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1 Introduction

1 Introduction

Magnetic resonance imaging (MRI) is an imaging teghe which is applied in clinical
diagnostics since the 1980s. MRI generates settiorages of the human body by means of
magnetic fields and radio waves. It is particulalytable to image soft tissues like the brain
and internal organs and has revolutionised thendisig of tumors. MRI is based on the
principles of nuclear magnetic resonance (NMR) spscopy and detects thid NMR signal

of the water protons, which are ubiquitous in thenhn body (the human body consists of
more than 55% of water). However, the developmdnMR®I towards one of the most
powerful techniques in clinical diagnosis was oahabled by the development and use of
paramagnetic contrast agents (CAs) to enhance mgaggnsitivity. The effects of CAs are
based on the change of relaxation times of therymtgons in the presence of paramagnetic
compounds with unpaired electrons. There arearild T, CAs which generate contrast via
longitudinal and transverse relaxation processspeactively. The major advantage @fJAs

Is a positive signal enhancement, which leads ighter regions in MR images. Most of the
currently applied CAs for enhanced;-dontrast are based on gadolinium(lll) chelate
complexes and are mainly extracellular agents, hwhimly distribute non-specifically
throughout the circulatory system and interstisiphces:®> Since those agents are excreted
easily and quite fast from the body, they are blatdor routine examinations, but not for
long-term tracking applicatiorfswhich are currently developed to not only diagnbsealso
treat deseases on a molecular level (theranostibgyefore, nano-sized materials with longer
blood circulation half-life times were developediahey are gaining increasing importance in
medical diagnosis and treatments. By tailoring k/bmanomaterials, consisting of an
inorganic matrix and functional organic moietiesaterials with special properties can be
made for various purposes, such as carriers ofsdvudor imaging techniques? CA-loaded
materials combined with smart or targeting unit&iol respond to physiological changes
(e.g. in pH or ion concentrations) and track sgekiads of tissues or cells, promise to
identify diseases on a molecular level and thuaniearly stag&®™*’

Silica nanoparticles (NPs) can serve as such aganac matrix and bring several advantages.
They are promising carriers with a great surfacedifitation capability and good
biocompatibility. By coupling Gd(lll) complexes the particle surface, large payloads of CA
molecules can be obtained in a minimum of spaceusTibecause of the high local
concentration of CA molecules nano-sized mategals act as contrast amplifiers and result

~1~



1 Introduction

in an improved resolution and sensitivity. Furtherey due to various functionalisation
opportunities, silicas can serve as matrices nbt fmm CA molecules, but also for targeting
or smart units, as well as biocompatible moietgs;h as polyethylene glycol (PEG), and
biomolecules, such as peptides and antibodies. mhlses them ideal candidates to serve as

matrix in the synthesis of multimodal CA%!**"2!
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2 Aim of this Work

The aim of the present work is the preparation aftifianctional CAs for MRI and optical
imaging (Ol), based on non porous silica NPs witdhmaeters of 50-100 nm. Gadolinium(lll)
ions embedded in a macrocyclic ligand system wallcbvalently attached to the surface of
the NPs with different spacers and by different svaf functionalisation of the matrix.
Therefore, the DOTA ligand of the established casttagent Dotarel{ (Figure 2.1) has to
be modified with further functional groups to all@eupling of the Gd(lll) complex to the

surface of the matrix.

o Q The silica particles serve as carrier to
T /‘\\/\ /‘{ maximise the concentration of CA

\\ ,N\‘ /O . .. .
Ny o molecules in a minimum of space. Besides
@O%’d?’l ) Gd(llly functionalised i
oSN (Il functionalised NPs for MRI,
"/\\ / \\ . . . .
Q N\// multimodal materials will be synthesised
>\/ \b' o by additionally coupling fluorophores for
o

Ol applications.
Figure 2.1 The clinical CA DotarerH”

(Guerbet GmbH).
Vector: tissue/cell uptake enhancer
(e.g. cell penetrating peptide)
improvement of biocompatibility
Vector (peptide, PEG)

Sensor: targeting unit
(e.g. antibody or peptide)
Fl: fluorophore (e.g. FITC, Cy 5.5)
Gd: MR-detectable Gd(lll)chelate
Figure 2.2Multimodal silica nanopatrticle.

Coupling of peptides, and antibodies to the NPas@rfallows molecular imaging (Figure 2.2).
The materials will be fully characterised after leagnthetic step to carefully determine the
extent of surface modification and to examine trapprties of the nanoparticles. The stability
of the new CAs will be tested under physiologicahditions with respect to leaching of the
complexes from the surface as well as to the reledsgadolinium from the macrocyclic
ligands. Finally, the suitability of Gd(lll) contang materials as CAs will be investigated
with a 3T MRI human whole body scanner. Additiopdhe cellular uptakén vitro and the

biodistribution in vivo of the particles will be examined by fluorescenoécroscopy.

~3~
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3 General Basics

3.1 Stober Particles

3.1.1 Sol-Gel Processing of Aqueous Silicaté&?*

Sol-Gel processing provides a pathway to makinglsalot by crystallisation or precipitating
like in conventional reactions, but by gelation.dalycondensation reactions of precursor
molecules, oxidic networks are formed in solutidypical precursors are the alkoxides of
silicon, aluminium, titanium, and zirconium. A gela colloidal suspension of solid particles
or polymers in a liquid phase, in which the paesciay be amorphous or crystalline, but do
not precipitate. A gel consists of a porous, thdeeensional, continuous, solid network,
which encloses a liquid. In most of the sol-gelgesses gelation is caused by the formation
of covalent bonds. Starting from a sol, variousdkiof materials can be made, such as fibres,
powders, thin films, non porous glasses and cemnpicrous solids, as well as non porous
nanoparticles. Sol-Gel derived materials are wiggdplicable, e.g., as coatings, matrices for
catalysts, ceramic fibres and powders, heat insnlgtglasses, etc.

Below, principle basics of silicon-based sol-gebgassing are defined. The process can be

divided into five main sub-steps.

1. Hydrolysis

2. Condensation
3. Gelation

4. Ageing

5. Drying

Hydrolysis and Condensation
Hydrolysis and condensation reactions can basidadlydescribed by the following three

reaction equations (Scheme 3.1):

=Si—OR + H,O —_— =Si—OH + ROH hydrolysis

=Si—OH + =Si-OR —» =Si—0-Si= + ROH
condensation
=Si—-OH + =Si-OH —> =Si—0-Si= + H,0

Scheme 3.Hydrolysis and condensation.

~4 ~



3 General Basics

Hydrolysis and condensation run simultaneouslyaspetitive reactions. Sol-particles with
diameters of 1-1000 nm are formed.
In the “top-down-synthesis”, aqueous solutions adism-silicates (“NgSiO;”", waterglass)
are used as precursors. In contrast, the “bottorsynthesis” starts from monomeric tetra-
alkyl silicates, like Si(OMe)or Si(OEt) and works in organic solvents. There are various
parameters, which influence the hydrolysis- anddemsation reactions in the bottom-up-
synthesis. These parameters provide the opportunitynfluence and even control the
reactions and therefore, the materials formed ipr@ess. Below, these parameters are
described.

The Nature of the Precursor

The reaction rate decreases with increasing sizbeokubstituents of the precursor,

because of sterical hindrance:

Si(OMe), > Si(OEt) > Si(OPr) > Si(OPry

Inductive effects of the substituents of the preouslso play a decisive role, as they

can stabilise or destabilise transition states. &leetron density at the silicon atom

decreases in the following order:

(RO%SI-R > (ROJ)SI-OR > (ROJSI-OH > (RO3SI-O-Si

The pH Value

Under acidic conditions, a proton attacks an oxygémm of one of the alkoxy
moieties, followed by water attacking the silicotora, yielding a five-coordinated
positively charged transition state, which is diabd by the inductive effects of the
residual alkoxy moieties (Scheme 3.2). At the beigig, there are three alkoxy
moieties left, so the first step is the most rajpidg following attacks of protons run
more slowly, allowing condensation reactions tdofel directly. Thus, under acidic
conditions, a high electron density at the silie@om and therefore, the reaction at a
terminal silicon, are favourable at the beginnipggferentially leading to chain-like

networks and non porous materials with high dessiti
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OR OR
e + H,0
Si + Sj —_—
ROTTT g RO\ -H
RO RO ]
R
OR + OR
H,O---Si O/H _— Sl + ROH H*
______ .
i /> R HO/ I\ ‘OR
RO OR OR

Scheme 3.ZAcidic catalysis of the hydrolysis in sol-gel preses.

Under alkaline conditions, a hydroxide anion attattle silicon atom, yielding a five-

coordinated negatively charged transition statechvis destabilised by the residual
alkoxy moieties (Scheme 3.3). Thus, here the &tsick runs more slowly than the
following ones. In contrast to the acidic catalysiendensation reactions run more
slowly. So, at the beginning, a low electron degnaitthe silicon atom is favourable,

central silicon atoms are preferably attacked, ilgado branched networks and big
particles with big pores.

?R OR - OR
i OH =<=——= |HO---Si---OR| =—= + RO
ROT‘SI\OR + / S O/SI\//OR
RO RO OR H OR

Scheme 3.3Alkaline catalysis of the hydrolysis in sol-gel pesses.

The Water Value Rand the Relative Concentrations
The Water Value Ris defined as the relation of the amount of alkgrgups to the

amount of water.

R = RO
w H,O Eq. 3.1
For R, >> 2 (little amount of water) condensation reawsiadominate hydrolysis

reactions.
For Ry, << 2 (big amount of water) hydrolysis reactionsmiltate condensation

reactions.
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The Solvent

The nature of the solvent can influence the stdt¢he equilibrium. When using
Si(OEt), and ethanol, for example, the equilibrium statshsted to the left side of
Eq. 3.1. Besides, polarity, dipole moment, visgosihd the fact if the solvent is protic
or not have a strong influence on the developmetiteomaterials, as different solvent
properties can stabilise different transition state the system. Thus, the solvent
influences the reaction rate.

The Temperature

Temperature mainly affects the reaction rate.

Gelation

The sol-particles condense, giving macroscopiactiras, and a gel is formed. The volume of
the system does not change in this step, but vtgcoxreases, and the liquid present is
entrapped.

Ageing

After gelation, there are sol-particles left in g@vent, which is entrapped in the pores of the
gel. Thus, inside the pores the sol-particles cathér condense and decrease the size of the
pores. As a result, the solvent is pressed outepbres, and the volume of the gel decreases.
So, in this sub-step, the volume of the materialwafi as the volume of the pores, are

reduced.

Drying

By removing the solvent without damaging the pareshe material, an aerogel is formed.
This can be achieved by extraction with super@iticarbon dioxide, or lyophilising. By
simply heating the material, most often the poresdastroyed, yielding a dense xerogel.

Nomenclature

According to which moieties are bound to the sii@om, a classification is made into Q-,
T-, D-, and M-groups (Figure 3.1). Q-groups alldwe formation of four siloxane bonds (Si-
O-Si) and therefore, of three-dimensional netwdrkcdures. With T-groups three siloxane
bonds can be formed, and two-dimensional layercairas are built. D-groups lead to the

formation of chains and rings, as only two siloxéo@ds can be formed, whereas M-groups
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only allow the formation of one siloxane bond ahds, of dimers. Superscript numbers give
the number of siloxane bonds (Figure 3.1jSi solid state NMR spectroscopy can
differentiate between the groups. Reference vdlrethe chemical shifts are -100 ppm for Q-

groups, -60 ppm for T-groups, and -20 ppm for Dugsf>

(|3H3 (|3H3 CHs
O—Sli—CHZ—R O—Sli—H O—Si—CH,—R
CHy CHg OH
M My D!
—O /CH3 O H H
Si Si O—Si—CH,—R
D? D2y Dy
?H
O—S|i—CH2—R T?
OH (ID
O—Si—CH,—R O—Sli—CHZ—R T3
OH ?
T O—Sli—CHZ—R T2
OH
é/OH Si—OH (|)
Si\ _O_Sli_o_
Si—OH
S “oH g T
Q? Q? Q*

Figure 3.1 Nomenclature of siloxane species.

3.1.2 The Stober Process

The Stober Process enables the controlled syntrasispherical, monodisperse silica

nanoparticles with diameters of 50-2000 ffritetraalkyl siloxanes (methyl-, ethyhspropyl,
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n-butyl, n-pentyl-) as precursors are hydrolysed and condemsealcohols (methanol,
ethanol,n-propanol,n-butanol) as solvent in the presence of water anch@nia as catalyst.
The size of the particles can be controlled byftlewing parameters’?®

The Concentration of Ammonia and Water

With increasing concentrations of ammonia and waker reaction rate and therefore,
the diameter d of the particles are increased ds Ve, a too big amount of water

leads to a stagnation of particle growth.

The Concentration of the Silicate

If the concentration of the precursor silicate edsea critical value of about 0.2 mol
L, the particle diameter d decreases, and silicaayel formed.

The Chain Length of the Solvent and the Alkoxy Mie® at the Silicon

With increasing chain length and degree of brarghinis increasing as well.

The Temperature

The diameter d of the particles decreases witleaging temperature.

The silicates do not completely hydrolyse during S8tober Process, so there a&i-OR
moieties left inside and at the surface of theigled, which can be shown by IR and NMR
spectroscopy. These alkoxy moieties can be rembyddmpering the materials at 600 °C, at
which the density of the particles is increaseduiameously.

The spectra of the Stober particles show an amouf-groups of about 60-65 % and an
amount of G-groups of about 30-35 %.

3.2 Functionalisation of Silicas

3.2.1 Silanisation

The functionalisation of silica gels or silica (@particles is well investigated, and various
functional groups can be attached to the surfacthefsilicas. The most common surface
modification involves condensation of surface slagroups with functionalised alkoxy
silanes (silanisatiorfy:***?In this reaction, one or two siloxane bonds arenfml, which are
linked to the particle surface, and possibly cio&shg with other coupled silanes occurs. The

disadvantage of this method is that these siloxzrals are prone to hydrolysis in aqueous
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medium due to incomplete condensation reactions,tiams, leaching of the coupled silanes
can take place.

3.2.2 Hydrosilylation

An alternative approach of surface functionalisatid silica is the formation of Si-C bonds.
In contrast to siloxane bonds, Si-C bonds are nofarp stable, and chemically inéft.
Hydrosilylation is an important method for the fation of Si-C bonds. In general, organic or
inorganic silicon hydrides are added to multiplend® in particular to C=C or C=X double
bonds (where X = O, N), as well as to heteroatoterbatom double bonds (N=N, N=0).
Here, the addition of a Si-H bond of a silane anghrticle surface to the C=C double bond of
an olefin, are considered. Substituted olefins greftially yield the anti-Markovnikov
product, and terminal silyl groups are formed. Hbgilylation reactions do not run
spontaneously, they require activation by cata)ymtdy radical initiators. Commonly used Pt
based catalysts, like Speier’'s and Karstedt's gsitsl(chloroplatinic acid #PtClk and divinyl
disiloxanes) lead to metal contaminations on thieassurface. The use of radical initiators,
like benzoyl peroxide, or 2,2’-azobis(2-methylprapirile) can also lead to impurities on the
silica surface, when the organic compounds reattt thie surfacé®>° Alternative ways to
catalyse hydrosilylation reactions are provided thgrmal and photochemical initiation,
respectively. As there is no need for the use afeats, impurities on the particle surface can
be completely avoided, which is an advantage of@¢hmethods. Thus, in the present work,

hydrosilylations reactions were photochemicallyuoed.

3.2.3 Photochemical Hydrosilylation

UV radiation enables the formation of Si-C bondglhotochemical hydrosilylation reactions
at room temperature, and without the use of furtteagents. This method is widely
investigated for the functionalisation of Si-H mibelil silicon surfaces while mechanistic

aspects of the reaction are still controversialgdssed®“°
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3.3 Characterisation
3.3.1 Physisorption Isotherms

3.3.1.1 Specific Surface Area

The specific surface area A of (porous) matericds de determined from adsorption
isotherms. The measuring principles are based@adkorption, that is, the adhesion of gases
to a solid surface.

If a solid (with the mass m) and a gas (with thespure p) are enclosed in a vessel (with a
known volume V) the gas molecules will be adsortzethe surface of the solid, which leads
to an increase of the mass m and a decrease djatheressure p. The amount of gas,
adsorbed to the surface, can be determined fronmtintease in mass or the decrease in gas
pressure, respectively. The adsorbed gas is catledrbate, the solid is the adsorbent in such
a system. The adsorbate can be bound to the susfe chemically (chemisorption) or
physically (physisorption). In the case of chenmpdimn, molecules are bound to the surface
by a chemical bond (e.qg.okb palladium), so they can decompose. Adsorptiahadpies lie
within the range of reaction enthalpies (about RO@nol%). In the case of physisorption (e.g.,
inert gases at low temperatures), there are vanWils forces between solid and gas
molecules, and adsorption enthalpies lie in thgeasf about 20 kJ mol

There is a dynamic equilibrium between free anaddnsd gas molecules, and the distribution
of the molecules on the material surface dependbapartial pressure of the free gas.
Adsorption is described through isotherms, thaths,amount of adsorbate on the adsorbent
as a function of its pressure at a constant tenyoeralrhe shape of the isotherm is defined by
the characteristics of the adsorb&rt2

Langmuir Isotherm*®

The simplest shape of an adsorption isotherm iaiodd under the assumption, that only a
monolayer of adsorbate molecules is formed, andtlieaadsorption enthalpy is independent
of the extent of coverage. The Langmuir equatidetes the adsorption of gas molecules on a
solid surface to the gas pressure of the mediunvealibe solid surface at a constant
temperature. At the beginning, surface coveragesases proportional to the pressure and

then converges asymptotical on the value of theammhecular coverage N(Figure 3.2).

~11~



3 General Basics

BET Isotherm**

Frequently, particularly in the case of physisaptiadsorption in multiple layers is observed.
Due to the formation of multiple layers, the ads$iormp isotherms show a different shape. At
the beginning, the extent of coverage increasesoptional to the gas pressure and converges
on a limiting value, but then coverage further @ases. So there is a point of inflexion in the
isotherm (Figure 3.3). Brunauer, Emmett und Téilst developed a model to describe this
behavior, so the BET theory was named after tihéials.

e e

number N
of molecules adsorbed 5=
‘\.
number N
of molecules adsorbed
\

pressure p pressure p

Figure 3.2 Langmuir adsorption isotherm.  Figure 3.3 BET isotherm for the system
N/Stober particles at 77.35 K.

3.3.1.2 Porosity

Beside the specific surface area, the porosity afenmls can also be determined from
sorption isotherms, as the pores and the pore sspectively, influence the shape of the
isotherms. Pores of widths < 2 nm are defined asrapores, between 2 - 50 nm as
mesopores and > 50 nm as macropores. Six diffemgrgs of BET-isotherms can be
classified. The ideal shape, as depicted in Figugtype II), occurs for nonporous solids. If
mesopores are present, a hysteresis loop is gedeat capillary condensation inside the
pores (type IVf?®

The specific surface area of the particles and paes of the materials in this work were
determined by means of BET-measurements. Nitroges wged as adsorbate on the particle
surface and the relative pressure was plotted sgdie adsorbed volume of nitrogen. In the
present system JBtdber particles physisorption takes place, sodemWaals forces occur
between surface and adsorbate.
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3.3.2 Dynamic Light Scattering (DLS)

The hydrodynamic diameters of particles in susmensan be determined by measuring their
diffusion rate by means of dynamic light scatter{pd.S). The diffusion rate depends on the
temperature and the viscosity of the liquid andtlo& size of the particles. With known

temperature and viscosity of the liquid, the diifus rate, and thus the hydrodynamic
diameter, of the particles can be determined. Thasuring principles are based on Brownian

motion and photon correlation spectroscopy (PE$).

Brownian Motion

The random drifting of particles suspended in aiitigis called Brownian motion. The
diffusion coefficient of the particles at given teemature and viscosity of the fluid is
inversely proportional to the hydrodynamic diametisrs. This relation is given by the
Stokes-Einstein equation:

kT
3phdy ¢

Eq. 3.2

ks: Boltzmann constant
T: temperature
- viskosity of the fluid
doLs: hydrodynamic diameter

Photon Correlation Spectroscopy (PCS)

The particles suspended are irradiated with a |aset the scattered light is measured in a
photomultiplier tube. The light scattered by thetigkes generates an interference pattern at
any point of time. The detected intensity of lighattered depends on the interference pattern,
which itself depends on the particles in the ldmsam. As the particles randomly move in the
fluid and change their relative positions, the iif@eence pattern persistently changes, and
thus, the intensity detected also changes perfligtdimese fluctuations occur on a time scale
of micro- to milliseconds. Big particles move slgwand cause slow fluctuations at the
detector, whereas smaller particles move fastercande quick fluctuations. PCS determines

the exact time unit of the fluctuations of the smad light and hence the particle size.
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Autocorrelation Function

To calculate the diffusion coefficient D, the sighas to be transformed mathematically. The
result of that transformation is an autocorrelafianction (Eqg. 3.3), which is related to D by
Eq. 3.4:

Gt)=< I(t)" I(t+t ) Eqg. 3.3
G( ): autocorrelation function
I(t): detected intensity at the time t
I(t+ ): detected intensity at the time t+

. delay

Gt) g 20Kt Eq. 3.4
D: diffusion coefficient

K: scattering vector (Eq. 3.5)

K :ﬂsin g Eq. 3.5
I 2
n: refraction index of the fluid
: wave length of the laser

. scattering angle

Size Distribution Processor (SDP) Analysis
The SDP analysis provides the size distributiorthaf particles and its standard deviation

from the autocorrelation function.

