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1 Introduction & Background

The multifaceted properties of particles in theegiange of a few nanometers have improved
material properties like rigidity, electronics amytical behaviour. Due to the versatile physical
properties of such so called nanoparticles, theycarrently under focus by a lot of research
groups. Their application range spans over sendatiglling, optical imaging, magnetic
resonance imaging (MRI), cell separation, and mneat of disease in the field of biological
and medical applicatiéh® to technical tasks like chemical catalysis, stabilin colorants,
detectors, chips, and solar cells.

Within the scope of the present doctor thesis tlannfocus was set on the establishment of
nanoparticles in the assignment of medical treatsnelfhe susceptibility of the optical
attributes of semiconducting nanoparticles, ofteferred to as quantum dots (QDs), has
inspired attempts to modify them for biological uBesign strategies to gainter alia water
solubility should be transferable from the semiagtdr nanoparticles to other nanoparticle
systems.

Regarding the size-dependent chemical and phygicglertie®’ of high-quality bulk 1l — VI
semiconductor nanocrystals (figure 1) a range @liegtions in medical science has recently
come into focud. In the field of fluorescence labelling CdSe nawgstals have become the
most extensively investigated nanocrystals dueh&r tphotoluminescence efficiency, their
unique size-dependent tunable emission, their teggie to photobleaching, and their high
brightnes§ 84

figure 1. CdSe/CdS core/shell nanoparticles (CAN dots)ifféi@nt sizes under UV excitation.
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Previously the high exigencies of vivo administration have constrained the adoption of
guantum dots and nanopatrticles with superparamiagoeiperties in for cancer diagnosis and
therapy. Therefore, the objective of the presemtatal study was the design of nanoparticles
as marker and as a multi-tool delivery systemifovivo andin vitro exertions. Therefore a
polymer coating had to be developed, which stadslithe quantum dots in aqueous media. A
non-imunogenic, protein-resisting, and non-antiggraly(ethylene oxide) based ligand system
was desired, which can stabilize nanoparticlesatew and preserve their physical properties,
while providing functional groups to derivatize th@noparticle with molecules like antibodies,

oligopeptides, or drugs.

phase-
transfer

stabilization in water.
svnthesis, chapter 1.2.1 chapter 1.2.2 and 1.2.3

emulsion
poelymerization

chapter 1.2.5

bioapplication. functionalization,
chapter 1.3 chapter 1.2.4

schema 1:.overview of the doctor thesis.
An overview of the work done through the doctorsikas presented in schema 1. It is divided

in the nanoparticle synthesis, the stabilizatiomarfioparticles in water, (bio-)functionalization

and bioapplication of nanoparticles.
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1.1 Properties of nanoparticles

Nanoparticles consist of a few hundred atoms. Thbere nanoparticles have physical
properties, which relate on their size and surfé&emiconducting nanoparticles, so called
guantum dots, show a quantum confinement effecestheir diameter is of the magnitude as
the wavelength of an electron wave functin while magnetic particles show a
superparamagnetic behaviour. When the materialsamamall, their electronic, magnetic and
optical properties deviate substantially from thoseulk materials. See chapter 9.1 - 9.4 for a

more detailed information.

1.2 Ligand shell

The surface ligands used in high-temperature sgigleg high-quality nanocrystals are usually
quite bulky, with a small anchoring group for bamglionto the surface of nanoparticles and a
long/large hydrocarbon chéifi . Such ligands kinetically stabilize the thermodyizally
unstable nanopatrticles. But the coordination of ltpeand must be sufficiently weak at high
temperatures to maintain a dynamic bonding behawbthe surface ligands of nanopatrticles,

which allows an adequate growth rate during nartimpesynthesis®.

1.2.1 TOP/TOPO-shell

Tri-n-octylphosphine (TOP) and tn-octylphosphine oxide (TOPO) are commonly used
solvents for nanoparticle synthesis. Different imipges in commercially obtained TOPO (like
di-n-octylphosphine oxide (DOPOyramatically affect the growth of high-quality cmtlal
CdSe nanocrystaté.

The multiple crystallographic facets exposed aneagvertex, edge) sites on the surfaces of
small nanopatrticles produce quite different bomergjths of the TOP/TOPO molecules.
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1.2.2 Hydrophilic ligands

Biological applications demand water solubility aadiigh stability of the nanoparticles in the
aqueous solutidh’. Great efforts have therefore been made to exehtigweak hydrophobic
ligand shell, which has stabilised the metastahlgonrystals kinetically during the synthesis,
with hydrophilic, organic ligands achieving watefubility™ * * 17 18land to some extend an
organic passivation trap states in case of inhomeges inorganic shells. A key problem of
this process is the thermodynamic adsorption dajuilin of chemical ligands, needed for
stabilisation, at the particles’ surfaces.

