functionalization, dendritic coupling agents, core-shell magnetic nanoparticles, covalent
immobilization of biomolecules.
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