3.3.3 Diffuse Reflectance Infrared Fourier Transform Spet¢roscopy (DRIFTS)*

Infrared spectroscopy is mostly measured in tragsiom, but surfaces or strongly scattering
samples can only be measured in reflection withezial setup.

In diffuse reflectance experiments, powdery sampmlas be directly measured, which
simplifies the sample preparation. Absorption, aefion and reflexion take place
simultaneously at the sample’s surface. In thegmtework, samples were mixed with KBr to
reduce absorption by the silica particles. This hoét is particularly suitable for the
characterisation of surfaces.
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3.3.4 Scanning Electron Microscopy (SEM)

The topography of surfaces can be depicted by mearscanning electron microscopy
(SEM). Therefore, an electron beam is generated ahy electron-optical system of
electromagnetic and electrostatic refractors, &edsurface of an object is examined by line-
by-line scanning with the electron beam. Acceleratvoltages of 5 - 30 kV are applied.
Images can be generated by detecting the secomdiecyrons emitted by the object (SE
image) or by detecting backscattered electrons (B&&ge). Secondary electrons possess
kinetic energies of < 50 eV, backscattered elestroh > 50 eV. A combination of a
scintillator and a photomultiplier serves as dete@nd is positioned angular above the
sample, which lets the object appear three-dimeasi@amples should be conducting, if they
are not, they can be made conducting by thin-fiepasition (sputtering) of a metal (e.g., Au,
Pd, Pt). For SE images, as taken in this work, solagion limit of 2 - 20 nm can be
reached?°
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3.4 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is an imaging teghe widely used in clinical diagnosis
to image the soft tissues inside the human body mMeasuring principles are based on
nuclear magnetic resonance (NMR) spectroscopy hedH NMR signals of the water
protons in the body are detected. To obtain imdges the NMR measurements, tfid
NMR signals have to be depicted location-dependEnis is enabled by the application of
time-dependent, linear magnetic field gradientsn@lthe three directions in space, which
change the magnetic field strength G at a locafigy|z) linearly with the time t (Eq. 3.6;
given only for x-direction):

B(x,t) =B, +G, (t)x Eqg. 3.6
Bo: external magnetic field
X: spatial coordinate in x-direction

G«(1): gradient strength

Thus, the resulting Larmor frequencydepends on the location r and the time t (Eq. 3.7)

w(r,t) = -gB(r,t) Eq. 3.7
r: location in space r = (x]y|z)

: gyromagnetic ratio

As the resonance frequency of the water protonsrtpon the magnetic field strength, the
frequency also is location-dependent and it is iptesgo excite only protons at a certain
location in the body. The application of the fisktlength gradients enables the assignment of
the signal intensity to a definite spatial voluntengent (voxel).

The signal intensity mainly depends on three fagtavhich depend on their chemical
environment: the spin density, the longitudinal relaxation time T and the transverse
relaxation time 7. By the application of different pulse sequendess possible to create a
dependency of the signal intensities gnTi, or T,. The final MR image is created by
converting the signal intensity of each voxel itite brightness of a grey-level valtie.
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3.4.1 MRI Contrast Agents

Contrast agents influence the signal intensity k& protons in the surrounding tissue by
shortening the longitudinal and/or the transverexation time, T and T, respectively.
Paramagnetic compounds with unpaired electron spars shorten the relaxation times
significantly and therefore, are used as contrgenes for MRI. In T-weighted images, a
shorter T leads to a signal enhancement in terms of anasgerén brightness. Shortening of
T, in To-weighted images leads to a decrease in brightmédssh is not as well detectable.
Therefore, T agents are mostly preferable. An effective conteagent should possess as
many unpaired electrons as possible, and its eledpin relaxation time must correlate well
with the Larmor frequency of the influenced protoRe’*, Mn?*, and Gd" ions fulfill these
conditions at best?

Currently applied T agents typically are iron oxide (f&&) nanoparticles, whereas most T
agents are based on gadolinium complexes. Gd@ds@sses seven unpaired electrons and a
good electron spin relaxation rate, so it has engtiinfluence on the longitudinal relaxation
time of the water protons. Besides, the exchantge aawater molecules in the gadolinium
aqua complex is quite high, which leads to a strofigence of the surrounding bulk water
molecules. The major drawback of gadolinium baséd & the toxicity of the free Gd(lll)
ion to the human body. Due to its ionic radius, ehhis close to that of Ca(ll), calcium
regulated processes within the body are disturbeds, chelating ligands are used to form
stable and inert complexes, which can be appliegites >3

To diminish the dissociation of the Gd(Ill) compé=xin the body, multidentate ligands are
used, where not all coordination sites may be aecljpo allow interactions of the Gd(lll) ion
with water molecules. The relaxation rate obserueder the influence of paramagnetic
compounds (1/1>9 consists of a diamagnetic (1/4) and a paramagnetic (1/4) term (Eq.
3.8):

t_t,1 Eq. 3.8
T1,20 T1,2d T1,2p

The paramagnetic term is proportional to the cotraéon of the paramagnetic compound,

for example Gt ([Gd]) and is given in mmol t:

1

L ir,%Gd] Eq. 3.9

Tl,20 1,2d
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The relaxivity £, [MM™ s%] is a direct measure for the efficiency of a coexphs contrast
agent. The origin for the enhancement of the reélemaates by paramagnetic compounds can
be classified into three different contributionslaxation in the inner sphere (water molecules
coordinated to the metal), the second sphere (watdecules bound to the ligand) and the
outer sphere (bulk water molecules) (Figure 3.4 contribution of the inner sphere is based
on the interactions of the electron spins of thé*Gah with the protons of the coordinated
water molecules. By the exchange of the inner spheater molecules with bulk water
molecules this contribution is transferred into thdk volume. Water molecules diffusing
around the complex also are influenced by the pagaetism resulting in the relaxation in
the outer sphere. These contributions are addancthe share of the inner sphere effect is
about 60%, the share of the second and outer spffert about 40%*

o) o 0
H A /—<
[ JANRY o
o] \ . -
H/ N\ ‘\ ’ e
SS Vs - H
6_12(2"16\({?#r /
RN o)
\ (@] - \\ I’ ‘\ N \
o) N\J &
/ \
H / \ A
? ¢ 79
\ ! .
L : \ inner sphere
\ H\O/H second sphere
O—H outer sphere

Figure 3.4Interactions of water molecules with Gd(IIl) baseohtrast agents.
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3.5 Nanoparticulate Contrast Agents

Since molecular agents are released easily and fast from the body, they are not suitable
for long-term tracking applicatiorfs.

Therefore, nano-sized materials are developed amadgaining increased importance in
medical diagnosis and treatments. By tailoring kd/omanomaterials, consisting of an
inorganic matrix and functional organic moietiesatarials with special properties can be
made for various purposes, such as carriers ofsdoudor imaging techniqués? Combined
with targeting units, they promise to identify dises on a molecular level and thus, in an
early stageé®'’ Most of the currently used nanoparticulate CAs Br@gents based on iron
oxide NPs* In spite of many applications,, Bgents have several disadvantages. They are
negative imaging agents, which result in signakel@ses. Moreover, their high susceptibility
induces distortions of the magnetic field on neatibgues. This leads to a loss of contrast
between lesions and backgroutid’ Nanoparticulate silica based matrices, functiceali
with gadolinium chelates, which serve as @gents are raré***"?°Silica particles bring
several advantages. In a minimum of space, larglads of CA molecules can be obtained.
Thus, because of the high local concentration ofrfi#lecules, nano-sized materials can act
as contrast amplifiers and result in an overalhhiglaxivity, as well as improved resolution
and sensitivity. Furthermore, they can serve asiceatnot only for CA molecules, but also
for targeting or ‘smart’ units, which respond toypiological changes (e.g. in pH or ion
concentrations), as well as fluorophores and bigudible moieties, such as polyethylene
glycol (PEG)****1"?'Nonporous nanoparticles ensure that the moleareonly bound to
the surface. In the case of gadolinium chelate &s%s, this allows unhindered interactions
of water with all gadolinium sites, which is manoigtfor a good contrast. Another advantage
of immobilising CA molecules on NPs is a decreassdtional tumbling. According to the
Solomon-Bloembergen-Morgan theory of paramagnegtaxivity a higher rotational

correlation time  leads to an enhancement in relaxivity.
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4 Results and Discussion

4.1 Syntheses of LnDOTA- and LnDO3A-Derivatives

To couple DOTA- and DO3A-like gadolinium chelatengaexes to a matrix, an additional
functional group is required, which allows coupliofythe Gd(lll) complex to the surface of
the matrix. In this work, this is realised by thd@roduction of carboxylic acid and amino
groups, respectively, thus allowing to build peptitbnds between complexes and matrix.
Next to Gd* derivatives, which serve as CAs, th& ¥nalogues were synthesised to enable
NMR spectroscopic investigations. In the followirthe expression ‘lanthanides’ and the
abbreviation ‘Ln’ are used with respect to Gd and Y

To couple Ln(lll) complexes to carboxylic acid faienalised matrices, the amino-terminated
DO3A-hexylamine ligand®® was used and loaded with"Yand Gd*, to give complex and

3, respectively (Scheme 4.1).

j Ui
0 ! 0
/N
N Lncl, | ,Nfg
- P i
HO [N N] pH 6-8, 60 T O/\N/ .
~ T ~ T
\__J NH2 )’\/ NH2
o] o]
1 2 (Ln = Y3
3 (Ln = Gd®)

Scheme 4.1Syntheses of Ln[DO3A-hexylamine] derivatives.

For coupling Ln(lll) complexes to amino-terminatedatrices, the carboxylic acid
functionalised DOTA-derivatives DOTA-BA and DOTA-GA7 were synthesised according
to ref. 60 and loaded with® and Gd*, respectively, to give the Ln[DOTA-BA] complexds
and6 (Scheme 4.2) as well as the Ln[DOTA-GA] comple8eand9 (Scheme 4.3). As the
DOTA derivatives are charged complexes, the tetghbammonium ion -BusN*) was

introduced as counterion to improve the solubibtyhe complexes in DMSO.
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Scheme 4.5yntheses of Ln[DOTA-BA] derivatives.
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Scheme 4.3Byntheses of Ln[DOTA-GA] derivatives.

Finally another amino-terminated DOTA-compound, DOButAm®* 10 was synthesised to
allow coupling of the Ln(lll) complexe%l and 12 to carboxylic acid groups. Therefore, a
new route for the synthesis b0 was developed (Scheme 4.4). In the first stefZNL-lysine
(13) was brominated with hydrobromic acid and sodiutrte. The carboxylic acid group of
the resulting bromolysineld) was protected with a methyl group under acidinditons.
The resulting lysine derivativd5 was reacted with DO3Mu); (17) in a nucleophilic
substitution reaction in acetonitrile with potassioarbonate to give the protected DOTA like
ligand 18. The Z protecting group was removed by hydrogesislynder Pd/C catalysis.
Finally, the acid protecting groups were removed refluxing compoundl9 in 6 N
hydrochloric acid to give DOTA-ButAmO (Scheme 4.4). The compléd was synthesised
with Na" as counterion. The compounds were characterisedHband **C{1H} NMR

spectroscopy and mass spectrometry.
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Scheme 4.48ynthesis of Ln[DOTA-ButAm].
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4.2 Syntheses and Characterisation of Stober Particles

Stober silica particles are generally describeth@sporous and monodisperse spheres with
diameters in the colloidal rang&In previous worl?®*the synthesis of Stber silica particles
was optimised to obtain materials as close as pplest ideality with respect to nonporosity,
monodispersity and spherical shape, while contrglthe particle diameter. Furthermore, as
an additional criterion, the particles have to beldated from their suspensions without
structural degradation, such as aggregation, siheeiical modifications are performed after
the synthesis. The materials are thoroughly chargetd to precisely define any deviation
from ideality and to carefully determine the exteot surface modifications. The
characterisation includes surface chemical progertwhich are important for reactions to

immobilise molecules on the surface.

4.2.1 Synthesis of Stober Particles

The formation of Stdber particles relies on a bedametween the relative rates of the
condensation and hydrolysis reactions. The expetaheparameters (concentrations,
temperature, chemical identity of the precursotalgat, and solvent) define the extent and
rate of each step, and therefore, the final parficbperties, like shape, size, size distribution
and porosity. As there are various parameters aliing the final particle size (temperature,
type of solvent, concentrations of TEOS, water amadmonia), and as some parameters
influence both, the reaction kinetics and the ¢ddbstability (thermodynamic effects), it is
difficult to predict the final particle size thatilivresult from a given set of experimental

conditions.

. EtOH, Hzo, NH4OH i—OH vacuum |\
Si(OEt), - _— O
DT Si—OEt DT Si

MO

Scheme 4.55ynthesis of bare Stober partichdf.

The aim of this work was the synthesis of nonponoarticles with a diameter of 100 and 50
nm, respectively. Therefore, based on previous Wotk different concentrations of the
starting compounds and a variation of the react@mnperature were used in this work. The
reaction conditions are listed in Table 4.1. A et of ethanol and water was heated to the
desired reaction temperature. After the temperaifitbe mixture was equilibrated for at least

15 min, agueous ammonia and TEOS were quickly adoheldr strong stirring. After 2 h
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under continued strong stirring, the resulting iples MO were separated by centrifugation
and washed with water and ethanol using ultrastinitand centrifugation after each step.
The materials were dried vacuoat 100 °C for at least 15 h (Scheme 4.5).

Independent of the degree of hydrolysis, mesoparesbsent in materials resulting from the
Stbber process. However, the silica particles aot fully condensed and contain
micropores’ Therefore, the materials (excépfso andMOb o) were calcinated at 600 96
vacuofor at least 15 h in order to further reduce theraporosity.M0so was not calcinated to
avoid aggregation, which is likely for particlestivsmall diameters. Calcination is expected
to condense the internal silanol groups into sit@xhonds yielding a more condensed matrix
(Scheme 4.5, 2nd reaction step). The thermal treatti@so induces the loss of surface silanol
groups and is expected to eliminate any remainahgest and ammonia molecules from the

silica matrix®°%°

Table 4.1Reaction conditions for the synthesedviff materials.

material reaction conditions
V(EtOH) / V(TEOS)/  V(NH4OH)/ V(H20) T
mL mL mL / mL /°C
MO 139 400 30 20 72 75
MOay oo 400 30 20 72 75
MODb 100 100 7.50 5 18 75
MOso 300 11.00 7.57 - 35

subscript numbers are average diameters
(MOb only dried at 100 °Qyvi0a calcinated at 600 °C)

4.2.2 Characterisation of Stober Particles

4.2.2.1 Size and Shape

Size. The size of the Stober particles was determinedebgluation of images,
obtained by scanning electron microscopy (SEM) bgddynamic light scattering (DLS)
measurements. The results are given in Table 4i2a 8anoparticles with diameters of about
50, 100 and 130 nm were obtained.

The average diametersggh from SEM were determined by sizing a number n aftiples
from each batch in the scanning electron microgga@eside diameters and standard
deviations of the particles, the statistical analysis alsovyates information about the size
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distribution. The size distributions of tih0 materials closely follow Gaussian distributions.
The evaluation of the Gaussian curves, fitted ® dize distributions, results similar values
for dsem = . Differences lie within the range of the standaediations.

The hydrodynamic diameters,@ of the particles in dilute suspensions were detezthfrom
measurements of their diffusion coefficients by DB water. The diameters and the
polydispersity indices (PDI) of the DLS measurersant listed in Table 4.2. The diameters
correlate well with those obtained from the scagrefectron micrographs. This demonstrates
that the particles exist as single units suspemu&dter. The diameter dfl0so could not be
determined by DLS owing to strong agglomeration nameena. As DLS determines the
hydrodynamic diameterygs of suspended particles, diameters measured byeithsique are
bigger than those determined from SEM images.

In previous work?®*it was shown, that the Stéber process yields emmible diameters, if
the reaction conditions are controlled carefullpwéver, small changes in the experimental
conditions, including unintentional variations, chave dramatic effects on the particle
diameter. The conditions fdvi0,9o and for MO130 were the same, but the particles were
synthesised from a different batch of TEOS, whidghthbe the reason for the difference in

the particle diameter.

Table 4.2Size characterisation of tihd0 materials.

material GLs/ nm PDI Gem/ NM
MO130 164 + 64 0.441 131+ 11
MOaj00 118 + 66 0.247 103+ 10
MOb 100 127 + 37 0.143 110+ 9
MOso - - 51+5

subscript numbers are average diameters
(MOb only dried at 100 °QyI0a calcinated at 600 °C)

Shape.Beside the size of the particles, SEM-images sheishape and behaviour of
the particles. Bigger particles form perfect spherehereas the smaller 50 nm particles show
deviations from a perfect spherical shape (Figuig. Bare particle$10 do not agglomerate

and arrange in close-packing of spheres.
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Figure 4.1 Scanning electron micrographsh 30, M0100, andMOsg,.

4.2.2.2 Spectroscopic Investigations

On the surface of silica particles, there are diffé species of OH groups. Next to free
isolated silanol group$8 Si-OH (Figure 4.2 a), hydrogen bonded silanol geo(figure 4.2 b)
and surface siloxane groufisSi-O-Si° (Figure 4.2 c) are present. Subject to the tentpera
pretreatment of the material, different amountsad$orbed water can be observed on the
surface (Figure 4.2 d, gre$).Depending on the synthesis based on TEOS, theralsp a
few © Si-O-Et groups left on the surface.
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Figure 4.2Model of the silica surface: a) isolated silanawups, b) hydrogen bonded silanol
groups, c) siloxane groups, d) adsorbed water mtdec

Surface chemical properties of the Stober partisbese examined by diffuse reflectance
(DRIFT) IR-FT spectroscopy arfdSi HPDEC/MAS NMR spectroscopy.

DRIFT Spectroscopy.The DRIFT spectra of the bare partic8 (Figure 4.3) show
the vibrations of free, isolated silanol groupsdy) at 3746 crit, different hydrogen bonded
-OH groups (on) from 3732 to 3012 cthand surface bound water at 1630 Gras well as
vibrations of the interior siloxane bondssio.s) at 1980, 1866, and 1362 to 1003 tm
Vibrations of CH groups (chx) are very week at 2985 and 2904 tand belong to residual
Si-OEt moieties. After calcination of the pelgs at 600 °C, the vibrations of the Céahd
-OH groups disappear. Another indication of the ngea in the particle structure by
calcination is the disappearance of the stretctibgtion of Si-OH groups at 945 ¢hf®
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2000
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Figure 4.3DRIFT spectra oM0100 &) dried at 100 °C and b) calcinated at 600 °C.

Table 4.3Assignments of IR vibrations ®&f01qo.

wave number / cih assignment
MOb MOa

3746 isolated (Si-OH)
3732 - 3012 different (OH)
2985, 2904 (CHy)
1980, 1866 1980, 1866 (Si-O-Si)
1630 H.O
1362 - 1003 1380 - 908 as (Si-O-Si) (skeleton)
945 (Si-OH)
798 818 (O-Si-OH),
555 s (SI-O-Si),
478 478 (O-Si-0)

(MOb only dried at 100 °Qyvi0a calcinated at 600 °C)

Solid state NMR spectroscopyBy 2°Si solid state NMR spectroscopy the nature of

the silicon nuclei of the particles can be investiggl. Corresponding to the DRIFT data, the
29Si HPDEC/MAS NMR spectrum a0, dried at 100 °C, shows signals of §youps at -103
ppm (33%) and ®groups at -110 ppm (67%). After temperikt at 600 °C, in thé”Si
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NMR spectrum only a broad signal fof @oups is left at -109 ppm, as residual Si-OEt and
Si-OH groups condense, due to the high temperateaément.

—_——
-80 -100 -120 -140  [ppm]

Figure 4.42°Si HPDEC/MAS NMR spectra dfl01q0. @) dried at 100 °C and b) calcinated at
600 °C.

4.2.2.3 Specific Surface Area and Porosity of the Stober Pacles

Specific surface areasgfr and pore sizespbf the particles were determined from nitrogen
sorption isotherms by means of the Brunauer-Emingter (BET) model, which applies to
type Il and type IV isotherms and determines thecsjg surface area including the surface
area of micropore¥:°® The values are given in Table 4.4. The BET isatiseof the Stober
particles (Figure 4.5) show hysteresis loops, wiscan indication for mesoporous materials.
The extent of the hysteresis increases with deicrggmarticle diameter. Besides, pores with
diameters of 13.4 to 27.2 nm are detected by th& Btethod. In fact, the mesopores
determined, are the interstices between the spaytiicles. When the particles get smaller, the
interstices between single particles decrease dis wiale the specific surface areag#éy

increases significantly.