For the utilization of the physical highlights cimoparticles innter alia biochemical systems
different ways exists: 1. adsorption of the prota@n the nanoparticle surface due to
electrostatic interactio® 2°. This system shows poor stability and interferemdth the
flexibility of the protein. It could only be impleamted in the case of gold nanoparticles.
2. nanopatrticles are getting stabilized by ligawi@s coordinative binding. 3. stabilization of
nanoparticles by means of hydrophobic effects flerwaals force8y: 2123

In literature coordinating ligands are often dismgs which possess binding groups such as
thiols?* 2! amines, phosphines, and carboxylates. To geneaagparticles with such ligands,
a ligand exchange has to be arrafydd®?! But the binding energy to the nanoparticle
surface is often insufficient. In addition, the pbgenerated holes inside of semiconducting
nanoparticles catalyse reactions at the partiatase. Attaching a nucleophilic binding group
(e.g. thiols, amines) on the surface of nanopagichakes them thereby regrettably a target for
such a reaction. Thiols are already converted salfiles in basic environment as well as in
acidic environment in the presence of oxygen. Sendacting nanoparticles (quantum dots)
can catalyse this reaction as well as the reaaifoprimary amines to secondary amif@s
Thus, improved ligand shells must guarantee a esthlriding to the particles. This can be
achieved by multidentate binding blocks or encegisan into a crosslinked polymer shell.
Several quenching studi#s®™ using a multiplicity of ligands have been reporiedthe
literature in efforts to achieve efficient passivatof trap states on the surface of nanoparticles.
However, Algaret al®® credit changes in quantum vyield largely to charigethe radiative
decay rates, determined by the nature of the ligand to a smaller extent to nonradiative
decay rates, which depend on passivation and substegxposure to the surrounding solvent
matrix. They could show that the degree of bathmehe shift correlates with the extent of
ligand ionization. The cause of this ligand-chramisis related to the observed

solvatochromisii” in CdSe nanoparticles. Due to stronger dipolagrattions between the
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excited state of the fluorophore and the surroupngwivent, organic fluorophores often exhibit

increasing red shifts in their emission maxima vifttreasing solvent polartf§!. Considering

an inhomogeneous shell, a dipolar or electrostatieraction between ligand, solvent and

nanoparticle is possible.

The new ligand shell often has an effect on theoparticles. In case of quantum dots, this can
lead to a drop in quantum vyield, resulting fromegluced passivation of the nanoparticle
surface arising from steric requirements of the higands and changes on the nanoparticle
surface. The micellar coating by hydrophobic intéom (schema 2), which conserves the

primary hydrophobic shell of the nanoparticle isadternative approa 22 39 4°!

hpda s licdile
ook

schema 2illustration of the structure of a micelle.

Micellar encapsulation of hydrophobic drugs andapeamticles coated with diblock polymers
has been shown to be sufficiently stable for inovapplications and therefore hold great
potential for biomedical applicatiofs ***® For the most part polymeric micelles are
produced from self assembly of amphiphilic blockpalymers in selective solveHts®®. In
solvents that are selective for one of the two &oper blocks, the aggregation of the non-
soluble block leads to the formation of the micelieh predictable sizes and morphologies.
But this packing also suffers low stability andtigh nonspecific binding with nontarget
biomolecule§”. Dual interaction ligands combine the two feadtiBb of coating
nanoparticle[ég], through hydrophobic van der Waals interactiond emordinate bonding. But
the coupling to antibodies requires that the ligantlbody construct remains stable on the
nanoparticle surface in the presence of antigedshagher flow rates like for example in the
blood stream during in vivo applications. Therefareovalent crosslinking of one of the blocks
in the copolymer shell is inevitable, as has beescdbed in literature for polymeric
micelle$*°®®. To assure flexibility of the polymer shell thener part of the polymer coating

should be extensively covalently crosslinked.
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In particular on quantum dots water has a strofigence. Due to stronger dipolar interactions
between the excited state of the fluorophore ardsthrounding solvent, organic fluorophores
often exhibit increasing red shifts in their emissimaxima with increasing solvent polafify

381 accompanied with the stabilisation of electrantrap states. Those trap states are located at
the CdSe surface and their number depends on #ildygof the inorganic passivation due to
the CdS and ZnS shells. The trapped electrons lzsorla emitted quanta of other excitons and
elongate the dark state of the nanoparticle. Cenisig an inhomogeneous shell a dipolar or
electrostatic interaction between ligand, solvand ananoparticle is possible, and the
importance of the ligand becomes evident.

Regarding the cytotoxicity of the nanoparticlegahds also show effects. Hence, in particular
poly(ethylene oxide) (PEO) is suitable for biolagiapplication§” ®8l The inert polymer

reduces nonspecific accumulation, which often dbutes to cytotoxic effecfs.