Table 4.4Specific surface area and porosity of the Stobdrgbes.

material Aser | gt de/ NM
MO130 30 27.2
MOa1go 43 25.2
MOb 100 49 24.5
MOso 104 13.4
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Figure 4.5Nitrogen Sorption isotherms fdf0130, M0O100, andMOsg.

4.2.2.4 Specific Surface Concentration of° Si-OH Groups

According to the Zhuravlev model, which descrildes surface chemistry of amorphous silica
and determines the number of silanol grougson the surface, an average value &f = 4.9
OH nm? (8.14 mol m®) has been reportéd.As the specific surface area of the particles is

known, the number of silanol groups;.on On the surface of the NPs can be estimated.

Table 4.5Specific surface concentration of silanol groups.

material Aser/ mf gt sion/ mol gt
MO 130 30 242
MOazgo 43 352
MODb 100 49 397
MOsq 104 849
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Correlating with Ager, the amount of Si-OH groups per gram on the gdadicsurface
increases with decreasing particle diameter. WG 3 contains 242 mol silanol groups
per gram,MOs5q already contains 849mol (Table 4.5.). These findings correlate wellhwit

geometrical considerations regarding volume anthearof a sphere.

4.3 Surface Modification of Stober Particles

The characteristics of Stober particles make théwamstageous as solid and inert matrices for
the immobilisation of molecules. Immobilisation mblecules on Stéber particles provides a
unique core/shell system: all active centers (3hakk located within an almost identical
environment owing to the high symmetry of the mdetimatrix (core). Although the possible
loading of the surface is inferior to that of higldorous materials, such as used for example
in chromatographic applicatiofi§, the binding sites are expected to be much more
homogeneously distributed. This ensures homogemdasctions of water molecules with
coupled CA complexes. Moreover, the absence ofspfar@litates the diffusion of substrate
(water) molecules to the active centers (CAs). mpd accessibility of active centers is
expected, especially for large molecules.

To couple Gd(lll) complexes and further moietieshe particles’ surface, the introduction of
functional groups on the surface is mandatory. Eanalisation of silica materials is well
investigated and various functional organic groeps be attached to the surface of the
silicas?*?**° By conventional organic coupling reactions, gaulalin complexes — or any
desired moiety — can then be coupled to the surfiacetionalised silica matricé8."° The
most common surface modification involves condearsabf surface silanol groups with
functionalised alkoxy silanes (silanisation). Thisadvantage of this method is, that the
siloxane bonds, formed that way, are prone to Hydi® in aqueous medium due to
incomplete condensation reactions. An alternatippr@ach of surface functionalisation of
silica is via chlorination-reduction. Here the swé silanol groups are converted into Si-H
functions prior to further functionalisatiA.A hydrosilylation reaction with carbon-carbon
double bonds then produces Si-C linkage with gotabilty under a wide range of
conditions.

The bare silica NP$10 were functionalised with amino groups, epoxy gsguand Si-H
groups, respectively, to allow further functionatisn. The materials were fully characterised

to precisely determine the extent of surface modiions.
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4.3.1 Silanisation

Prior to silanisation, the surface of the calcidatglica particles was rehyroxylated to
regenerate surface silanol groups, which can caedenth functionalised alkoxysilanes to
get a monolayer of coverafe’* The Stober particledM0.3 were coated with (3-
aminopropyl)triethoxysilane (APTES) and (3-glycidxypropyl)trimethoxysilane (GOPTS),
giving the materialiM1C3NH, andM2GOPTS, respectivelyM0100 andMOsy were coated
with triethoxysilane (TES), yieldini13100SiH andM350,SiH (Scheme 4.6).

APTES |
— Si—0— Six_~_NH,

|
M1C5NH,
i~__ 3.7% HCI i—OH  toluene | GOPTS _ | o
e _ - Si— O0— Six _~_-0._-<]
Sj reflux Si—OH  reflux |
MO MOreh M2GOPTS
TES |
— Si—O—Si—H
|
M3SiH

Scheme 4.&ilanisation of Stober Particles with APTES, GOPai&] TES.

4.3.2 Chlorination-Reduction

In silanisation reactions, functionalised alkoxgeis react with surface silanol groups,
forming mainly one or two siloxane (Si-O-Si) bondsile the binding of the silane via three
siloxane bonds is rare. Under certain conditiomgh(lor low pH), these siloxane bonds can be
easily broken, which leads to leaching of the silafrom the surfac®. Therefore, another
approach, a chlorination-reduction sequence, giWwigSiH, was used to generate Si-H
functionalised materials fromMOaigo (Scheme 4.79° This reaction requires high
temperatures, but the advantage of the chlorinagdnction sequence is the formation of Si-
H bonds with silicon atoms, which are embeddede&3iQ matrix by two to three siloxane
bonds. Leaching processes are strongly reducdtisicase.

After drying the particles for 6 h at 800 °fd vacuq they were first reacted with
thionylchloride at 800 °C to form Si-Cl bonds orethurface. Then the Si-Cl bonds were
converted into Si-H bonds by treating the matewih hydrogen at 1000 °€.
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siw_ 1.SOCl, 800 T Si—H
P Si—H
Si 2. Hy, 1000 T A

MO M4SiH

Scheme 4.TChlorination Reduction of Stober Particles.

Comparable to the calcination step at 600 °C, dftisr reaction the mass of the particles as
well as average diameters (compare 4.3.3.3 an@.4)3and the specific surface area
(compare 4.3.3.5) are reduced due to the high tenpe treatmerft

4.3.3 Characterisation of Surface Modified Stober Partices

4.3.3.1 Size and Shape

Thediameters gkm Of the surface functionalised materials determifnech scanning electron
micrographs do not differ significantly from thoeéthe starting materials (compare Table
4.2 and Table 4.6). The shape of all surface medlifhaterials does not differ from that of the
starting material, either (Figure 4.6). Thus, itassumed that only monolayers of coverage
have been achieved by silanisation and that thén hlgmperature treatment of the

chlorination-reduction sequence did not disintegthe spherical particles.

Table 4.6Size characterisation of surface modified materials

material GLs/ nm PDI Gem/ Nm
M1C3NH, 258 + 98 0.362 131 +13
M2GOPTS 140 + 46 0.195 137 + 20
M3a;00SiH 131 + 33 0.312 104 £ 10
M3b100SiH 132 + 20 0.071 116 + 14
M350SiH - - 54 +5
M4SiH 125+ 35 0.186 111 +10

subscript numbers are average diameters
(M3a100SiH made oM0a, M3b100,SiH made ofMO0b)
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Figure 4.6 Scanning electron micrographsMiLC3NH,, M2GOPTS, M4SiH, andM350SiH.

4.3.3.2 Particle-Particle Interactions

Interactions between the particles were investdyae DLS, SEM and measurements of the
zeta potential of the particles. Agglomeration aftjcles in solution can be observed by DLS
and results in bigger average diameters as wdllger standard deviations and PDI values.
The formation of three-dimensional agglomeratew@$as repulsive interactions can also be
seen in the SEM images (Figure 4.6). While bardigtes MO and M2GOPTS do not

agglomerate and arrange in close-packing of spl{eigare 4.1, Figure 4.6), Si-H and amino

functionalised particles behave differenty3SiH and M4SiH do not agglomerate, either,
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but additionally, electrostatic repulsion betweergke particles can be observed in the SEM
pictures of both materials, silanised and hydrogehaparticles(Figure 4.6). The average
diameters g.s obtained by DLS in solution do not differ signdittly from those of the
starting materials (compare Table 4.2 and Tablg. ZBe materiaM35,SiH could not be
resuspended to give stable suspensions, thus mbleeDLS values were obtained. SEM
images ofM1CsNH, show that the particles do not arrange in perépttere packing any
more and DLS measurements result in significanifjgér average diameters than for the
starting material (sls = 258 + 98 foiM1CsNH, and @, s = 164 + 64M013¢), indicating that
the particles oM1C3NH; agglomerate (see Table 4.6 and Figure 4.6).

Zetapotential. The zetapotential {potential) is one of the main forces which
mediate interactions between particles in suspendtarticles with a high zeta potential
(of positive or negative charge), repel each ofkef30 mV and > +30 mV are considered
as high zeta potentials). For particles that aralsenough, and whose density is low
enough to remain in suspension, a high zeta patecwnfers stability, i.e. the particles in
suspension resist aggregatiGn*

As the particles should be appliedvitro — or later on evein vivo, zetapotentials were
determined in a phosphate buffered saline (PBS) aailldculture medium with 10% of
serum, both at a physiological pH of 7.4. Serum taming cell culture medium
(Dulbecco’s Modified Eagle Medium (DMEM)) is used tmimic physiological
conditions. The -values of the unfunctionalised and surface modifieaterials (except
M1C3NH; in PBS) (Table 4.7) are higher than -30 mV, ilee imaterials form stable
suspensions and particles do not agglomerate utigerconditions of the experiment
(except M35,SiH). Smaller -values of about -30 to -10 mV were reported for
unfunctionalised and Gd(lll) chelate functionalisstica particles with smaller diameters
of about 20 nm at pH 74,

The -values of the unfunctionalised particles in PBSrdase with the particle diameter and
indicate that suspensions D130 andMO0,gp are more stable than suspensions10§, which

is in accordance with the agglomeration behavidageoved during DLS measurements and
with results reported in ref. 18. The highegiotential of -56.3 mV in PBS was obtained for
materialM4SiH. The Si-H-bonds on the surface convert into Si-gdblips under the applied
conditions, so a homogeneous hydrophilic surfacgbtained which results in the ability to

form stable suspensions and therefore a higbtential. The value fo¥3100SiH (-53.6 mV)
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is lower because of additional -SiOEt moietiestmndurface which have remained because of
incomplete hydrolysis and condensation of TES. Tipotential of the smaller particles
M350SiH (-45.4 mV) is smaller than thepotential of the 100 nm particles. This coincides
with the fact that no stable suspensions are abdaifhhe zetapotential M2GOPTS in PBS

is only slightly decreased in comparison to thetista material, here stable suspensions are
obtained. The materidl1C3NH, in PBS shows the only positive and the smallegilue
(23.9 mV). As already seen in SEM images and DLasuements, particles M1C3NH»
agglomerate, which can be justified by their smathpotential.

The -potentials obtained in cell culture medium arel@aNer than those in PBS and do not
differ significantly. Interestingly, interactionsitv proteins and other components of the
medium seem to compensate differences between #berials. Values of the small 50 nm
particles are comparable with those of the biggéts.NHere the only exceptions are
M2GOPTS with a remarkably high-value of -48.5 mV and11C3;NH, with a very small,
but negative -value of -32.2 mV. So the components of the mediawerse the polarity of
the positively charged amino modified surfacév/dfC sNH .

Table 4.7 Zetapotentials of unfunctionalised and surface ifrextimaterials.

material -potential / mV
PBS medium + 10% serum

MOsg -46.3+1.1 -39.0+ 0.3
MO100 -52.8+1.0 -41.3+£1.5
MO130 -55.7+1.5 -45.3+£ 0.6
M1C3NH, 23.9+0.8 -32.2+04
M2GOPTS -52.2+ 0.6 -48.5+ 0.9
M350SiH -454+£1.0 -41.4+£0.9
M3100SiH -53.6 £ 0.5 -40.6 + 0.8
M4SiH -56.3+ 0.8 -40.4 + 0.5

Values represent mean + SD.

4.3.3.3 Spectroscopic Investigations

Functionalisation of the particles was verified BRIFT spectroscopy?’Si CP/MAS
spectroscopy, andC CP/MAS NMR spectroscopy.
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DRIFT Spectroscopy. In the DRIFT spectra oM1C3;NH, (Figure 4.7 b) and
M2GOPTS (Figure 4.7 c) it is difficult to demonstrate sagé modification, as no additional
significant vibrations in comparison to the stagtmaterialMOreh (Figure 4.7 a) occur. Only

additional vibrations of Cldgroups (crx) can be observed at 2942 and 2877cm

Figure 4.7 DRIFT spectra of ayOreh, b) M1C3NH,, and c)M2GOPTS.

Figure 4.8DRIFT spectra of ayi4SiH, b) M3100SiH, and c)M35,SiH.

DRIFT spectra of the Si-H modified NPs (Figure 4Bbw the characteristic Si-H vibrations
( siv) for the materialM3SiH at 2256 crit and forM4SiH at 2287 crit. Owing to the high
temperature treatment, the vibrations of hydrogemnded -OH groups disappear /A SiH,
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here only isolated silanol groups can be obserte8748 cni. For the smaller 50 nm
particles, the ratio of surface groups to bulkaigér than for the 100 nm particles, thus in the
spectrum oM350SiH the vibrations of -OH as well as Si-H groups amrenintense than in
the spectrum oM3100SiH. The relatively intense vibrations of ¢groups in the spectrum of
M350SiH indicate that there are more -OEt moieties lefttib@ surface. Signals of -OEt
groups are also observed in tié CP/MAS NMR spectra df1350SiH (not shown).

Table 4.8Assignments of IR vibrations &11C3NH,, M2GOPTS, M3SiH, andM4SiH.

wave number / cih assignment
M1C3NH, M2GOPTS M3SiH M4SiH
3748 isolated (Si-OH)
3758 - 2970 3758 - 2970 3760 - 3006 differe(®H)
2935, 2877 2957, 2889 2985, 2904 (CHy)
2256 2287 (Si-H)
1969, 1868 1969, 1868 1991, 1866 1991, 1866 (Si-O-Si)
1619 1619 1620 0
1306 - 891 1306 - 891 1350 - 907 1350 - 907 as (Si-O-Si)
1350 - 993 (skeleton)

3 M350SiH

Solid State NMR SpectroscopyBy 2°Si HPDEC/MAS NMR spectroscopy it should
be possible to get a quantitative estimation of°dli signals of the nanoparticles. Thus, after
functionalisation of the surface, signals of Q dndroups should be detectable. After Si-H
functionalisation, the signal of the}:Tgroups in the region of -60 to -90 ppm could net b
detected within a reasonable period of time foth&iM3SiH nor M4SiH, due to the low
ratio of the surface * to @ groups in the bulk material. TherefoféSi CP/MAS NMR
spectra of the materials were recorded to get tiaditgtive information of the chemical shifts
of the different Si species. Note, that with CP/MASIR measurements it is not possible to
get a quantitative estimation of the Si signals.cAsss polarisation of the protons to silicon
nuclei will affect only those silicon nuclei whigre within the distance of four bonds, only a
small amount of silicon nuclei will produce an NMdgnal. Therefore, the ratio of the
intensities of @ and J groups is reversed in comparison to the ratiohef gignals in the
HPDEC spectra of thel0 materials.
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Figure 4.9%°Si CP/MAS NMR spectrum of Figure 4.10%°Si CP/MAS NMR spectrum
M1C3sNH,. of M2GOPTS.

Figure 4.11%°Si CP/MAS NMR spectrum  Figure 4.12?°Si CP/MAS NMR spectrum
of M35QSIH of M31003iH.

In the®®Si CP/MAS NMR spectrum d¥11C3sNH; signals of T and ® groups are observed at
-43 to -72 ppm and peaks of @nd J groups at -82 to -124 ppm (Figure 4.9). In the
spectrum ofM2GOPTS the resonances of Bnd T groups are observed at -43 to -62 ppm
and the signals of and { groups at -82 to -124 ppm (Figure 4.10). The rasoas of Ty
and Ty groups of theM3SiH materials are weak, but observable at -67 andpgts for
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M3s50SiH and at -73 and -83 ppm ft310,SiH. Q* and ¢ groups are observed at -87 to -130
ppm (Figure 4.11, Figure 4.12). TA%Si CP/MAS NMR spectrum df14SiH (not depicted)
only shows a broad signal from -80 to -120 ppm.

The **C CP/MAS NMR spectra oM1CsNH, and M2GOPTS give evidence for the
successful surface modification by silanisatione T¥pectrum oM1C3NH, (Figure 4.13)
shows the signals of the propyl chain and -OEt tese(indicated with*) and in the
spectrum ofM2GOPTS (Figure 4.14) the signals of the glycidyloxypromhain can be
observed.

Figure 4.13"°C CP/MAS NMR spectrum of Figure 4.14'3C CP/MAS NMR spectrum of
M1CsNH,. M2GOPTS.

4.3.3.4 Specific Surface Area of the surface modified Stobéarticles

The specific surface areagg of the surface modified materials (Table 4.9)altelecreased

in comparison to Aet of the respective starting materials. The cleadlestease of g by
29% is observed in the case BMSIH and can be explained by the high temperature
treatment. Micropores in the material coalesce tuthe formation of new siloxane bonds
and water. Thus, the surface accessible fodétreases. For the silanised materialgtAs
reduced by 13-16%. Due to the sol-gel process ensthiface of the starting materidD,
micropores get inaccessible for nitrogen and a lemalurface area is measured (compare
Table 4.4).

~40~



4 Results and Discussion

Table 4.9Specific surface areas of the surface modified rizdse

material Ager/ nf gt
M1C3NH» 26
M2GOPTS 26
M3a100SiH 38
M3b100SiH 40
M350SiH 91
M4SiH 31

4.3.3.5 Specific Surface Concentration of Functional Groups

The extent of surface functionalisation was quatditby means of elemental analysis (EA)
for the materialMM1C3NH, andM2GOPTS.

To determine the extent of surface modificatiore ttumber of silanol groupson on the
surface of the particles, to be functionalised, toalse known. An average value ofy = 4.9
OH nmi? has been reportéd The specific surface area# of the starting materialgl0 was
determined by nitrogen adsorption experiments, evaluated according to the multipoint
Brunauer-Emmet-Teller (BET) method (Table 4.4). Bueface concentrationgigana) Of any
ligand, coupled to the surface, is calculated fritwa corrected percentage of carbon (%C),
obtained from EA, by Eq. 4.1, whergia the number of carbon atoms in the ligand, agasM

the molecular weight of carbon.

mol
g
The number of coupled ligands per arggang) is calculated by Eq. 4.2, wheresNs the

G(Iigand) =%C X100 B, M, )t Eq. 4.1

Avogadro constant andgft the specific surface area of the patrticles.
ligand
nny

For M1C3NH,; andM2GOPTS the ratio of (iganay on IS 0.53 and 0.30, respectively, which

means that 53% and 30% of the silanol groups haaeted with a functionalised silane,

A (jgang) = G N, Kger 107

Eqg. 4.2

(ligand)

assuming that each alkoxy silane only forms onexaile bond with the particle surface
(Table 4.10). In fact there can be formed one, nhisty two or rarely even up to three
siloxane bonds. If surface concentrationsre compared, it can be assumed that in the ¢ase o
M1C3NH, 130 mol g* and in the case ®fl2GOPTS 70 mol g* of ligand were coupled to
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4 Results and Discussion

the 242 mol g* silanol groups o013, ForM1CsNH; this is an overestimation, as the
CP/MAS NMR spectrum shows, that ethanol moietieslait on the surface. Thus, the values

given should be regarded as estimations ratherabgmecise numbers.

Table 4.10Evaluation of elemental analyses based on % oboa(®C).

Ager/ %C corr %C (ligand) / ligand / (ligand) /
m® g* (EA) (EA) mmol g* nm OH
MO130 30 0.08
M1C3NH, 0.54 0.46 0.13 2.59 0.53
M2GOPTS 0.61 0.53 0.07 1.49 0.30

To get an estimate of the surface concentratign of Si-H groups, it was assumed that
every silanol group on the surface of the partieles converted into one Si-H group. The
numbers given in Table 4.11 were calculated froemdpecific surface areagéy of the Si-H
modified materials, not from g of the starting materials like in the caseMfC3NH, and
M2GOPTS. These values should be regarded as the maximunibers of Si-H groups on
the particles’ surface which are theoretically plags

Table 4.11Specific surface concentration of Si-H groups.

material Aser/ P gt sin/ molg'?
M3ay00SiH 38 310
M3b 100SiH 40 326
M350SiH 91 739
MA4SiH 31 251

3 calculated from Aet and on = 4.9 OH nnf

4.4 Coupling of Ln[DOTA] and Ln[DO3A] Derivatives to M1 C3NH, and M2GOPTS

4.4.1 Syntheses

For all coupling reactions of amines with carbogydicids in this work the classical peptide
coupling agenO-(benzotriazol-1-yl)N,N,N,N -tetramethyluronium tetrafluoroborate (TBTU)
and diisopropylethylamine (DIPEA) as base were iadpF
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4 Results and Discussion

The amino functionalised NRg1C3sNH, were reacted with the carboxylic acid terminated
DOTA derivatives Ln[DOTA-BA] b, 6) and Ln[DOTA-GA] @, 9). Therefore, the DOTA
derivatives were activated with TBTU and DIPEA autied to a suspensionMfiC3NH; in
DMSO, giving the new materiaM1C3[Ln-BA] andM1C3[Ln-GA] . As counteriom-BusN*
was used. In the case MfLC3[Ln-BA] one batch was synthesised with sodium as counterio

The behaviour of the two differeM1C3[Ln-BA] materials was not changed to an observable

©
o 1
\ O
0 "N /\-(
50r6 | NGNS L
— Si—O—S|i/\/\H [ Lﬁ3{"j"o

extent and thus, is not further discussed.

N/ N
M1Cs[Ln-BA] ) l
oo g O
o O o
TBTU, DIPEA
M1CsNH, —————
U2 onRT o-\io @
0 /
Y\N AN
o O {3gn]
U0
gor9 | N, N7
— Si—O—Si/\/\N L NCA
| H / o)
M1Cs[Ln-GA] o O

Scheme 4.&yntheses d11C;3[Ln-BA] andM1C3[Ln-GA].Ln=Gd or Y.
To the epoxy functionalised NR82GOPTS, Ln[DO3A-HA] (2, 3) was coupled by stirring
the reactants in DMSO with DIPEA, yieldifn2[Ln-HA] .

20r3 | SN TTO
. . N N
M2GOPTS si—0—si” "0 NN
DIPEA, 2h, RT | /\(;\H ~ \/QO
M2[Ln-HA]

Scheme 4.Bynthesis oM2[Ln-HA] . Lhn=Gd or Y.
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4.4.2 Characterisation

4.4.2.1 Size and Shape

The size dev and the shape of single particledM2[Gd-HA] has not changed in comparison
to the starting materidl2GOPTS, which can be seen in Figure 4.15 and Table 4 h2re

were no SEM investigations made for the Gd(lll) fied M1 materials.

Table 4.12Size characterisation of [Gd] modified materials.

material GLs/ nm PDI Gem/ NM
M1C3[Gd-GA] 157 £ 50 0.166 -
M1C3[Gd-BA] 151 + 38 0.089 -
M2[Gd-HA] 149 + 44 0.132 137+ 11

Figure 4.15Scanning electron micrographsM2[Gd-HA] .

4.4.2.2 Particle-Particle Interactions

After coupling GA[DOTA-BA] or Gd[DOTA-GA] toM1C3NH,, do s of the resulting
materialsM1C3[Gd-BA] andM1C3[Gd-GA] is significantly decreased from 258 + 98 nm to
151 + 38 nm and 157 + 50 nm, respectively. Thiscates, that the particles M1C3[Gd-
BA] andM1C3[Gd-GA] do not agglomerate in solution.

The hydrodynamic diameter and the SEM imaged2iGd-HA] do not differ from g, s and
the pictures of the starting materisl2ZGOPTS, so coupling of Gd[DO3A-HA] did not
change the surface properties of the particles tobservable extent.

In the case of th&11 materials negatively charged complexes were cduiglghe particles’

surface. As desired, this prevents the agglomeradfothe particles. However, coupling of
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uncharged complexes to tM2 material does not cause agglomeration. Thus, grafsant
role can be ascribed to the charge of the couptadptex regarding agglomeration of

particles.

Zetapotential. After coupling the DOTA derivatives td1C3NH,, the -values of the
resulting materials in PBS (Table 4.13) are negadind significantly higher, so the improved
agglomeration behaviour correlates well with thdapetential. According to previous
observations, the zetapotentialM2[Gd-HA] does not differ significantly from the potential
of the starting materiaM2GOPTS. In medium the obtainedvalues are comparable with
those ofM0;130 andM2GOPTS and higher than the values of 100 nm materiald)ese the
influence on the potential seems to be dominatetthéyarticle size.

Table 4.13Zetapotentials of [Ln] modified materiai4l andM2.

material -potential / mV

PBS medium + 10% serum
M1C3[Gd-BA] -51.3+1.9 457+ 0.4
M1C3[Gd-GA] -55.0+ 0.9 -486+1.4
M2[Gd-HA] -54.7+£ 0.5 -47.9+0.3

Values represent mean = SD.

4.4.2.3 Spectroscopic Investigations

In the DRIFT spectra oM1C3[Gd-GA] and M1C3[Y-BA] (Figure 4.16) coupling of the
Ln[DOTA] derivatives can be verified by GHribrations at 2960, 2926 and 2867 tas well
as intense carbonyl and amide vibrations at 1620. &the higher intensity of the GHand
amide vibrations in the spectrum Bf1C3[Y-BA] indicates, that the coupling efficacy is
higher for Ln[DOTA-BA] as for Ln[DOTA-GA].
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4 Results and Discussion

Figure 4.16 DRIFT spectra of aM1C3NH,, b) M1C3[Gd-GA], and c)M1C3[Y-BA].

Coupling of Ln[DO3A-HA] to M2GOPTS cannot clearly be verified by DRIFT
spectroscopy, as the spectrumM#[Gd-HA] does not differ significantly from the spectrum
of M2GOPTS (Figure 4.17). The intensity of the vibration @19 cm, which can be
assigned to kD in the spectrum d2GOPTS, is only slightly increased. This indicates a

less effective functionalisation M2GOPTS with Gd(lll) complexes.

Figure 4.17DRIFT spectra of a) IGOPTSand b)M2[Gd-HA] .
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Table 4.14Assignments of IR vibrations dfl1C3[Gd-GA], M1C3[Y-BA], andM2[Gd-

HA] .
wave number / cih assignment
M1C4[Gd-GA] M1C4[Y-BA] M2[Gd-HA]
3758 - 3000 3758 - 3000 3758 - 2970 different (OH)
2969, 2851 2960, 2926, 2867 2957, 2889 (CHy)
1969, 1868 1969, 1868 1969, 1868 (Si-O-Si)
1610 1620 (NHC=0)
1619 H>O
1290 - 880 1290 - 880 1306 - 891 25 (Si-O-Si) (skeleton)

4.4.2.4 Specific Surface Concentration of Gadolinium

Surface concentrationgqgny of Gd(Ill) was determined by measurements of tngitudinal
relaxation time T by inversion recovery experiments.

Gd(lll) concentrations oM1C;3[Gd-GA] and M1C;3[Gd-BA] verify the higher coupling
efficacy for Ln[DOTA-BA], already seen in the DRIFSpectra (Figure 4.16). Relating to the
total amount of silanol groups available on thdate 0fM0130 a coverage of Gd(lll) of 14%
has been achieved fMf1C3[Gd-BA], whereas the coverage il C3[Gd-GA] andM2[Gd-
HA] is only 5% (Table 4.15). A maximum coverage of 5@¥theM1 materials and of 30%
for M2 could have been achieved related to the extestirdce modification (compare Table
4.10).

Table 4.15Gadolinium content gqqny of [Gd] functionalised materialgll andM2.

material cagny / mol g* cd onl! % Neq per NP Bd/Ncd,geo/ %0
M1C3[Gd-BA|] 34 14 46.434 62
M1C3[Gd-GA] 11 5 15.023 20
M2[Gd-HA] 12 5 16.452 22

Geometrical considerations assuming ideal conditisimow that the space available on the
particles’ surface is well exploited for the higHeaded material. The geometrical surface
area Ao Of a particle of theMl and theM2 materials (calculated fromsgly = 137 nm) is
5.9x10* m% The hydrodynamic radius of the Gd(lll) complexesibout 0.5 nfif, so they
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need an area of 7.9x1dm* each. Thus, a maximum numbegygeo of 75.076 Gd(lll)
complexes has room around a single particle. Ileréald5 the numbersspof Gd(lll) per NP
and their percentage of the possible numkggdaare given. FOM1C3[Gd-BA] 62% of the
maximum number are achieved, MiC3[Gd-GA] andM2[Gd-HA] only 20 and 22%.

4.5 Further Functionalisation of Si-H modified Materials M3SiH and M4SiH
45.1 Syntheses

4.5.1.1 Photochemical Hydrosilylation

The Si-H modified materials were functionalised hwitarboxylic acid groups prior to
coupling of amino terminated Ln(lll) complexes. Tdwboxylic acid groups were introduced
by a photochemically induced hydrosilylation reawctiof terminal unsaturated carboxylic
acids of different chain length814SiH was reacted with acrylic acid, 3-butenoic acid, 6-
heptenoic acid, and 10-undecylenic acid to detezntive ideal chain length for an optimal
degree of functionalisation. Acrylic acid could ro# added to the Si-H bonds on the surface
of the particles, as polymerisation of the molesutesolution takes place too fast. The most
effective coupling could be reached with 3-buterama and the most cost-effective reactant
is 10-undecylenic acid. Therefore, 3-butenoic ammll 10-undecylenic acid were used to
modify M3SiH andM4SiH and the properties of the resulting materfBC4;,;)COOH and
M4C411COOH (Scheme 4.10) were compared. The smaller partM@sSiH were only
modified with 3-butenoic acid, yieldiny135,C4,COOH. The photochemical hydrosilylation
reaction was carried out under argon in carefulgabsedh-hexane under irradiation with a

700 W medium pressure mercury lamp for 5 days.
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Y

O
O
/ n OH |
M3SiH Si—O—Si
hn, n-hexane, | n OH

n=1,8

M3C,(11)COOH
(@]
MJ\OH WM\
M4SiH > . OH
hn, n-hexane,
n=0,1,4,8

M4C,;1)COOH O

Scheme 4.1@arboxylic acid functionalisation &i3SiH andM4SiH.

4.5.1.2 Coupling of Ln[DO3A-HA]

The acid functionalised NPBI3C411COOH and M4C,4;1)COOH were reacted with the
amino terminated DO3A derivative Ln[DO3A-HAR,(3). Therefore, the particles were
suspended in DMSO, activated with TBTU and DIPEA arsolution of the Ln(lll) complex
in DMSO was added, yielding the new materMBC411{LN-HA] andM4Cysa1fLn-HA] .

2h, RT M3C, 11)[Ln HAJ

2o0r3 e ~N Ln

M3C4(11)COOH SI—O SI lI AN
TBTU, DIPEA N7 TN v N

H \\./

(')_

O <
-2 \/\Q%JJ\ N;I'_r\]3 ------- o
M4C COOH Si NN VN
4 TBTU, DIPEA, n N N

2h, RT H '-
M4C y11)[LN-HA] o

Scheme 4.1Toupling of Ln[DO3A-HA] to the acid modified matals.
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4.5.1.3 Coupling of Y[DOTA-ButAm]

o
Y\N{_\N/\(
o) [3+ _j——o

7
(@]

o [°

N

7

H
11 _ N N/ ' N
M4C,;COOH > Si 3 N/
TBTU, DIPEA, /

|
\
2h, RT o) O O O
M4C11[Y'BUtAm]

Scheme 4.1Zoupling of Ln[DOTA-ButAm] toM4C,,;COOH.

To compare the agglomeration behaviour of the @adisubject to the charge of the coupled
complex, the charged Ln(lll) complex Y[DOTA-ButAm]L with sodium as counterion was
coupled to the surface M4C1;COOH.

4.5.2 Characterisation and Examination

45.2.1 Size and Shape

The size dem and the shape of single particles of the acid fremtias well as the Ln(lll)

complex modified particles is not changed in corguer to their respective starting materials

(dsem Table 4.16, Figure 4.18).

Table 4.16Size characterisation of acid and [Ln] modified enels.

material GLs/ nm PDI Gem/ NM
M4bC,,COOH 230 + 88 0.353 104 +5
M3bC,,COOH 228 + 84 0.296 117+ 11
M4aC,COOH 182 + 64 0.243 112+ 11
M3aC,COOH 173+ 71 0.496 106 £ 9
M350,C4COOH - - 55+5
M4bC1[Y-HA] 290 + 113 0.397 119+ 12
M4bC,[Gd-HA] 259 + 162 0.504 120 + 14
M3bC4[Gd-HA] 140 + 65 0.167 116 £ 11
M4aC,[Gd-HA] 144 + 56 0.537 107 + 10
M3aC4Gd-HA] 168 £ 59 0.393 105+ 9
M350C4[Gd-HA] - - 54 + 4

M4bC 11[Y-ButAm]
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4.5.2.2 Particle-Particle Interactions

In Table 4.16 the materials are arranged accordinghe spacer length, as this factor
influences the agglomeration behaviour the most.

The Stober particles formed large agglomerates whey were functionalised with 10-
undecylenic acidMI3C1;COOH, M4C1;COOH), and even larger agglomerates, when the
Ln(lll) complexes were coupled to thej;Cspacer M3C1i[Ln-HA] , M4Cy4[Ln-HA] ). In
contrast, 3-butenoic acid functionalised partid¢8C4,COOH andM4C,COOH) and their
corresponding materials with Ln(lll) complex@d3C4Ln-HA] and M4C4Ln-HA] ) form
only small agglomerates in solution, which can hevan by DLS as well as SEM (Table
4.16, Figure 4.18). The 50 nm materid8s0C4,COOH and M35,C4[Ln-HA] do not give
stable suspensions upon resuspending them in watethus, DLS measurements give no
reliable values.

Interestingly, Y[DOTA-ButAm] coupled particlesM4bC,;[Y-ButAm] formed huge
agglomerates and were hardly resuspendable in \&#tardrying the material. SEM images
(not depicted) show huge agglomerates and DLS measmts were not possible due to

strong agglomeration phenomena.
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Figure 4.18Scanning electron micrographsiM8bC,;,COOH, M4bC14[Y-HA],
M4aC,COOH, M4aC4[Gd-HA] , M350,C4,COOH, andM35oC4[Gd-HA] .

Zetapotential. According to the observations above, the lowesapetential of the
bigger particles in PBS is obtained MAC,,[Y-ButAm] (-43.1 mV). The -potentials of the
acid and [Gd] modified materials in PBS are lowwrt those of the Si-H modified materials
and do not differ significantly within the seritd3 andM4. -potentials are higher for [Gd]
modified materials with the £spacer than with thei;€spacer, which is coincident with the
observation of agglomeration of thei;Gnaterials (compare DLS results, Table 4.16 and
Figure 4.18). The-values do not drastically change after coupling lth(lll) complexes, as

the chemical environment does not change very miuhRk. chelating ligand contains three
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carboxyl groups and not all of the carboxylic agidups react with the Gd(lIl) complexes, so
free carboxylic acid groups are left after couploidghe chelates.

The unreacted Si-OH groups on the surface oMHBematerials are responsible that the
potentials of the seridd4 are higher than those of the serié&3.

The -potential in PBS of the smaller particl&835,C4,COOH is very low (-36.4 mV),
whereas the potential dfi350C4[LN-HA] is increased (-48.5 mV) and comparable with

the potentials of the £ materials.

Table 4.17Zetapotentials of acid and [Ln] modified materisi3 andM4.

material -potential / mV
PBS medium + 10% serum

M350,C4COOH -36.4+0.3 -39.0+ 14
M3aC,COOH -52.5+0.7 -41.4+ 0.5
M3bC,,COOH -51.0+ 0.8 -46.0 £ 0.7
M4aC,COOH -54.0+£ 0.7 -41.9+0.1
M4bC,,COOH -55.2+ 0.6 -43.2+ 0.5
M350C4[Gd-HA] -48.5+ 0.9 442+ 1.2
M3bC14[Gd-HA] -46.6 £ 0.4 -42.9+0.9
M3aC4Gd-HA] -50.7+ 0.9 -43.7+£0.2
M4aC,Gd-HA] -50.7 £ 0.9 -45.0+ 04
M4bC,[Gd-HA] -49.9 £ 0.6 -429+04
M4bC11[Y-HA] -50.5+ 0.6 -40.5% 0.6
M4bC14[Y-ButAm] -43.1+0.3 -42.9+0.8

Values represent mean + SD.

The -potentials obtained in cell culture medium areimdawer than those in PBS (except
for M350C4,COOH) and do not differ significantly due to the intetians with proteins and
other components of the medium, which compensdfereinces. However, the highest
values in medium were obtained for the [Gd] funttiiised particles, i.e. in medium they

form the most stable suspensions, which can beriiaptofor their application.
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4.5.2.3 Spectroscopic Investigations

DRIFT Spectroscopy. After hydrosilylation, the vibration of the carbdngroup
(c=0) is found at 1714 and 1709 &m respectively, for M4C,11ICOOH and
M3C4a1COOH. Besides, the intensity oty has grown significantly. The addition of the
C=C double bond of the spacer to the Si-H bondthersurface is indicated by the absence of
=C-H, vibrations above 3000 ¢m A remaining weak si; demonstrates, that this step of
functionalisation does not run completely. The DRIBpectra ofM4bC1;COOH and
M4aC,COOH also show the different extent of surface modifara The carbonyl vibration
c-o at 1714 crit is more intense fanM4aC4,COOH than forM4bC1,COOH (Figure 4.19).
Coupling of the Ln(lll) complexes is verified byethamide vibrations (nc=0 and nw)
observed at 1700 to 1560 ¢rand a further increase of the intensity efy (Figure 4.20). As
the Ln(lll) complex contains C=0 groups as well, IBR spectra do not provide the
information, if the coupling reaction runs to comn.

Table 4.18Assignments of IR vibrations ®fi3/4C411COOH andM3/4C411Ln-HA] .

wave number / cih assignment
M4C411)COOH  M3C411ICOOH  M4Cy11) M3Caa1)
[Y-HA] [Gd-HA]
3740 - 3032 3760 - 3006 3745 - 3041 3753 - 3012 different (OH)
2939, 2871 2963, 2936, 2928, 2857 2964, 2934, (CHy)
2872 2863
2287 (w) 2256 (w) 2287 (w) 2256 (w) (Si-H)
1991, 1866 1991, 1866 1991, 1866 1991, 1866 (Si-O-Si)
1714 1709 1728 (C=0)
1680 - 1573 1682 - 1573 (NHC=0)
1350 - 907 1350 - 907 1350 - 907 1350 - 907 as (Si-O-Si)
(1350 - 993 (1350 - 9935 (skeleton)

3 M350C4COOH, ®) M35,C4[Gd-HA]
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Figure 4.19DRIFT spectra of aM4bC,;COOH and b)M4aC,COOH.

Figure 4.20DRIFT spectra of aM4bC14[Y-HA] and b)M3aC4[Gd-HA] .

Solid State NMR Spectroscopy.The *C CP/MAS NMR spectra verify that the
coupling of the spacer to the surface and the Dngtimplex to the spacer has been successful
(Figure 4.21, Figure 4.22). Signals due to thelatkyin and the carbonyl group of the spacer
can be observed from 7 to 60 ppm and at 181 ppspentively, in thé*C NMR spectra of
M4C,11COOH (Figure 4.21). As expected, the ratio of the sigm@nsities of the carbonyl
resonance to the alkyl resonance is bigger forGheacid than for the G acid modified
material. The®*C NMR spectra ofM3C.[Y-HA] and M4C.4[Y-HA] (Figure 4.22) give
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evidence for the successful coupling by additiaighals of the alkyl groups of the ligand at
57 and 69 ppm, respectively, as well as the calbgmoups at 182 and the amide carbon at

191 ppm.
Figure 4.21%C CP/MAS spectra of Figure 4.2223C CP/MAS spectra of
M4aC,COOH andM4bC1,COOH. M3aCa[Y-HA] andM4bC i [Y-HA] .

4.5.2.4 Specific Surface Concentration of Functional Groups

The extent of surface functionalisation of the aamdl Gd(Ill) complex modified materials

was quantified by means of elemental analysis (&#) thermogravimetry (TG) experiments.

TG experiments. TG curves ofMOa (Figure 4.23, light grey) and thd3 materials
(Figure 4.23, grey) indicate, that desorption ofgbally adsorbed water is completed at
about 130 °C. FoMOa the following broad region of weight loss is deedehydroxylation
processes, where water and ethanol are removedsibm@ne bonds are formed on the
surface. The weight loss of tid4 materials (Figure 4.23, black) in the low tempgarat
region (up to 130 °C) is negligible, 1SiH already has been treated at 1000 °C. From 130
°C to about 550-600 °C curves of all further fuontllised materials show a significant
weight loss, due to desorption of the organic niesetwhich were coupled to the surface.
While the weight loss of thigl4 materials is completed at 600 °C, the broad reggajrweight
loss from 600 to 1000 °C indicate the desorptiorcteémically adsorbed water for tihv3

materials.
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Figure 4.23Thermogravimetric analyses of the materials: unfionalised M0a, light grey),
Si-H functionalised (dotted lines), COOH functiased (dashed lines), and [Gd]
functionalised (continuous lines\14 series blackiM3 series grey.

Table 4.19Weight loss of the materials determined by TG meaments from 35 to 1000 °C.

weight loss / corrected weight loss /
mass-% mass-%

MOa 1.3

M4aSiH 0

M4aC,COOH 4.8

M4aC,[Gd-HA] 4.5

M3aSiH 2.1 0.8
M3aC,COOH 6.9 4.8
M3aC,[Gd-HA] 7.6 5.5)

4 Measured weight loss M3 materials corrected by the valuehd®.
b) Ratio of Si-H modification subtracted as well.

The values of weight loss, given in Table 4.19edlilly correlate with the amount of surface
modification for the M4 materials. For the Gd(lll) complex functionalisqzhrticles
M4aC4Gd-HA], the weight loss is lower than for the acid maadifparticlesM4aC,COOH,

as gadolinium forms oxides and carbonates durimghibating of the materials under air,
which remain on the surface of the particles, aistbd the measure of weight loss. TH&
materials did not go through the high temperaturecgss for Si-H functionalisation.