1.2.3 Benefits of poly(ethylene oxide) (PEO) as a ligand

Poly(ethylene oxide) (PEO) is a known biocompatiptéymef’®"?. The polymer holds the
capacity of preventing protein adsorpfich cell adhesion, and, consequently, phagocytosis,
non-initiation of an immune response, thus, indreashein vivo circulation lifetime (serum
lifetime)l”*""). The reduction of nonspecific accumulation of thert polymer, which is
ascribed to cytotoxic effedtd, makes PEO very suitable for biological applicast’ ®®. The
causation is composed of the reduced interfaceggnefr the PEO/water system, the steric
repulsion effe¢t®®! based on entropic effects regarding the excludadnve and mixing
interaction&?. The loss of conformational changes of the proaeid the decline in free space
of the polymer strains, which is accompanied whlk approach of the protein, leads to a
repulsive energy. The closer the PEO packing theerpoeferred is the helical conformation
instead of the all-trans conformation, which anietifthe protein repul$é 84,

The attachment of PEO decreases immunogenicityaatigenicity of protein?.sl, can extend
significantly the blood lifetime of liposomes, ngaoticles, and proteins, and diminish their
uptake by reticuloendothelial system (RES) orgéimer and spleefl®. Also thrombogenicity
as well as cell and protein adherence, can be eedincthe case of PEO-grafted surf&tes
PEO-coating of nanoparticles and the protein-nartigiea complexation respectively is known
not only to minimize non-specific adsorption busafor enhancing the stability of attached

molecule¥® ®! The non-appearance of interactions with PEO alldfe conjugation of
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enzymes and other biomolecules with preservatiorthefr biological activitf® °*. The
negative charges in case of the carboxyl-functisad|PEO are also conducive to these effects,
since they increase the blood circulation time @oitif°?. The negative charged particles

interact repulsive with the negatively charged aipgiiic phospholipids of cell-membranes.

1.2.4 Functionalisation of the ligand shell

The advance of nanotechnology in biochemistry igrared in the assignment of the ligand
shell, which stabilize nanoparticles in solvents.augment the usage of the unigoier alia
optical and magnetic properties binding sites agsirdd to expand nanocomposites with
molecules like for example catalysts, drugs, dyesl dargeting molecules onto the
nanoparticles.

At this juncture certain challenges have to be riaikkeconsideration. Most ligands possess a
nucleophilic group, which is responsible for theaelhment of the ligand on the nanoparticle
surface. The nucleophilicity of such chemical ggpmplicates the further functionalisation
of the ligand. In particular in the case of polyrbased ligands that allow water-solubility like
poly(ethylene oxide) based ligands, steric hindeaand complications in purification from
side-products occur. Applying protective groupsimirfunctionalisation is often demanding
since polymers possess high masses and their dnattjroups are in many cases inaccessible
due to steric considerations. Furthermore, therfertence of the produced functional group
with other nanoparticles can lead to agglomeratiaich hinders the application of

nanoparticles.

1.2.5 Emulsionpolymerisation

The term ‘emulsion polymerization’ signifies a polgrization in a disperse system, containing
a continuous and a discontinuous phase. Regartdaglassical emulsion polymerization the
continuous phase is an aqueous solution, whileepitesents the discontinuous phase. These
systems can also be described as oil in water @&nslgo/w). The corresponding inverse
systems with oil as the continuous phase are cal&dr in oil emulsions (w/0).

The dispersed phase must be stabilized by a suafetoee substance. Such typical emulsifiers
are cationic, anionic and non-ionic surfactantse likodium dodecyl sulfate (SDS) or
dodecyltrimethylammonium bromide (DTA[%3)1. In solution, the emulsifier builds micelles for
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concentrations above the critical micelle conceiuina (CMC). With the assistance of
coemulsifiers, such as 1-pentanol, SDS can fornsparent microemulsions.

The addition of monomer, which is mainly insoluldethe continuous phase, leads to the
formation of big monomer droplets. Some of the nmapdissolves in the continuous phase
and some diffuses into the emulsifier-miceftes®. In the case of the addition of an initiator
for the polymerization, which is soluble in the tonous phase, the first step of the reaction
occurs in the continuous phase. The decay of tiiator generates free radicals, which react
with monomer units, forming an oligomer-radical afhibecomes more and more insoluable in
the aqueous phase as the length of the oligomeedse. Eventually the oligomer-radical
enters the micelles or the dropléts Because the total surface of the monomer filléceties

is bigger than that of the few monomer droplets,rtticelles are the main destination. For most
systems the number of micelles formed is two (oraporders-of-magnitude greater than the
number of droplets present in the initial emulsion.

In the micelles additional polymerization takes celawith the interplay of diffusion of
monomer from the droplets into the micelles, and tkads to the formation of polymer

dotd®”). This mechanism is called micellar nucleationu(fig2).

figure 2: micellar nucleation.