Therefore, there are still water and ethanol mesekeft on the surface, which originate from
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MO. Thus, for theM3 series the weight loss &0 has to be subtracted, to achieve the content
of surface modification. To get the pure quantityhe spacer and the Gd(lIl)-complexes, the
ratio of Si-H modification was also subtracted froime values, obtained fd13aC,COOH

and M3aC,Gd] (Table 4.19). For the above-mentioned reason, weeght loss for
M3aC4[Gd-HA] is only slightly higher than favn3aC,COOH.

Elemental analysesFor the interpretation of the surface concentretiqjgang) Of the
acid modified materials, all values are referredhe surface concentrations;.y obtained
from Ager of the Si-H modified starting materials and givermable 4.9.

For M4aC,COOH, M3aC,COOH, and M35¢C4COOH the ratios of (iganay o are with
2.54, 2.02, and 1.30, respectively, all bigger thafTable 4.20), which means that there are
more ligands coupled to the surface than Si-H bawdsavailable. This can be explained by
looking at the possible mechanism of the photochaliydrosilylation reaction (Scheme
4.13). In the first step, a C=C bond is added ®&3hH bond and yields a free radical center
on the -carbon of the addition product. This radical ispested to recombine with a
hydrogen radical, generated from another Si-H b@uheme 4.13 a), but also can react with
a second C=C bond of a free acid, to yield polynwrshe acid molecules on the silica
surface (telomerisation, Scheme 4.13%)owever, in this way stable covalent Si-C and C-C
bonds are formed which resist hydrolysis. M8bC1,COOH the ratio of (iganagf on = 0.47
confirms a lower extent of surface modificationtwihe G, spacer. This is also seen in the
DRIFT spectrum foM4bC,;COOH (Figure 4.19), so the telomerisation reaction genn
favor for the G acid. As this reaction leads to a larger amounfuattional groups on the
particle surface, which can be further functioredisthe use of this shorter linker allows to
increase the Gd(IIl) concentration per particle.

As the combustion of the Gd(lIl) complex functiasad materials is not complete, because
of the formation of carbonates, the content of earbould not be determined correctly by
EA. Therefore, the data of the measurements ofetinoaterials cannot be further evaluated

reasonably.
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Scheme 4.1®ossible mechanism for radical based hydrosilyhatio the silica surface, a)
common reaction channel, b) side reaction (teloga&on).

Table 4.20Evaluation of elemental analyses based on % obca{®C).

material Aser ! n? %C corr %C (ligand) /. ligand / (ligand)/
gt (EA) (EA) mmol g* nm OH

MOa 43 0.18

M4aSiH 31 0.06

M4aC4COOH 3.12 3.06 0.64 12.45 2.54

M3aSiH 38 0.30 0.12

M3aC,COOH 3.31 3.01 0.63 9.9 2.02

MOspo 104 2.05

M350SiH 91 2.10 0.05

M35,C4COOH 6.71 4.61 0.96 6.36 1.30

MOb 49 1.48"

M3bSiH 40 2.14 0.66

M3bC,,COOH 4.15 2.01 0.15 2.28 0.47

@ higher percentage of carbonM6b andMO0s, were not dried at 600 °C.

4.5.2.5 Specific Surface Concentration of Gadolinium

Surface concentrations gquy Of Gd(lll) were determined by measurements of the
longitudinal relaxation time iI by inversion recovery experiments, and confirmed b
measurements with an ICP-atomic emission spectem{6LP-AES). The Obtained results
from the two different methods do not differ sigeaintly (Table 4.21). The highest total
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amount of Gd(Ill) was achieved with the 50 nm mdes M35,C4[Gd-HA] (83 mol gY),
followed by the G spacer modified materials (45 and 500l g for M4aC4[Gd-HA] and
M3aC,4Gd-HA], respectively). The £ acid modified materiaM3bC,,[Gd-HA] could be
loaded with only 16 mol g* Gd(lll). Related to the total amount of silanobgps available
on the surface oMOa the highest extents of Gd(lll) coverage of 13 dd4do have been
achieved forM4aC4Gd-HA] and M3aC,Gd-HA], where 254 and 202%, respectively,
would have been possible due to surface coveratieagid groups. In comparison, for the
Ci11 modified NPIM3bC,;[Gd-HA] only 4% of Gd(lll) modification have been achieyedt
here just 47% would have been possible due to ¢ite gtoups available. Fav35,C4[Gd-
HA] 10% Gd(lll) coverage have been obtained, where%d3@uld have been possible
(compare Table 4.20).

Table 4.21Gadolinium content gqqny of [Gd] functionalised materialgl3 andM4.

material aany /| mol g* cd on! %?
from ICP  from h-measurements

M4aC,4Gd-HA] 43 45 13

M3aC,4[Gd-HA] 48 50 14

M350C4[Gd-HA] - 83 10

M3bC11[Gd-HA] 15 16 4

8 ,qderived from T-measurements.

Steric considerations for th€l3 and M4 materials show that the space available on the
particles’ surface is very well exploited for the i@odified materials (69 and 59%), followed
by the small particles (43%), while only 20% of tle®m available is taken in the case of the

poorly loaded @ material (Table 4.22).

Table 4.22Number ofgadolinum complexes per NP i3 andM4 materials.

material Ayeo! MY Nod geoper NP B per NP Bd/NGd geo! %0
M4aC4[Gd-HA] 3.6x10™ 44.100 31.646 69
M3aC4[Gd-HA] 3.5x10" 53.824 26.007 59
M350C4[Gd-HA] 9.2x10% 11.664 5.043 43
M3bC11[Gd-HA] 4.2x10™ 45.796 10.691 20

3 Calculated from gy of the materials (Table 4.16).
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4.5.2.6 Stability under Physiological Conditions

To test the stability of the [Gd] functionalised ter@als under physiological conditions,
materialsM4aC4Gd-HA] , M3aC4Gd-HA] , andM3bC11[Gd-HA] were stirred in PBS at 37
°C for 12 days. Every 48 (144) hours samples wagtert and tested for free Gd(lIl) by means
of the xylenol-tesf and the Gd(lll) content of the materials was dateed by T-
measurements and ICP-AES. For all samples the alytest was negative, i.e. no Gd(lll) is
released from the macrocyclic ligand under the iadptonditions. FoM3bC:[Gd-HA]
cdany 1S not decreasing to an observable extent, soathiele bonds between spacer and
Gd(lll)-complexes as well as the Si-C bonds andsilexane bonds of thkl3 series on the
particle surface are stable under the applied tiomgdi for at least twelve days (Table 4.23).
cdqany Of the higher loaded materials is decreasing 9 i6&r M3aC,[Gd-HA] and 20% for
M4aC4Gd-HA] . DRIFT spectra of those materials (not depictéumwsthat the intensity of
the amide vibrations decreases as well after 14ddwever, no conclusion can be drawn
which chemical bond is cleaved. These results atdithat a certain amount of the Gd(lIl)
complexes is cleaved, but no Gd(lll) is releasemmfrthe macrocycle. Thus, these higher
loaded materials can be used without any concdyaataGd-toxicity evenn vivo, as small,
cleaved off Gd(lll) complexes would quickly underggnal clearance. The,@naterials still
contain higher payloads of Gd(lll), even after Y€l and therefore are preferable to the C

materials.

Table 4.23Gadolinium content gqqiy during the stability tests.

caany /. mol g*

time of exposure / h 0 48 96 144 288
M4aC4Gd-HA] 45 40 39 36 36
M3aC4Gd-HA] 50 47 47 46 42
M3bC14[Gd-HA] 16 - - 17 17

Values given are obtained from-imeasurements and were confirmed by ICP-AES.

4.6 Magnetic Resonance Imaging of Gd(lIl) modified NP ©ntaining Agar Phantoms

MRI experiments were performed in 1.5% agar to iks&bthe dispersion of the material
throughout the overnight measurement. For this qaep various dilutions were prepared
from a well dispersed stock of 10 mg thin water and medium +10% serum, respectively.

Serum containing cell culture medium (Dulbecco’'sdified Eagle Medium (DMEM)) is
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used to mimic physiological conditions. Samplesevenmediately mixed with 1.5% agar
(1:1, viv), gelled in ice, and afterwards pelletsrevoverlaid with water or medium. These
samples were measured in a clinical MR scanneRatMHz (3 T) and room temperature.
Longitudinal and transverse relaxation rates weterthined in axial slices of 1 mm thickness
through the sample containing agar layer, as welha supernatant. In addition, sagittal as
well as axial T-weighted MR images were made with a spatial reswiuypical forin vivo
experiments at 3 T.

Figure 4.24displays the concentration-dependent increaseeofaihgitudinal relaxation rate
R: for M4aC,4[Gd-HA] andM3aC,4Gd-HA] in the agar pellet (representative curves of a
single experiment). The Gd concentration in the @amwas calculated according to the
values, given in Table 4.21 {Tmeasurements). The slopes of these curves (detenny
linear regression) correspond to the longitudir@éxivity r, (Table 4.24). The transverse
relaxivity r, can be similarly calculated by fitting the relarat rates R No significant
change in relaxation rates could be observed instigernatant slice, which confirms the
stability of the materials.

Figure 4.24Representative curve of the longitudinal relaxatiate R in agar phantoms with
various concentrations M4aC4Gd-HA] andM3aC,[Gd-HA] .

The concentration-dependent increase efiRRalso reflected in the ;fweighted images,
obtained with a common Inversion Recovery-Rapid wAsitjon with Relaxation

Enhancement (IR-RARE) sequerféd=or samples with more than 25 ug of NPs (dispeirsed
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100 pL agar containing water) a clear contrast pod@ent in the agar layer was detectable
(Figure 4.25).

Figure 4.25 Sagittal and axial Fweighted MR
images ofM4aC,[Gd-HA] andM3aC,Gd-HA] in
agueous agar phantoms. Given concentrations are
g NPs per 100 pL agar solution corresponding to
2.2 - 220 pumol L for M4aC,Gd-HA] and 2.5 -

250 pmol ! Gd forM3aC,4[Gd-HA] .

At a field strength of 3 T, the longitudinal relaities in water and medium of the materials
M4aC,[Gd-HA] (r; = 8.8 mM's® and £ = 6.4 mM's?) andM3aC,[Gd-HA] (r; = 8.4 mM*

s' and § = 6.0 mM’s?) are increased by 47-54% and 100-113% in compatisa; of the
single complex GA[DO3A-HA] ¢r= 5.7 mM's* and § = 3.0 mM's™?). Yet, in medium the
values of 1 of the particles, as well as of the single com@ex 27-47% lower than in water.
This effect is caused by interactions of £Gand PQ* ions with the Gd(lll) chelates of
DO3A-like structure, which lead to reduced intei@us between water and Gd(I1}2°

By increasing the rotational correlation timeof Gd(lll) based CAs, their relaxivity can be
improved®*® This is realised by immobilisation of the Gd(litomplexes on the silica
surface. However, there are still high local ratasil dynamics of the DO3A ligand possible,
most likely due to the flexible hexylamine link&espite the slow global rotational dynamics
of the particle, this leads to a less effectivduiance on the relaxivity. The longitudinal
relaxivity might be increased by making the linkethe macrocycle more rigid e.g. by using
an aromatic linkef? Moreover the g effect strongly depends on the field strengthcas be
seen in NMRD profiles of Gd chelates anchored lioassNPs'*?° At 123 MHz the influence
of g on r and thus, the difference between surface-boundfi@edGd chelates is already
strongly reduced compared to e.g. 20 MHz.
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Table 4.24Longitudinal and transverse relaxivityand g of Gd(Ill) modified materials at 3T
and room temperature.

Relaxivity per mM Gd

material fluid i/ mMist ri/ %" r,/ mMis?
M1C3[Gd-BA] water 13.3+ 0.4 75 51.6 + 24.6
M1C3[Gd-GA] water 13.1+2.1 236 46.1+0.8
M2[Gd-HA] water 30.6 + 1.9 437 747 +17.4
M3aC4[Gd-HA] water 84+11 47 44.1 + 3.4
M3bC14[Gd-HA] water 6.3+1.1 11 51.0 + 10.8
M35¢C4[Gd-HA] water 154+ 1.5 170 52.7 + 18.6
M4aC,Gd-HA] water 8.8+1.3 54 47.8 £ 6.7
Gd[DOTA-BA] water 7.6+0.3 10.5+0.3
Gd[DOTA-GA] water 3.9+0.1 4.2+0.0
Gd[DO3A-HA] water 5.7+1.2 12.0+ 1.3
M1C3[Gd-BA] medium?® 85+1.7 85 51.4
M1C3[Gd-GA] medium® 11.7 + 0.6 290 27.0+2.8
M2[Gd-HA] medium® 52+1.1 73 51.3 + 33.4
M3aC4[Gd-HA] medium® 6.0+1.9 100 38.2+8.8
M3bC11[Gd-HA] medium?® 6.3+0.1 110 29.8+0.2
M350C4[Gd-HA] medium® 55+1.1 83 34.6+11.6
M4aC4[Gd-HA] medium® 6.4+0.7 113 50.2 + 4.9
Gd[DOTA-BA] medium® 46+0.7 71+1.4
Gd[DOTA-GA] medium® 3.0+0.1 39+0.5
Gd[DO3A-HA] medium® 3.0+0.3 51+1.5

Values represent mean = SD, n=2-7.
3 Cell culture medium + 10% serum.
®) 1, is the increase of the longitudinal relaxivity quamed to the respective single complex.

The longitudinal relaxivities of the;€modified materiaM3bC1;[Gd-HA] (r; = 6.3 mM?'s™®

and £ = 6.3 mM's™ in water and medium, respectively) are increased % and 110% in
comparison to ir of Gd[DO3A-HA]. As discussed above, the little i@ease of yin water
indicates a less effective influence on the reléxibecause of the longer linker. Another
reason for the decreasedwvalue in comparison to the,QGnaterials is the agglomeration
behaviour of the G material. AsM3bC;,[Gd-HA] forms larger agglomerates, access to the

Gd sites might be hindered more than in the casleeof; materials.
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The k value 0fM35,C4[Gd-HA] in water (g = 15.4 mM's?) is increased by 170% and thus
stronger influenced as of the bigger particles, while in mediumis only increased by 83%
(r. = 5.5 mM's™?), which is less than for the bigger particles.

The strongest influence on both, and s, is observed foiM2[Gd-HA] in water. The
longitudinal relaxivity is increased by more thad0% (r = 30.6 mM's™). Origins for the
large increase ofimight be an improved water exchange rate or aedsed flexibility, due
to the nature of the linker (compare Scheme 4.8}, M medium the observed increase;of r
by 73% is poor.

For all GA[DO3A-HA] modified materials, the longdunal relaxivities in medium are very
similar (5.2 - 6.4 mMs?'), so as already observed by the zetapotential unements
(compare 4.5.2.2), differences between the masesit@ compensated in medium.

The longitudinal relaxivity y of the DOTA derivative GA[DOTA-GA] in water (= 3.9 mM
!s1) is lower than 1 of GA[DO3A-HA]. Due to the additional carboxylicid function of the
ligand there is one coordination site less for watelecules, which leads to a decrease in
relaxivity. The advantage of this DOTA derivativethat its 1 is only decreased by 18% in
medium.

The k. value of GA[DOTA-BA] in water ¢r= 7.6 mM's?) is increased in comparison toaf
Gd[DOTA-GA] and even higher than for Gd[DO3A-HA]hiB might be up to an increased
rotational correlation timegr due to the aromatic linker or to an increased arhofi water
bound to the GH. The interactions of the carboxylate next to teezyl might be hindered
due to the rigidity of the system. This would aksxplain the stronger decrease ofim
medium.

The longitudinal relaxivity values of the materidl C3[Gd-BA] and M1C;3[Gd-GA] in
water (1 = 13.3 and 13.1 mNs?, respectively) are comparable and increased inpeoison
to the single complexes. In mediumaf M1C3[Gd-BA] is clearly decreased, whereasof
M1C3[Gd-GA] is only slightly decreased. Both materials showghkr longitudinal
relaxivities in medium than the materials with D@®3A derivative, which makes them more
suitable as CA foin vivo applications.

The transverse relaxivities of all materials is significantly increased in quamison to  of
the respective single complexes in water, as welinamedium. So immobilisation of the
Gd(Ill) complexes on the particles’ surface cauaestrong increase obt.rHowever, the
increase is not too big and does not disturb measemts of T-weighted images due to a too

strong shortening of 2T In medium 5 values are not as much decreased, aslues. All p
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values are in the same range of magnitude and pendency on the particle size is
observable.

Although the longitudinal relaxivity per Gd of timeaterials is not significantly increased, the
high number of Gd(lll) per particle leads to renably high relaxivities per particle (up to r
= 6.18x10 mM™'s* and p = 2.40x16 mM™'s™ for M1C3[Gd-BA] e.g.; compare Table 4.25).
These relaxivity values are comparable with thodsaioed for luminescent hybrid
nanoparticle¥ and mesoporous silica particfés??°Thus, CA functionalised silica NPs with

high local relaxivities were successfully synthedis

Table 4.25Longitudinal and transverse relaxivityand p per NP.

number of Gd relaxivity per mM NP
material fluid per NP £/ mM'st o/ mMmis?
M1C3[Gd-BA] water 46434 6.18xf0  2.40x16
M1C3[Gd-GA] water 15023 1.97xf0  6.93x10
M2[Gd-HA] water 16452 5.03xf0  1.23x16
M3aC4[Gd-HA] water 26007 2.18xf0  1.15x16
M3bC 14[Gd-HA] water 10691 6.74xf0  5.45x10
M350C4[Gd-HA] water 5043 7.77x10  2.66x10
M4aC,[Gd-HA] water 31646 2.78xf0  1.51x16
M1C3[Gd-BA] medium?® 46434 3.95x10  2.39x10
M1C3[Gd-GA] medium® 15023 1.76x10  4.06x10
M2[Gd-HA] medium® 16452 8.55x10  8.44x10
M3aC,[Gd-HA] medium® 26007 1.56x10  9.93x10
M3bC11[Gd-HA] medium® 10691 6.74x1d  3.19x10
M350C4[Gd-HA] medium® 5043 2.77x1b  1.74x10
M4aC,[Gd-HA] medium® 31646 2.03x10  1.59x16

3 Cell culture medium + 10% serum.
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4.7 Multifunctionality

The interactions of NPs with cells play key roleskecuting their biomedical functions and
their toxicity. Thus, the design of new biomedidahctions and the prediction of the
toxicological properties of NFs vivo require knowledge of the interactions of the NRth w
the target cells. Issues to consider are the eellulptake, location and biological
consequences, such as cytotoxicity of the NPs.eTaer many parameters influencing these
interactions, like the size and shape, compositibarge, and surface chemistry of the RiPs.
The use of imaging tools to probe NP-cell inteawsi is crucial to elucidating the
mechanisms of NP induced toxicity. Of particularenest are mechanisms associated with
cell penetration, translocation and subsequentragtation inside the cell, or in cellular
compartment&® Fluorescence microscopy is currently one of thetrpowerful and versatile
techniques available for biological studies. Thehteque uses fluorophores which have large
absorption cross-sections at a specific waveleagthemit light at a longer wavelength. With
fluorophore labeled NPs it is possible to imagealisation of the NPs in living celf§. To
study the biological properties of the CA modifiédPs, fluorophores were additionally

coupled to the surface of the NPs.

4.7.1 Syntheses of Bimodal Silica Particles

Bimodal NPs were synthesised starting frawdC,COOH and M4C;;COOH. The
biprotected lysine derivativll -FmocN -Dde-D-lysine was used as a bifunctional linker.
First the Fmoc protecting group was cleaved andlybime derivative was coupled to the
particle surface with its-amino group by means of the coupling agent TBTd BXWPEA.
After binding of Gd[DO3A-HA]3 to the carboxylic acid group of the lysine, theamino
group was deprotected to allow further functioral@n. The fluorescent dyes FITC and
Cy.5.5, respectively, were finally coupled to alloptical imaging (Ol) irin vitro cell studies
(Scheme 4.14).
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Scheme 4.14&6ynthesis of bimodal NPs.

4.7.2 Characterisation and Examination of Bimodal NPs

4.7.2.1 Specific Surface Concentration of Gadolinium

The Gd(Ill) content of the bimodal NPs was deteedimafter coupling of the Gd(lll)
complexes, but before coupling of the fluorophofidse fluorophores are very expensive and

too big amounts of material are needed for therdet@ation of Gd(lll).
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Table 4.26Gadolinium content gqqiy 0f M4C411)Lys[Gd-HA] .

material daany / mol g* od on! %
M4aC,Lys[Gd-HA] 21 6
M4bC,;Lys[Gd-HA] 11 3

The gadolinium content of the bimodal materisldaC,Lys[Gd-HA] andM4bC,;Lys[Gd-

HA] (21 and 11 mol g*, respectively) is lower thangqany of the directly [Gd] modified
materialsM4aC4[Gd-HA] andM3bC1,[Gd-HA] (45 and 16 mol g*, respectively). In the
case ofM4aC,Lys[Gd-HA] the amount of Gd(lll) is strongly decreased, whadn be
ascribed to sterical hindrance when coupling tlsenky spacer to the particle surface. Relating
to the total amount of silanol groups availabletba unfunctionalised particles’ surface a
coverage of Gd(lll) of 6 and 3%, respectively, basn achieved for the bimodal NPs.

Sterical considerations for the bifunctional matkriare more complex than in the previous

cases, as they should include the lysine spacereldre, no explicit numbers are given.

4.7.2.2 invitro Cell Studies
FITC functionalised NPsM4Cyu1Lys[Gd-HA]JFITC were examined by fluorescence

microscopy concerning localisation and cellularakpt (Figure 4.26). Green spots are NP
agglomerates, blue spots in the left image are matlei. Yellow arrows point to larger
extracellular agglomerates, blue arrows point t@llen predominantly intracellular vesicles

filled with NPs and located around the cell nuclei.

Figure 4.26 Fluorescence images of 3T3 mouse fibroblast cattsbated for 18 h with
NPs in cell culture medium (25g NP mLY). Cell nuclei were counterstained with the
DNA dye Bisbenzimid Hoechst 33342, extracellulaiofescence was quenched by Trypan
Blue, and cells were thoroughly washed with HBSiSrpo fluorescence microscopy. The
bars represent 21Im.
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4.7.2.3 in vivo Studies

Figure 4.27A) In vivoimaging of anesthetised mice was performed 1dr &ifection. B)Ex
vivo imaging of different organs was performed 20 sed 34 h after injection. C) Mice
received silica NPsv. and were sacrificed after 10 min or 24 h. Frozstisns of liver, gut,
and kidney were analysed by fluorescence microscapge left image depicts a 10-fold
magnification of a liver section. A red pseudocolwas used for Cy5.5 NPs, a blue
pseudocolor was used for liver autofluorescence. @aph (middle) depicts silica NPs
accumulation within different organs. NP aggregatese counted manually. The box plot
(right) displays the size of NP aggregates withierland kidney (determined from a 40-fold
magnification).

To assess biodistribution within different organg5® modified NPsM4aC,Lys[Gd-
HA]Cy5.5 were injected intravenously into BALB/c recipierf@®&3 mg / 200 L / 20 g) and
near-infrared fluorescence (NIRF) imaging was pented. After injection, a signal in the
upper abdominal quadrants was deteatedvo (Figure 4.27 A)Ex vivoanalysis of different
organs revealed rapid accumulation of NPs in lung &ver directly after intravenous
injection (Figure 4.27 B). Furthermore, NPs weredid in spleen, kidney, heart, and brain,
but not in the intestine. After 24 h, the signdkemsity was reduced in lung and liver and no

signal was observed in any other organs. To ingatdithe distribution of the NPs on a
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cellular level different organs were analysed lopfescence microscopy (Figure 4.27 C, left).
Quantification of histological sections confirmegetresults obtained with NIRF imaging
(Figure 4.27 C, middle). Furthermore, histologieabluation revealed aggregate formation
within liver and kidney with mean sizes of abouDQ0m (Figure 4.27 C, right). Aggregate
formation could be a result of intracellular pddicaccumulation in cells of the
reticuloendothelial system (RES). However, nondhaf mice that received NPs presented
with clinical signs of illness such as breathinglgems and none of the mice died (n=5, data

not shown).

4.8 Antibody modified Stober Particles

The endothelium is the thin layer of cells thatefinthe interior surface of blood vessels.
Endothelial cells (ECs) are excellent targets falaoular imaging because they are directly
accessible for systemically administered agent®rdfore, targets on ECs can be used for
molecular imaging. During the cause of inflammatdigeases, such as graft versus host
desease (GVHD), endothelial cells become activatetiseveral molecular markers show up-
regulated expression within GVHD target org&hSome of these markers are involved in the
multistep process of leucocyte recruitment. Inialselectins expressed on activated
endothelial cells tether leucocytes from the blatetam and induce rolling of leucocytes
along the wall. In a next step, leucocytes adhaeintegrins expressed on leucocytes and
CAMs, such as -VCAM-1 or -ICAM-1, expressed on activated endothelial c&1f§.The
low baseline expression level ofVCAM-1 or -ICAM-1 on healthy ECs and its rapid
upregulation upon inflammatory stimuli makes it ary attractive target for molecular
imaging® Thus, silica NPs should serve as a matrix to @upk antibodies (ABS)-
VCAM-1 or -ICAM-1 next to Gd(lll) complexes as MR imaging pes for molecular
imaging. To develop a stategy for AB coupling angmination of AB coupled NPs, in

preliminary experiments only ABs were coupled te silica NP9Vi4aC,COOH.

4.8.1 Synthesis

Biomolecules, such as ABs, contain a variety ofcfiomal groups, which can be used for
coupling to another functional group. A common telgg for coupling ABs to another
molecule or matrix is a reaction of amino-groupstiocé AB with appropriate functional
groups of the other molecule or matrix. The primaqupling chemical reactions for

modification of amines proceed by acylation and nodshese reactions are rapid and occur
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in high yield to give stable amide bonds. The namshmon activation chemistry for creating
reactive acylating agents is &hhydroxysuccinimide (NHS) ester. An NHS ester isnfed
by the reaction of a carboxylate with NHS in thegance of a carbodiimide. A number of
standard protocols are well-established in theaitee®’

The ABs VCAM-1, ICAM-1 and an unspecific isotype ntbml AB were coupled to
M4aC,COOH. Different activation strategies and different A&ncentrations were
examined.

In a first approach, the acid groups were activatéi EDC and sulfo-NHS in PBS. The
particles were centrifuged and resuspended in RBS7(4). However, after addition of the
AB solutions (ABs in PBS, different AB concentraig (50, 100, 150g AB/mL), pH 7.4),
flocculation occurred and the precipitate did ngsdlve after adjusting pH from 6.5 to 7.1.

In the second approach, the acid groups were &etivaith DIC and NHS in DMF. The
activated NPs were suspended in dry DMF (10 and the ABs, dissolved in PBS were
added. Concentrations of 50, 100, and 1§0AB/mL were examined (Scheme 4.15). With
this approach coupling was successful. The reguthaterialdM4C4ABvcam , MACLAB cam
andM4C4AB so were resuspended and stored in PBS (pH 7.4) at 4°C

OH  1.NHS/DIC in DMF
(50 ™Y > (sio;)s
0] 2. antibody AB in PBS
M4C,COOH (AB =VCAM-1, ICAM-1, M4C,AB
isotype)

Scheme 4.1%oupling of antibodies to acid modified NPs.

4.8.2 Examination of AB modified NPs

4.8.2.1 Western Blot

The western blot (immunoblot) is a widely used wgtiehl technique to detect proteins in a
sample. It applies gel electrophoresis to sepanatiee or denatured proteins by the length of
the polypeptide or by the 3-D structure of the @it respectively. The proteins are then
transferred to a membrane (typically nitrocellulosgolyvinylidene fluoride), where they are

detected using antibodies specific to the targetefm®°°

The coupling efficacy of the ABs to the NPs wasestigated by means of an immunoblot

assay to detect the immunoglobulin heavy chain Ylgithe NP bound antibody. From band
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intensities of IgH and respective controls, couplefficacy and the amount of antibodies
bound to the NPs were determined (Figure 4.28 A, Ry the coupling of -VCAM-1,
isotype control, and-ICAM-1 coupling efficacies of 0.4, 2.4, and 2.8%ne determined.
(Figure 4.28 A).

Figure 4.28A) Left blot: western blot detection ofVCAM-1 coupled silica NPs. Right blot:
western blot detection of isotype and CAM-1 coupled silica NPs. B) Different antibody
concentrations used for the coupling reaction. C)SB results for quantification of -
ICAM-1 and isotype coupled silica NPs.

4.8.2.2 ELISA

An enzyme-linked immunosorbent assay (ELISA) isiaciemical technique used to detect
the presence of an antibody or an antigen in a athp

To test for antigen-specific binding, an ELISA-bdsassay that mimics turbulent flow
conditions was established. Recombinant VCAM-1@AM-1 proteins were immobilised on
ELISA plates and the coated plates were incubatéd wCAM-1, -ICAM-1, or isotype
coupled NPs in serial dilutions. After washing (gs@a vortexer), isotype coupled NPs were
removed from the plate surface whereakCAM-1 or -VCAM-1 coupled NPs remained

attached. To quantify particle binding a horsetdagisroxidase (HRP) conjugated secondary
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antibody was used for detection (Figure 4.28 C)eRsected, for the isotype coupled NPs, no
signals could be observed, whereas the signalstddtdor the -ICAM-1 coupled NPs
correlate nicely with the coupling efficacy detenexd in the western blot (Figure 4.28 B).
The particles reacted with an AB solution of 1@ImL give the brightest spot in the western
blot and the curve with the highest slope in théSA_detection. As the coupling efficacy of

-VCAM-1 was quite poor, ELISA results are not depit These results demonstrate, that
ABs were coupled successfully to the silica NPs #mat their antigen-specific binding
properties are maintained. Thus, silica NPs posadayuate platform for the synthesis of
antibody modified particulate contrast agents. émbination with the results of Gd(lll)
complex and fluorophore coupling to the NPs, a wagynthesise multimodal contrast agents
was established.
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Nonporous spherical silica NPs with desired diamsatethe colloidal range (50-2000nm) can
be synthesised by means of the Stober processelfctitical experimental parameters
(concentrations, temperature, chemical identitythaf precursor, catalyst, and solvent) are
carefully controlled, the diameters of the resgltimaterials are reproducible within their
standard deviations. The surface of the silicaigdagt can be easily modified with functional
groups to allow further functionalisation. Silartiea reactions with functional alkoxy silanes
and a chlorination reduction reaction were succdlysfised to introduce amino, epoxy, and
Si-H groups, respectively. Si-H groups can be caedeinto carboxylic acid groups by the
addition of terminal unsaturated carboxylic aci@iee introduction of Ln(lll) complexes by
forming peptide bonds with surface modified silidBs works out fine.

Two different ways of Si-H functionalisation wereorgpared. Interestingly, surface
concentrations of Gd(lll) chelate complexes andgimg properties of the resulting materials
do not differ significantly between the materiatshtained by different ways of Si-H
functionalisation. This makes the less complexnssiation with TES the preparation method
of choice.

The agglomeration behaviour can be investigated SBM, DLS and zetapotential
measurements. Zeta values of the materials caogrelatll with their tendency to form
agglomerations. Amino functionalised NPs have atpeszetapotential in PBS, all other
materials show negative zetapotentials. In celtucalmedium + 10% serum, differences in
the potentials of the materials are compensatedairgeractions with the components of the
medium.

The agglomeration behaviour of the particles cambeenced by surface modification. The
length of the spacer molecules play an importalet and agglomeration can be prevented by
introducing short spacers. Here the introductionaof, spacer toM3SiH and M4SiH
improved agglomeration in comparison to @& Gpacer. Another possible reason for the
improved agglomeration behaviour is the increasaahber of carboxylates on the particle
surface in the case of the €pacer. Interestingly, the charge of the complexepled to the
surface plays a minor role and its influence isredgtable. In the case M1C3[Ln-BA] and
M1C3[Ln-GA], charged complexes improve agglomeration behaviofuthe particles,
whereas in the case d4Cii[Y-ButAm] agglomeration was worse with the charged
complex than in the case BI4C11[Ln-HA] with its uncharged complex.
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With the G spacer higher Gd(lll) surface concentrations waeined, whereas the;
spacer leads to more stable materials under plogsaal conditions. Stability tests for all
materials show that no Gd(lll) ions are releasedfthe chelates.

Gadolinium surface concentrations of up to 830l g* were reached, and the materials show
the typical concentration-dependent increase ofahgitudinal relaxation rate,Rn a clinical

3 T MR scanner at room temperature. The longitudiekaxivity values per Gd of the
materials are increased in comparison to the unedupd(lll) complex, and the high number
of Gd(Ill) complexes per particle leads to remaiidtigh relaxivity values of up to 6.18x10
mMs? per particle. This is comparable to previous mh#d, mesoporous silica materials.
Bimodal NPs for magnetic resonance and optical intpgvere successfully synthesised by
the introduction of lysine as a bifunctional linkend coupling of fluorophores (FITC or
Cy5.5) next to Gd(lll) chelates. Finally, antibagliaeere successfully coupled to the NPs,
while their specific interactions with an antigeere maintained.

In conclusion, CA functionalised nonporous silicRNwith a high local relaxivity, bimodal
CA and fluorophore modified NPs, and antibody cedpNPs were obtained. These results
indicate that this type of silica nanoparticles gase a platform for the development of
highly effective probes for MRI. Further functiorsation allows the synthesis of multimodal

and/or targeted contrast agents for molecular ingagpplications.
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6.1 Syntheses of the Lanthanide Complexes

6.1.1 Solvents and Reagents

All reagents were used without further purificatiomless otherwise mentioned.
1,4,7,10-tetraazacyclododecane (cyclen, 98%) washpsed from CheMatech. Acetonitrile
(extra dry, over molecular sieves, water <50 ppny t&rt-butyl bromoacetate (99%) were
bought from Acros Organics. NZ-L-lysine ( 99.0%), YCix6H,O, Chelex 100, and xylenol
orange were purchased from Sigma-Aldrich, HBr (48%n Fluka, GdG hydrate (99,99%)
from Chempur, palladium on charcoal (Pd/C, 10% fRaj Merck. H 5.0 and Ar 5.0 were
used. Methanol was dried over magnesium. DO3A-lamile (DO3A-HA) was kindly
provided by Dr. I. Mamedov, Max-Planck-Institute #iological Cybernetics, Tubingen. All
reagents not mentioned were obtained from the dwmistore at the University of
Tuebingen.

The lanthanide(lll) chloride stock solutions weregared by dissolving the chloride salt in
distilled water. The exact concentration was deteeohvia complexometric titration with the
disodium salt of EDTA in an acetic acid / sodiunetate buffer (pH 5.8) using xylenol orange

as indicator.

6.1.2 Analytical methods

Mass Spectrometry. ESI mass spectra were recorded on a Bruker Da#oni
esquire3000plus mass spectrometer (quadrupolarapywith an ESI interface. FAB spectra
were recorded on a Finnigan Triple-Stage-Quadr@palctrometer (TSQ-70) from Finnigan-
Mat.

Solution NMR Spectroscopy.*H and**C{*H} NMR spectra were recorded on a Bruker
Avance Il 400 MHz or a Bruker Avance I+ 500 MHzesgrometer at 26 °C, unless otherwise
mentioned.'H and *C resonances were assigned using standard 2D dgeesnitH-'H
COSY, 'H-2C HSQC,'H-*C HMBC). The NMR spectra were recorded at the fuihy
frequencies'H NMR: 400.13 and 500.13 MHZ}C NMR: 100.61 and 125.76 MHz.

IR Spectroscopy. IR experiments were performed on a Bruker Vertex FOR
Spectrometer. The spectra were recorded with dutéso of 4 cm' and 16 scans from 4000
to 500 cn versus pure KBr as blank.
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pH Electrode. pH values of the aqueous solutions were measusgog ta Schott
handylab pH12 pH-meter equipped with a Mettler-@olénlal’® Micro glass electrode.

6.1.3 Syntheses

6.1.3.1 Synthesis of GA[DO3A-HA] (3)

DO3A-HA (134 mg, 3.0x10 mol, 1 eq.) was diluted in water (2 mL) and the pHthe
solution was adjusted to 6.7 by the addition ofeaus NaOH. Aqueous Gdidolution (664

L, 3.3x10% mol, 1.1 eq.) was added and again the pH of theisn was adjusted to 6.9.
Under stirring the solution was heated to 60 °C3dr. To remove excess of Gd(lll), Chelex
100 was added and stirred for 1 h. The solution desnted from the cation exchange resin
and the water removed under vacuum at 40 °C. Twepraduct was used without further
purification. Absence of free Gd(Ill) ions was cionfed by the xylenol-test.
MS (ESI) m/z: 601.1 ([M+H]), 623.0 ([M+Na]), mol. wt. calculated for £HzsGdNsOe:
600.19;IR (KBr): n = 3662 - 3251 (br, (NH)), 2938, 2872 (s, (CHy)), 1694 (m, (C=0)),
1621 (m, (NH)).

6.1.3.2 Synthesis of Y[DO3A-HA] (2)

The complex was synthesised according to the proeedescribed foB, replacing the
GdCl-solution with an aqueous Y4&s$olution.

'H-NMR (500 MHz, O): 4 = 1.19 - 1.37 (m, 4H, B,), 1.37 - 1.61 (m, 4H, B,), 2.09 -
3.99 (m, 26H, N(El2):N, NCH,C=0, NCH,CH,, H,NCH,); MS (ESI) m/z: 532.1 ([M+H]),

554.0 ([M+Na]), mol. wt. calculated for §H3zsNsOgY: 531.17;IR (KBr): n= 3646 - 3210
(br, (NH)), 2947, 2864 (s, (CH)), 1694 (m, (C=0)), 1621 (m, (NH)).

6.1.3.3 Synthesis of DOTA-ButAm (10)

Synthesis of 1,4,7-Trigert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecee (17)
Compoundl7 was prepared from 1,4,7,10-tetraazacyclododecateed-butyl bromoacetate
according to ref. 91 in 74% yield.

'H NMR (400 MHz, CDCY): 4 = 1.42, 1.43 (s, 27H, C{)3), 2.76 - 2.98 (m, 12H,
N(CH2)2N, 3.07 (m, 4H, HN(El,),), 3.26, 3.35 (s, 6H, NIiE,C=0), 9.98 (br s 1H, N); MS
(ESI) m/z: 515.2 ([M+H]), mol. wt. calculated for £§gHsoN4Os: 514.37.
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Synthesis of N-Z-2-bromolysine methyl ester (15)

To a stirred solution of NZ-L-lysine (13) (5.00 g, 18 mmol, 1 eq.) in aqueous 2 N
hydrobromic acid (50 mL) cooled to 0°C sodium métri1.35 g, 20 mmol, 1.1 eq.) was added
gradually over 45 min. 30 min after the last addlifithe solution was extracted four times
with ethyl acetate (200 mL). The combined orgamaigets were dried over sodium sulfate.
Removal of the solvent under reduced pressuretegsut a yellow oil (5.79 g, 94% vyield,
about 60% pure due {1 NMR).

'H NMR (400 MHz, CDCY): 4 = 1.42 (m, 2H, BrCHCKCH,), 1.53 (m, 2H, HNCKCHy),
1.99 (m, 2H, BrCHEl,), 3.19 (m, 2H, NHEl,), 4.22 (m, 1H, Br@&), 5.09 (s, 2H,
O=COMy), 7.27 - 7.39 (m, 5H, H), 9.46 (br s, 1H, O=CB).

The crude producl4 was solved in methanol (17 mL), conc. sulfuricdaf®.45 mL, 8.4
mmol, 0.5 eq.) was added and the solution reflieed..5 h. After cooling to rt, the solvent
was removed under reduced pressure. The remaielif@woil was taken up in diethyl ether
and washed with an aqueous 5% NaHGOIution and with brine. After drying the organic
solution with magnesium sulfate, the solvent wasaeed under reduced pressure and the
crude product was purified on a silica gel columnigroform / methanol 95:5) resulting in a
yellowish oil (3.37 g, 53% vyield).

'H NMR (400 MHz, CDC}): = 1.32 (m, 2H, BrCHCbCH,), 1.45 (m, 2H, HNChCH,),
1.97 (m, 2H, BrCH@,), 3.11 (m, 2H, NHEl,), 3.69 (s, 3H, O=CORBs), 4.16 (t,3Jy=7.1
Hz, 1H, BrH), 5.04 (s, 2H, E,Ph), 5.22 (br s, 1H, N), 7.24 - 7.31 (m, 5H, H); “*C{1H}
NMR (100.61 MHz, CDGQG): ¢ = 24.4 (BrCHCHCH,), 29.2 (HNCHCH,), 34.4
(BrCHCHy), 40.7 (NHCH,), 45.6 (BCH), 52.6 (O=C@H3;), 66.6 CH,Ph), 128.0, 128.1,
128.5 (Gy), 136.8 (CHCar), 156.7 (NHC=0), 170.4 (O€0CH;); MS (FAB) m/z: 357.9
(M+H]™), 314.0 ([M+H-CQ]"), mol. wt. calculated for gH20BrNO,: 357.06.

Synthesis of DOTA-ButAmZ(Bu)sMe (18)

Under an argon atmosphere DOSBA(); (17) (1.00 g, 1.9 mmol, 1 eq.) was dissolved in dry
acetonitrile (20 mL). KCOs (788 mg, 5.7 mmol, 3 eq.) and a solutionl1sf(766 mg, 2.1
mmol, 1.1 eq.) in dry acetonitrile (10 mL) were addand the mixture was refluxed for 24 h.
After cooling to rt, the solid was filtered off atigde solvent removed under reduced pressure.
The crude product was purified on a silica gel notu(pure CHGJ, gradually increasing the
ratio of MeOH to 20%) resulting in a colourlessidql.01 g, 67% yield).
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'H NMR (400 MHz, CDCJ): 4 = 0.95 - 1.59 (br, 33H, Cd)s,CH(CH>)3), 1.61 - 3.19 (br,
25H, N(CH2)2N, NCH,C=0, , CH,NH), 3.33 (s, 3H, O=CORy3), 4.72 (s, 2H, E,Ph),

5.54 (br s, 1H, M), 6.84 - 7.07 (m, 5H, K); **C{1H} NMR (100.61 MHz, CDG)): ¢ =

23.9, 25.2, 29.1 (CHIH,)3), 27.1 (br, CCH3)3), 39.6 (HNCHy), 51.7 (O=C@Hy), 44.3,

46.3, 47.3, 47.7 (2C), 51.3, 51.9 (2C), 54.7, 520) (N(CH):N, NCH,C=0), 59.8 CH),

65.1 (CH,Ph), 81.1, 81.4G(CHs)3), 126.9, 127.6, 136.34), 155.9 (HNC=0), 171.9, 172.2
(2C) (O=COC(CHp)s), 175.7 (O€0OCHs); MS (FAB) m/z: 814.3 ([M+Na]), mol. wt.

calculated for GiHggNsO10: 791,50.

Synthesis of DOTA-ButAm(Bu)sMe (19)

Under argon atmosphets (1.01 g, 1.3 mmol) was dissolved in dry metha®@ (L) and
Pd/C (10% Pd, 200 mg) was added. The mixture wgsrously stirred under a hydrogen
atmosphere (balloon) for 3 h. The catalyst wagritl off and the solvent removed under
reduced pressure, yielding a colourless solid (Ag785 % vyield).

'H NMR (400 MHz, CDC}): 1 =0.98 (s, br, 27 H, C(dy)3), 3.21 (s, 3H, O=COBj3), 0.48

- 4.04 (br, 61H, C(83)3,CH(CH2)3, N(CH,),N, NCH,C=0, (H, CH,NHy), 7.97 (s, br, 2H,
NH,); *C{1H} NMR (100.61 MHz, CDG)): ¢ = 24.1, 25.2, 26.4 (CiH>)3), 26.9 (br,
C(CHa)3), 38.6 (HNCH,), 51.1 (O=CQ@Hs>), 44.1, 46.1, 47.1, 47.5 (2C), 51.5, 51.9 (2C),
54.5, 54.7 (2C) (NTH,):N, NCH,C=0), 59.7 CH), 80.8, 81.1 ¢(CHs)s), 171.8, 172.0 (2C)
(O=COC(CH)3), 175.5 (O€OCHp).

Synthesis of DOTA-ButAm (10)

Compoundl9 was refluxed in 6 N HCI (30 mL) for 18 h. After@og to rt, the aqueous
phase was washed with diethyl ether (mL), and thlgest was removed under reduced
pressure, resulting in a colourless sdl@x nHCI (677 mg, 30% purity due to reaction with
LnCl3).

'H NMR (400 MHz, CDC}): = 0.98 - 1.89 (br, 6H, 18,), 2.23 - 4.39 (br, 25H, N(&,)2N,
NCH,C=0, NCHC=0, CH,NH,); MS (ESI) m/z: 476.20 ([M+H]), mol. wt. calculated for
CooH37Ns0g: 475.26.

6.1.3.4 Synthesis of Y[DOTA-ButAm]Na (11)

DOTA-ButAm (50 mg, 3.1x18 mol, 1 eq.) was solved in water (500) and the pH was
adjusted to 6.6 with NaOH. Then, aqueous ¥&llution (58 L, 3.1x10° mol, 1 eq.) was
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added and the pH of the solution was adjusted3aonvith NaOH. Under stirring the solution
was heated to 60 °C for 3 h. To remove excess bf)YChelex 100 was added and stirred
for 1 h. The solution was decanted from the cagmphange resin and the water removed
under vacuum at 40 °C. The raw product was usdubwitfurther purification.

'H NMR (400 MHz, O): = 1.32 - 2.12 (br, 8H, B5), 2.32 - 3.51 (br, 23H, N(€):N,
NCH,C=0, NGHC=0); MS (ESI) m/z: -560.2 ([M), mol. wt. calculated for £gH33NsOgY
560.41.

6.1.3.5 Synthesis of DOTA-BA (4)

Compound was prepared according to ref. 60.
MS (ESI) m/z: 525.2 ([M+HT]), mol. wt. calculated for §H3N4O;¢: 524.52.

6.1.3.6 Synthesis of Ln[DOTA-BA][n-BusN] (5, 6)

Compoundb and6 were prepared according to ref. 60.
5: MS (ESI) m/z: -609.2 ([M), mol. wt. calculated for £H2sN4O10Y ": 609.4.

6.1.3.7 Synthesis of DOTA-GA (7)

Compound? was prepared according to ref. 60.
MS (ESI) m/z: 477.1 ([M+H]), mol. wt. calculated for {gH3:N4O1¢: 476.48.

6.1.3.8 Synthesis of Ln[DOTA-GA][n-BusN] (8, 9)

Compound and9 were prepared according to ref. 60.
8: MS (ESI) m/z: -561.6 ([M), mol. wt. calculated for gH2sN4O10Y : 561.35.

6.2 Syntheses and Modification of Silica Nanoparticles

6.2.1 Solvents, Reagents and Equipment

All reagents were used without further purificatiomnless otherwise mentioned.
Triethoxysilane (TES) (puriss, 99%\,N-diisopropylcarbodiimide (DIC) (99%)\ -Fmoc-

N -Dde-D-lysine, benzene-1,3,5-tricarboxylic acid ¥98 and 3-butenoic acid (97%) were
purchased from Sigma-Aldrich, (3-aminopropyl)trietigsilane (APTES) (99%) from Acros
Organics, hydrazine monohydrate (99+%) from Alfas&we tetraethyl orthosilicate (TEOS)
(puriss., 99.0% (GC)), (3-glycidyloxypropyl)trimethoxysilangGOPTS) (purum, 97.0%),

DMSO, (puriss., absolute, over molecular sieveQH0.005%), 99.5% (GC)), piperidine
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(puriss. plus, 99.5% (GC)), and NFDH (25% NH in H,O) from Fluka, thionyl chloride®-
(benzotriazol-1-yI)N,N,N’,N*-tetramethyluronium tetrafluoroborate (TBTU), N-
hydroxysuccinimide (NHS), and diisopropylethylamigBIPEA) from Merck, and 10-
undecylenic acid from Riedel de Haen. Cy5.5 NH®festas bought from Lumiprobe and
fluorescein-5-isothiocyanate (FITC) from Merck; B0 and Ar 5.0 were used. Toluene and
n-hexane were dried by distillation from sodium d@hzophenone, followed by storage over
molecular sieve (4 A).

Ultraviolet Lamp. For the photochemical hydrosilylation a 700 W medipressure
Hg Lamp (Heraeus) was used.

Oven. A tube furnace RO 4/50 with thermicon P® contmoit {Heraeus) was used for
tempering of the NPs and for the chlorination-retucsequence.

Centrifugation. Materials were separated, using a Sorvall RC 5G Bdutrifuge with
a Sorvall SS-34 rotor, a Beckman L80 ultracentefugth a 70Ti rotor or an Eppendorf 5430
R centrifuge with a FA-45-24-11-HS rotor. Appropeidubes were used at 15,000 - 20,000
rpm for 5-10 min.

6.2.2 Characterisation Methods

Nitrogen Isotherm Measurements (BET). Adsorption and desorption isotherms
were measured at 77.35 K with nitrogen, using aAR2010 V 4.01 G or an ASAP 2020 V
1.04 H instrument from Micromeritics. The samplesrgvdegassed 150 min at 100 °C and 1
mPa. The specific surface area was calculated diogpto the Brunauer, Emmet and Teller
(BET) multipoint method.

Dynamic Light Scattering. DLS-measurements were performed on a Coulter n4plus
submicron patrticle sizer with He-Ne laser (632.8) min20 °C. The samples were suspended
in water by ultrasonication (30 min), the concetitra was adjusted to get 5X10 1x10
counts . After 5 min of calibration five measurements weerformed with a detection
angle of 90°, and evaluated by means of SDP arsalysi

Scanning Electron Microscopy.Scanning electron micrographs were recorded on a
Zeiss DSM 962 (tungsten filamemitOb and derived materials), a Philips XL 30-FEG (field
emission;M0Oa and M0139 and derived materials), or a FEI ESEM Dual Beanar@a 3D
FEG (field emissionM0so and derived materials). Particles were suspendethianol by 30
min of ultrasonication (1 mg mt), and 20 L of the suspension were dropped on a silicon

wafer (10 x 5 mm) or Al sample holders. Ethanol wamoved by spinning the wafer on a
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spincoater (4000 rpm for 30 s) and heating for 30 by spinning the Al holders per hand.
The samples for the Philips XL 30-FEG were sputtated with Au-Pd for 20 s in a Agar
Sputter Coater B7340 prior to measuring. To evalubé size of the particles statistically,
100-200 particles were measured in gimp 2.6 or Doasv.

Zetapotential Measurements.Zetapotential was measured on a Zetasizer Nano ZS
from Malvern Instruments. The samples were suspgemi@ PBS solution or a solution of
cell culture medium with 10% of serum, respectivélg the conductivity of suspensions for
zetapotential measurements should be between 6.0.8mS cnt, a PBS solution of 12 mM
of PO was diluted 1:100 with bidest. water to reach ademtivity of 0.2 mS cm. The
medium with 10% of serum also was diluted 1:10hkidest. water to get a conductivity of
0.17 mS crit. The pH of the solutions was adjusted to 7.4 &edsamples suspended by 1 h
of ultrasonication (0.15 mg ml). For the measurements disposable capillary eeite used,
and the suspensions injected through a 0m5Millipore filter. After 3 min of temperature
calibration, four measurements were performed &25hereat the first of each sample was
discarded. Particle size was determined from daestag angle of 173°.

Elemental Analysis.Elemental analyses were performed on a vario MIGROe,
Elementaranalysensysteme GmbH, in the CHNS mode.

TG Measurements.TG measurements were performed on a STA 499 Fgeddmm
Netzsch. The samples were heated under air from1800 °C in A}Os-crucibles with a rate
of 10 °C min* and gas flow rate of 20 mL min

Gd Content from T1-Measurements.Gd functionalised particles were suspended in
concentrated HNg) and heated to 120 °C for 24 h. By that treatn@ui(ill) is released from
the chelate. The 1Tof the water protons in those solutions was meakat 400 MHz and 26
°C, and the Gd(lll)-concentrations were determiftech a standard curve. Standard solutions
were GdC4-solutions (0.01 - 2 mM) and a comparable amountrdfinctionalised silica NPs
was added and treated with Hiydike the samples. Gd(lll)-concentrations werecakdted

from Equations 1 and 2.

Tl,o Tl,d Tl,p
i:iﬂl{Gd] Eqg. 6.2
Tl,o Tl,d
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Calculation method for the Gd(lll) number per parti cle. The number of Gd(lll)
per NP (¢/NP) is calculated from Equations 6.3 - 6.5, whatgg is the number of Gd(lll)
ions per gram of NPsnA/g the number of NPs per gransquny the surface concentration of
Gd(lIl) in mol g*, Na the Avogadro constant,sfr the specific surface area of the particles

and Ayeothe surface area of the NPs, derived fragud

NedNP = nsd/g / nve/g Eq. 6.3
Nedd = cdany  Na Eq. 6.4
Mnp/g = Aget / Ageo Eg. 6.5

ICP Atomic Emission Spectrometry.ICP-AES measurements were performed by
Mikroanalytisches Labor Pascher. Samples were date80 °C in vacuo and treated with
HNOy/HCI at 180 °C. Gd was detected with a Thermo IC83®0, using Co as internal
standard.

DRIFT Spectroscopy.DRIFT experiments were performed on a Bruker Verf@x
FTIR Spectrometer. The spectra were recorded witisalution of 4 cif and 16 scans from
4000 to 500 cm versus pure KBr as blank. DRIFT samples were mixit dry KBr at a
ratio of 1:5.

Solid State NMR Spectroscopy**C CP/MAS NMR experiments were performed in
4 mm ZrQ rotors at a spinning speed of 10 kHz on a Bruk&XD200 spectrometer,
operating at 50.3 MHz fof*C nuclei. Adamantane was used as external stand®i.
HPDEC/MAS NMR experiments were performed in 7 mrmdZrotors at a spinning speed of
4 kHz on a Bruker ASX 300 spectrometer, operating%6 MHz for**Si nuclei. QMg was
used as external standard.

MR Imaging of M1C,4Gd] and M2C,4[Gd] in Agar Phantoms. MRI experiments
were performed in 1.5% agar to stabilise the dsparof the material throughout the
measurement. For this purpose, a stock of 10 mg fnLwater was well dispersed by
sonication and dilutions between 100 and 10,000mLg were prepared. 50 pL of these
dilutions were immediately mixed with 50 pL 1.5%aagtransferred into 0.6 mL tubes and
gelled in ice. Afterwards, the agar gel was covdre@®00 pL water or complete cell culture
medium. Thus, samples containing 5 to 500 pug pérlloM1C,4[Gd] (Gd content 45 pumol
g') andM2C,[Gd] (Gd content 50 pmol Y, corresponding to 2.2-220 umof'iGd and 2.5-
250 pmol L%, respectively, were prepared. These samples wessuned at 123 MHz (3 T)
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and room temperature. Longitudinal and transvestsxation rates were determined in axial
slices of 1 mm thickness through the sample coimgiagar layer and the supernatant.
T1 was measured, using an inversion-recovery sequavitte an adiabatic inversion pulse,
followed by a turbo-spin-echo readout. Between A@ & images were taken, with the time
between inversion and readout varying from 23 n30@0 ms. With a repetition time of 10 s,
15 echoes were acquired per scan and averageings. tFor B, a spin-echo sequence was
used with echo times varying from 18 ms to 1000irmabout 10 steps and a repetition time
of 8 s. Diffusion sensitivity was reduced by minaing the crusher gradients, surrounding the
refocusing pulse. All experiments scanned 2562 Moixea field-of-view of 110 mm in both
directions, resulting in a voxel volume of 0.43 4®x 1 mm.
Data analysis was performed by fitting to relaxateurves with self-written routines under
MATLAB 7.1 R14 (The Mathworks Inc., United State$he series of Tand T, relaxation
data were fitted to the following equations:,
a) T, series with varyingt = Tl: S = SO (1 - exp(-tz) ¥ S(TI = 0) exp(-t/ 7).
b) T, series with varying t = TE: S = SO exp(-tJ).T
Nonlinear least-squares fitting of three parame&ds S(TI = 0), and T, was done for
manually selected regions-of-interest with the TRiegion Reflective Newton algorithm
implemented in MATLAB. The quality of the fit wa®wtrolled by visual inspection and by
calculating the mean errors and residuals.
In addition, sagittal as well as axiah-Weighted MR images were made with imaging
sequences (IR-RARE and FLASH) and a spatial resoiulypical for in vivo experiments
(0.6 x 0.6 x 1 mr).
Image intensities were evaluated in the axial imagesing ImageJ 1.44c
(http://rsb.info.nih.gov/ij). A circular Region Onfiterest (ROI) of 82 voxels was used.
Biodistribution studies. BALB/c recipients were injected intravenously with
M4C,4[Gd]Cy5.5 and biodistribution was analysed using a Mae&roptical imaging system
(CRI). 200 pL of 1.5 mg mt silica NPs were injected. Background fluorescenaes
subtracted by the implemented software of the Ma&stievice (unmixing function).
Western Blot of MAC,AB. -ICAM, -VCAM or isotype control coupled silica NPs
were boiled in SDS buffer to detach antibodies frmenoparticles and subsequently analyzed
by 10% SDS-PAGE electrophoresis. Western blot detecwas performed using a

horseradish peroxidase (HRP) coupled secondarpahti Band intensities were quantified
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using imageJ software and coupling efficacy and nienbers of antibodies bound per
particles were calculated.

ELISA of M4C ,AB. Antigen-specific binding of antibody coupled slidNPs was
determined by enzyme-linked immunosorbent assaySE&) 96-well plates (Thermo Fischer
Scientific) were coated with recombinant ICAM-1-pmtein (R&A) (4pug/ml in PBS) and
incubated with different amounts of AB coupled csli NPs as indicated. Different
concentrations of antibodies were used during thgpling reaction as indicated. Plates were
washed extensively to remove non-specifically boypatticles. Particle binding was

guantified using a HRP-coupled secondary antib@igr{ova) for detection.

6.2.3 Syntheses

Analytical data of the materials is given and dssad in chapter 4 (Results and Discussion)
and is therefore not described here. Estimated ataaf functional groups to calculate the
amounts of reactants are based @non (Table 4.5,M1 and M2) or jigana (Table 4.19,
M3bC,,COOH andM3/4aC,COOH (amount halved as sterical hindrance is assumed)).

Synthesis of silica nanoparticles (Mo, MO100). A solution of ethanol and water was
heated to 75 °C. After 15 min of temperature efytaliion, 12.46 M agqueous ammonia and
TEOS were quickly added under strong stirring. AReh of vigorous stirring at 75 °C, the
resulting particles were separated by centrifugatod washed with water, ethanol/water
(3:1) and water again. For washing, the particlesewtreated by ultrasonication for 30 min
and centrifuged after each step. The particles waesl at 100 °CNIOb1o9) and then at 600
°C (MOaoq under vacuum for at least 15 h each. Reactiowditons and yields are listed in
Table 6.1.

Synthesis of silica nanopatrticles (M&). Ethanol was heated to 35 °C. After 30 min,
an aqueous NYDH solution and TEOS were added under strong regirrihe mixture was
kept at 35 °C for 20 h and was then allowed to cdmevn to RT. The material was separated
by centrifugation, dispersed in water/ethanol (2t ultrasonication (50 ml) and separated by
centrifugation again. The purification step waseagpd with water/ethanol (1:3) and then
with ethanol. The particles were dried over night@0 °C in vacuo.
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Table 6.1Reaction conditions for the synthesedtf materials.

material reaction conditions
V(EtOH) V(TEOS) V(NH4OH) V(H20) T yield
/ mL / mL / mL / mL /°C /g
MO 130 400 30 20 72 75 54
MOa;qo 400 30 20 72 75 6.2
MODb 100 100 7.50 5 18 75 1.6
MOso 300 11.00 7.57 - 35 2.3

subscript numbers are average diameters
MOa dried at 600 °CIMOb only dried at 100 °C

Synthesis of rehydroxylated nanoparticles MOreh5 g ofM0130 (MO100, 2.5 g) were
suspended in 3.7% aqueous HCI (50 mL) and refldaed h to rehydroxylate the surface of
the particles. The particles were separated byribegation and washed with water (two
times) and ethanol. The particles were dried urdeuum at 100 °C for 16 h.

Synthesis of amino terminated nanoparticles M1¢NH,. The reaction was carried
out under argorMiO3geh (2 g) was suspended in dry toluene (15 mL) and AP T233 L)
was added. The suspension was refluxed under d@o24 h, then the particles were
separated by centrifugation and washed with toluamé hexane (two times, each). The
particles were dried under vacuum at 100 °C foh1S%ield: 1.8 g of a white powder.

Synthesis of GOPTS modified nanoparticles M2GOPTSThe reaction was carried
out under argorM0139eh (2 g) was suspended in dry toluene (15 mL) and G®OR21 L)
was added. The suspension was refluxed under dogd¥ h. The particles were separated
by centrifugation and washed with toluene and hex@anro times, each). The particles were
dried under vacuum at 100 °C for 15 h. Yield: 1.&f g white powder.

Silanisation of silica nanoparticles (M3SiH).2 g of MOipgeh (MOsq, 1g) were
suspended in 30 (15) mL of dry toluene under argod, 0.5 (0.25) mL of TES were added.
The suspension was refluxed under argon for 24ér the particles were separated by
centrifugation and washed with toluene and twicéhvathanol. The particles were dried
under vacuum at 100 °C for 15 h. Yield: 1.9 g efldate powder.

Chlorination-reduction of silica NPs (M4SiH). MOy (2 g) was reacted according to
a procedure reportéd.Under vacuum the silica NPs were heated to 20€of@t least 6 h,
then the temperature was raised to 800 °C overiadoef 4 h and held for at least 6 h. Under
argon 30 mL of thionyl chloride were heated to € under stirring and fluxed through the

NPs for 4 h. Then the temperature was raised t®@ 2@0and for another 4 h hydrogen was
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fluxed through the NPs. Finally the NPs were coateRT under Hatmosphere. Yield: 1.8 g
of a white powder.

Gd(ll)-chelate modified silica nanopatrticles (M1G[Gd-BA] and M1C 3[Gd-GA)).
M1C3NH, (100 mg, estimated 2.5x20nol of -NH,, 1 eq.) was suspended in DMSO (2 mL).
Gd[DOTA-BA](n-Bu)sN (GA[DOTA-GA](n-Bu):N) (3.0x10° mol, 1.5 eq.) was dissolved in
DMSO (1 mL) and TBTU (14 mg, 4.5xf0mol, 1.8 eq.) and DIPEA (51L, 3.0x10" mol,

12 eq.) were added under stirring. After 5 min tia@oparticle suspension was added. The
suspension was stirred for 3 h. The resulting nmaltevras separated by centrifugation and
washed with DMF, water, ethanol, anehexane. The particles were dried at 60 °C under
vacuum for 3 d. Yield: 91 (90) mg of slightly yeNsh powder. Absence of free Gd(lll) ions
in the final materials was confirmed by the xyletesd{’ of suspended materials in water.

Gd(ll)-chelate modified silica nanopatrticles (M2[Gd-HA]). M2GOPTS (200 mg,
estimated 5x10 mol of -CHOCH, 1 eq.) was suspended in DMSO (3 mL) and a saiuifo
Gd[DO3A-HA] 3 (5.5x10°, 1 eq.) in 1 mL of DMSO was added. TBTU (24 mg>x00°
mol, 1.5 eq.) and DIPEA (65L, 5.0x10* mol, 10 eq.) were added under stirring. The
suspension was left under ultrasonication for Intt was then stirred for 1 h. The resulting
material was separated by centrifugation and washkitld DMF, water, ethanol, and-
hexane. Yield: 181 mg of slightly yellowish powdébsence of free Gd(lll) ions in the final
materials was confirmed by the xylenol-{éstf suspended materials in water.

4-Butenoic acid modified silica nanoparticles (M3QCOOH and M4C,COOH)
and 10-Undecylenic acid modified silica nanopartieds (M3G:COOH and M4C;;COOH)
by photochemically induced hydrosilylation.The reaction was carried out under argon. Si-
H functionalised particles were dried under vacwairhiO0 °C for 1 h and suspended in dry
hexane under ultrasonication for 30 min in a quardhlenk tube. Then 3-butenoic acid or 10-
undecylenic acid was added and the suspension egassed by 3-6 freeze-pump-thaw
cycles. Under vigorous stirring the suspension nasliated by a 700 W medium pressure
mercury lamp for 5 days. Every day the suspensian tkeated with ultrasound for a few
minutes. The resulting particles were separatedemyrifugation and washed three times with
n-hexane. The particles were dried under vacuum @t*@0for 15 h and obtained as a white

powder.
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Table 6.2Reaction conditions for the syntheses of acid nedlimaterials.

material reaction conditions

m (starting V(acid) V(n-hexane) yield

material) / g /L / mL /g
M3aC,COOH 1.6 122 20 15
M350,C4COOH 0.8 130 10 0.5
M4aC,COOH 2.0 153 20 2.0
M3bC,,COOH 1.1 224 25 0.9
M4bC,,COOH 1.5 273 35 1.3

Gd(ll)-chelate modified silica nanoparticles (M3G[Gd-HA] and MA4C 4Gd-
HA]). The acid modified materialestimated coon in mol g, 1 eq.) was suspended in
DMSO, and TBTU (1.5 eq.) and DIPEA (10 eq.) werelextunder stirring. After 5 min a
solution of Ln[DO3A-HA] € or 3, 1 eq.) in DMSO was added. The suspension wasihelier
ultrasonication for 2 h. The resulting material weparated by centrifugation and washed
with DMF, water, ethanol, DCM angthexane. The particles were dried under vacuunbat 4
°C for 16 h yielding a slightly yellowish powderbsence of free Gd(lll) ions in the final
materials was confirmed by the xylenol-test of &umgjed materials in water.

Table 6.3Reaction conditions for the syntheses of [Gd] mediimaterials.

material reaction conditions

m (starting n (Ln[DO3A-HA]) V (DMSO) yield

material) / g / mol / mL / mg
M3aC4[Gd-HA] 1 3x10°* 30 903
M350C4[Gd-HA] 0.1 2x10* 2 82
M4aC,[Gd-HA] 1 3x10* 30 918
M4aC,[Y-HA] 0.3 9x10° 6 156
M3bC11[Gd-HA] 0.78 3.6x1d 8 771
M4bC1,[Gd-HA] 0.1 5.6x10 6 89
M4bC14[Y-HA] 0.27 1.9x1d 8 192

Gd(lll)-chelate modified silica nanoparticles (M4GC[Y-ButAm]). 100 mg of
M4C1,COOH (estimated 1.5xI®mol of -COOH, 1 eq.) were suspended in DMF (5 mL)
and TBTU (7.2 mg, 2.3xI0mol, 1.5 eq.) and DIPEA (255, 1.5x10* mol, 10 eq.) were

~89~



6 Experimental Part

added under stirring. After 5 min a solution of YQDA-ButAm]'Na" 11 (1.5x10° mol, 1 eq.)
in 1 mL of DMF was added and rinsed with 1 mL of BMIrhe suspension was left under
ultrasonication for 2 h. The resulting material vwsparated by centrifugation and washed
with DMF, water, ethanol, DCM anmtthexane. Yield: 91 mg of slightly yellowish powder.

Antibody functionalised nanoparticles (M4GAB). The antibodies (ABs) VCAM-1
(.96 mg/mL), ICAM-1 (3.06 mg/mL) and an isotype.7A mg/mL) were coupled to
M4C,4COOH (2.5 mg NPs + 50, 100 and 159 AB per mg NPs each).

The carboxylic acid groups were activated with N&t®l DIC in dry DMF under an argon
atmosphere. Therefore, 2.5 mg NPs were suspendein (800 L), a solution of NHS in
DMF (110 L, 6 M) and DIC (111 L, 3 M) were added, and the suspensions stirr&ilr&br

2 h. The activated NPs were centrifuged and watire@ times with dry DMF (2 mL, each).
Then the activated NPs were suspended in dry DNOF [J and the ABs, dissolved in PBS
were added. PBS was added to get a total volumk L. The suspensions were gently
stirred 1 day at RT and 2 days at 4°C, then the W&® carefully centrifuged and washed
with PBS. The NPM4C4ABvcam, M4C4,AB cam and M4C,4ABso were resuspended and
stored in 500 L PBS.

Syntheses of bifunctional nanoparticles (M4GLys). N -FmocN -Dde-D-lysine
was used as a bifunctional linker. First the Fmomtgrting group was cleaved by stirring a
solution of N -FmocN -Dde-D-lysine (39.95 mg / 160 mg) in DMF (5 mL) wipiperidine
(2 mL) for 15 min. The piperidine was removed orotary evaporator anM4C,;COOH /
M4C4COOH (500 mg) was added and suspended by ultrasomcat®TU (36.12 mg / 145
mg) and DIPEA (127.55L / 510 L) were added and the suspension was left under
ultrasonication for 2.5 h. The resulting materialsixseparated by centrifugation, washed with
DMF and ethanol and dried under vacuum at RT foin.15

Coupling of Gd(lll)-chelates to M4Cy1aLys. Ln[DO3A-HA] was coupled according
to above procedure. Resulting materialSN4E 114Lys[Gd-HA] .

Coupling of FITC to M4C114Lys[Gd-HA]. The Dde protecting group was cleaved
by treating the NP#M4C11Lys[Gd-HA] with hydrazine. The NPsM4C,,Lys[Gd-HA],
400 mg) were suspended in DMF (5 mL) and ultrastieit for three min after adding
hydrazine monohydrate (10Q, 99%). Then the particles were centrifuged andhed with
DMF and ethanol. The particles were resuspendethyirdMF (5 mL) and DIPEA (128L)
and FITC (29.2 mg) were added. The suspension tiasdsat RT in the dark for 24 h, then
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the resulting material was centrifuged and washéd @WMF and ethanolM4C1Lys[Gd-
HA]JFITC was dried under vacuum at rt for 15 h. Yield: 328 of an orange powder.

Coupling of Cy5.5 to M4G4Lys[Gd-HA]. Cy5.5 was coupled according to the
procedure given in ref. 92M4C11Lys[Gd-HA] (25 mg) was suspended in an aqueous
NaHCGQ; solution (900 L, 0.1 M) and Cy5.5 dissolved in dry DMF (10Q) was added. The
suspension was stirred in the dark for 24 h. Treulteg material was centrifuged and
washed with DMF, water and ethanol until the suptamt was clear. The particles were dried
under vacuum at RT for two days aM#iC1,Lys[Gd-HA]Cy5.5 was obtained as a blue

powder.
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8 Summary

8 Summary

The development of magnetic resonance imaging (M&tards one of the most powerful
techniques in clinical diagnosis is accompaniedhayprogress in the design of paramagnetic
contrast agents (CAs) to enhance imaging sengitiMost of the currently applied CAs for
enhanced fFcontrast are based on gadolinium(lll) chelate demgs and are mainly
extracellular agents which only distribute non-sfeally throughout the circulatory system
and interstitial spaces. Since those agents anetexiceasily and quite fast from the body,
they are not suitable for long-term tracking apgilens. Therefore, nanoparticulate systems
were developed and they are currently gaining as®d importance in medical diagnosis and
treatments. By tailoring hybrid nanomaterials, d¢strsg of an inorganic matrix and
functional organic moieties, materials with speqmbperties can be made for various
purposes, such as carriers of drugs or for imatgogniques.

In this work, silica nanoparticles (NPs) with arditer of about 50, 100 and 130 nm were
synthesised as matrix to couple Gd(lIl) chelate plexes as CAs for MRI, fluorophores as
probes for optical imaging (Ol), and biomolecules fmolecular and targeted imaging
applications (see Scheme 8.1). The starting méek@ were obtained by means of the
Stober process and particles were isolated fronm guspensions prior to functionalisation.
To covalently couple the functional molecules, slieface of the 130 nm NPs was modified
with amino and epoxy groups, respectively, by cawathe NPs with functionalised alkoxy
silanes. The materials11C3NH, and M2GOPTS were obtained. The 100 nm NPs were
surface modified by two different ways of Si-H ftionalisation. The first approach was a
silanisation with triethoxy silane (TES), the sedamme a chlorination reduction sequence
with thionyl chloride followed by hydrogen, yieldinthe materialaM3SiH and M4SiH,
respectively. The 50 nm particles were coated WHS to giveM35,SiH. Subsequently, the
Si-H functionalised materials were reacted withmieated unsaturated carboxylic acids of
different chain lengths (Cand Gj) in a photochemically induced hydrosilylation reaic
(M3C,COOH, M4C,COOH, M35,C4,COOH). The carboxylates on the particles’ surface
allow coupling of functional molecules by formingggide bonds with amino groups.

The MO materials and the surface modified materials vearefully characterised regarding
size and shape, surface area and porosity, suwfeaical properties, extent of modification

and functional groups, and particle-particle inbdicns.
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Scheme 8.15yntheses and functionalisation of silica nanopledi
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Then, different Ln(lll) complexes of DO3A(2) and DOTA 8 and4, 5 and6, 7) derivatives
were synthesised and coupled to the surface mddifigterials by means of peptide coupling
agents. The materialgl1C3[Ln], M2[Ln], M3C,[Ln], M4C,[Ln], and M35¢C4[Ln] were
obtained and characterised with regard to the &xiEsurface modification, agglomeration
behaviour of the particles and the viability astcast agents.

M1 andM2 materials could be loaded less effective with Giibmplexes thaivi3 andM4
materials. Surface concentrations of Gd(lll) cheledmplexes and imaging properties of the
materials, obtained by different ways of Si-H fuontlisation do not differ significantly.
This makes the less complex silanisation with TES greparation method of choice. With
the G spacer higher Gd(lll) surface concentrations wastined, whereas the;Cspacer
leads to more stable materials under physiologioabitions. Stability tests for all materials
show that no Gd(lll) ions are released from thelatks. The ¢ materials contain more
Gd(lll) and therefore are the more effective CAsarbbver, problems with the agglomeration
of the particles could be overcome by introducing €, spacer instead of the;{spacer.
Simultaneously the number of functional groupstwm gilica surface could be increased, as a
telomerisation reaction enables an overstoichiametupling of the ¢ spacer. Interestingly,
the charge of the complexes coupled to the surfdags a minor role with regard to
agglomeration effects.

Gadolinium surface concentrations of up to 8%l g* were reached, and the materials show
the typical concentration-dependent increase ofahgitudinal relaxation rate;Rn a clinical

3 T MR scanner at room temperature. The longitudiekaxivity values per Gd of the
materials are increased in comparison to the uredupd(lll) complex, and the high number
of Gd(lIl) complexes per particle leads to remaiidtigh relaxivity values of up to 6.18x10
mMs? per particle. This is comparable to previouslyljgiited, mesoporous silica materials.
Bimodal NPs for MRI and Ol were successfully systeed by the introduction of lysine as a
bifunctional linker and coupling of fluorophore&l(= FITC or Cy5.5) next to Gd(lll)
chelates, yieldingl4Ca411Lys[Ln]FI . The bimodal materials were examinednrvitro cell
studies regarding localisation and cellular uptaBiedistribution of the NPs in mice was
examined inn vivo studies anex vivoderived organs. Finally, antibodies were succdlgsfu
coupled to the 100 nm acid modified NPs, while rtisgiecific interactions with an antigen
were maintained.

In conclusion, CA functionalised nonporous silicRN\Nwith a high local relaxivity, bimodal

CA and fluorophore modified NPs, and antibody cedpNPs were obtained. These results
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indicate that this type of silica nanoparticles gase a platform for the development of
highly effective probes for MRI. Further functiorsation allows the synthesis of multimodal

and/or targeted contrast agents for molecular ingagpplications.
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Die Entwicklung der Magnetresonanztomographie (MRT einer der wichtigsten Methoden
in der medizinischen Diagnostik geht mit der Enkliag paramagnetischer Kontrastmittel
(CAs) zur Empfindlichkeitssteigerung einher. Dieisten der derzeit eingesetzten CAs zur
Erhbhung des jFKontrasts basieren auf Gadolinium(lll)-Chelatkoey#n. Diese dienen
hauptséchlich als extrazellulare Agenzien, die sidspezifisch im Blutkreislauf und im
Interstitium verteilen. Da diese Substanzen schunadl leicht aus dem Korper ausgeschieden
werden, sind sie nicht fur Langzeitanwendungen gyeti Dazu wurden nanopartikulare
Systeme entwickelt, die in der klinischen Diagnostunehmend an Bedeutung gewinnen.
Durch gezielte Synthesen von Hybrid-Materialiere dus einer anorganischen Matrix und
funktionellen organischen Molekiulen aufgebaut werd&bnnen Materialien mit ganz
bestimmten Eigenschaften fir diverse Anwendungegdstellt werden (z.B. Drug-Carrier-
Systeme oder Sonden fir bildgebende Verfahren).

In dieser Arbeit wurden Silica-Nanopartikel (NPsit durchmessern von 50, 100 und 130
nm hergestellt. Diese dienen als Matrix fur die Aloing von Gd(lll)-Chelatkomplexen als
CAs fur die MRT, von Fluorophoren als Sonden fle diptische Bildgebung und von
Biomolekulen fir molekulare und zielgerichtete bathende Verfahren (siehe Schema 9.1).
Die AusgangsmaterialieMO wurden im Stober Prozess hergestellt und die K&hntvurden
vor der Funktionalisierung aus ihren Suspensiorssliert. Um funktionelle Molekile
kovalent anbinden zu kénnen, wurden die 130 nm NiRsAmino- bzw. Epoxygruppen
modifiziert. Die MaterialienM1C3NH,; und M2GOPTS wurden durch Beschichten der NPs
mit funktionalisierten Alkoxysilanen erhalten. Di€0 nm NPs wurden auf zwei verschiedene
Arten Si-H funktionalisiert. Der erste Weg war ei8ganisierung mit Triethoxysilan (TES)
(M3SiH), der zweite eine Sequenz aus Chlorierung mit Aylahlorid, gefolgt von der
Umsetzung mit elemtarem WasserstoW4SiH). Die 50 nm NPs wurden mit TES
beschichtet NM3s0SiH). AnschlieBend wurden endstandig ungesattigte daduren
verschiedener Kettenlangen 4(Cund G;) in einer photochemisch induzierten
Hydrosilylierungsreaktion an die Si-H Bindungen igdd (M3C,COOH, M4C,COOH,
M350C4COOH). An die Carbonsauregruppen auf der Partikelobehn# kénnen durch die
Bildung von Peptidbindungen aminofunktionalisieMelekiile angebunden werden. DN
Materialien und die oberflachen-modifizierten M&&en wurden sorgfaltig charakterisiert in
Bezug auf ihre GroRe und Form, spezifische Obdraawnd Porositat, chemische
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Eigenschaften der Partikeloberflachen, Grad dekt&aomalisierung und Anzahl funktioneller
Gruppen an der Oberflache, sowie interpartikulaexigéelwirkungen.

Anschliel3end wurden verschiedene Lanthanoid Kongpleon DO3A- {, 2) und DOTA- @
und4, 5 und6, 7) Derivaten synthetisiert und mit Hilfe von Peptiglplungsreagenzien an die
oberflachen-funktionalisierten NPs angebunden. DMaterialien M1C3Ln], M2[Ln],
M3Cp[Ln], M4C,[Ln] und M35¢C4Ln] wurden erhalten und in Bezug auf Grad der
Funktionalisierung, Agglomerationsverhalten undeirAnwendbarkeit als Kontrastmittel
charakterisiert.

Die Beladung an Gd(lll)-Komplexen verlief fur dikll- und M2-Materialien weniger
effektiv als fur dieM3- undM4-Materialien. Die Oberflachenkonzentrationen anlBdgnd
die bildgebenden Eigenschaften der Materialien, dliech verschiedene Arten der Si-H-
Funktionalisierung erhalten wurden, unterscheideh sicht deutlich, daher ist die weniger
aufwendige Silanisierung mit TES die Methode derhW®urch die Anbindung des €
Spacers wurden hdhere Gd(lll)-Konzentrationen enteiwohingegen die Anbindung des
Ci;-Spacers zu stabileren Materialien unter physisidggn Bedingungen flhrt.
Stabilitatstests fur alle Materialien zeigen, da&ssne toxischen Gd(lll)-lonen aus den
Chelaten freigesetzt werden. Diq-Katerialien enthalten mehr Gd(lll) und sind dalles
effektiveren Kontrastmittel. AulBerdem konnten Aggerationsprobleme durch die
Einfihrung des ¢ statt des G-Spacers tuberwunden werden. Gleichzeitig konntédzahl
an funktionellen Gruppen an der Silica-Oberflachehobt werden, da eine
Telomerisierungsreaktion eine Uberstéchiometriséimbindung der GSaure ermdglicht.
Interessanterweise spielt die Ladung der Komplexee egeringe Rolle fur das
Agglomerationsverhalten.

Oberflachenkonzentrationen an Gd(lll) von bis zu 880l g* wurden erreicht und die
Materialien zeigen den typischen konzentrationsabiggn Anstieg der longitudinalen
Relaxationsrate R in einem klinischen 3 T Magnetresonanztomographbai
Raumtemperatur. Die longitudinalen Relaxivitdtswepdro Gd der Materialien sind im
Vergleich zu den ungebundenen Gd(lll)-Komplexendbthund die hohe Anzahl an
angebundenen Komplexen pro Partikel fihrt zu bearekert hohen Relaxivitdtswerten von
bis zu 6.18x10 mM’s* pro Partikel. Diese Werte sind vergleichbar minete bereits

publizierter mesoporéser Materialien.
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Schema 9.1Synthese und Funktionalisierung von Silica Nanalelrt.
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Durch die Einfuhrung von Lysin als bifunktionellennker und die Anbindung von
Fluorophoren El = FITC oder Cy5.5) neben Gd(lll)-Chelaten, wurd@modale NPs als CA
fir die MRT und flr optische Bildgebung erfolgreisfthetisiert 4C411Lys[Ln]FI ). Die
bimodalen Materialien wurden im vitro Zellstudien bezlglich ihrer Lokalisierung und
Zellgangigkeit untersucht. AuRerdem wurde die Brteiing der NPs in Mausen in vivo
Studien und an entnommenen Orgamenvivo untersucht. Schlie3lich wurden Antikorper
erfolgreich an die saure-funktionalisierten 100 rfPartikel angebunden, wobei ihre
spezifischen Wechselwirkungen mit einem Antigeraktem blieben.

Es wurden CA-funktionalisierte unpordse Silica NR#t hohen lokalen Relaxivitaten,
bimodale, mit CAs und Fluorophoren modifizierte NFsl Antikérper-funktionalisierte NPs
hergestellt. Diese Ergebnisse zeigen, dass dietseoarSilica-Nanopartikeln eine geeignete
Plattform fur die Entwicklung hocheffizienter Koastmittel fir die MRT darstellt. Durch
weitere Funktionalisierung konnen multimodale udefozielgerichtete Kontrastmittel fur die

molekulare Bildgebung synthetisiert werden.
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