The classical emulsion polymerization can be digdideto three phases: the first phase
represents the generation of particles, in whiehntonomer filled micelles receive the radicals
and start to react. In this phase the reaction irateeases till it reaches a maximum, which
institutes the second phase. In this, as partidetly period specified, phase no more particles
are initiated, whereas monomer diffuses from thapléts via the continuous phase into the
micelles, where the reaction takes place. The i@actte is constant. When the monomer
droplets disappear, the reaction enters the thuas@, called monomer depletion phase. The
remaining monomer in the micelles is consumed dutime polymerization process. The

abatement of the reaction rate to zero is accoreddny a decline of the particle-diameter, due

to the increased density of the polymer comparatidanonomer.
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Next to the conventional emulsion polymerizatioregpl methods such as emulsifier-free
emulsion polymerization, microemulsion polymeripatiand miniemulsion polymerization
could be establish€§%%!

1.25.1 Miniemulsion

Miniemulsions are classically defined as aqueogpetisions of relatively stable oil droplets
within a size range of ~30-100 HAf. In addition to production of polymer nanopart#&’,
films® 2% nhanocapsule compourf®, high-solid content latticE8® **® and polymeric
hybrid$™Y, miniemulsion has already been used for the efficiencapsulation of water-
insoluble materials in hydrophobic polymers to abthybrid particles as reported for the
encapsulation of CaG8'?, carbon nanotubB$®, nanoparticles, such as SPIGRA!"
TiO, 16 1181201 g5 [121. 122150 CdS just as CdSE.

The encapsulating material is dispersed in the mm@ngohase prior to emulsification, using
methods such as ultrasonic dispersing or condigmith ultaturrax. The obtained solution is
added under high shear conditions to the continghase, in which emulsifier, hydrophobe,
and initiator are present. In this way, the emidsitoncentration is maintained below the
critical micelle concentration to avoid micellarateatiot>*. Anionic, cationic, and non-ionic
emulsifiers, as well as combinations of these @nthized. The emulsifier can simultaneously
act as monomer and as bearer of functional grosym$niere). Thus a subsequent purification
step can be avoided.

Initially, the achieved droplets, which are kinatlg stabilized but thermodynamically unstable
show a certain particle size distribution. Basedtloa Lifshitz-Slezov-Wagner (LSW) theory
(1251 of Ostwald ripening and Kabalnov's extensdtét, the drop size distribution can be
predicted?”.

Admittedly a growth process appears, in which ladyeplets will grow at the expense of the
smaller droplets, due to the fact that smaller tsphave higher vapour pressures than those
of larger droplets. This process is called Ostwapenind*?® and can be suppressed by a
hydrophobe which is a monomer-soluble and contisuphase insoluble compound. The
presence of the hydrophobe acts to reduce sulmtgrkie rate of diffusion of monomers from
smaller to larger droplets. It decreases the Gitdesenergy of droplets, thereby decreasing the
driving force for diffusion. Typical hydrophobesedior example hexadecane, dodecyl alcohol

and cetyl alcohol (CA}?**3Y |n addition to Ostwald ripening coalescence ozgud”.
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In addition to the droplet nucleation mecharitéth delineated above, homogenous nucleation
is a second possible mechanism for miniemulsiogrpetization. The latex seeds are created
from oligomers in the continuous phase, and theaman is brought to the nucleation site by
diffusion**?,

The initiation of the polymerization can be carriedt thermally, photochemically, or by
redox-initiators or radical-initiators, such as anw peroxo-initiators. Initiators such as the
cationic initiator 2,2’-azobis(2-amidinopropanehyirochloride (V-50) provide an opportunity
to achieve emulsifier-free emulsion polymerizationga ultrasonic irradiation. V-50
polymerizes the slightly water-soluble monomerghsas styrene, in aqueous phase to form

oligomeric radicals with sulfate end groups, wherte surface active and form droplets or

micelleg'3* 135

1.25.2 Microemulsion

Microemulsions are, from a macroscopic viewpoinfjaamogenous composite of water, oil-
phase, and emulsifiéi®. They are characterized by an emulsifier/monorato of >1 and are
both thermodynamically and kinetically stable. Treaction rate is contingent upon the
concentration of the initiator. Contrary to (magemaulsion polymerizations, phases one and
three appear, while phase two, with a constantticracate, is missing. Also no gel-effect
(Trommsdorff-Norrish-Smith effect) appe&rd. Commonly a maximum of the polymerization
speed is found at 20-25% conversion.

According to Chamberlaigt al'**® the first phase represents the particle genergioiod, in
which new reaction loci are generated and in whinghreaction rate ascends with the number
of particles. The reaction rate depends on thearration of monomers and radicals inside of
the particl&®*”. Accordingly maximum reaction rate occurs whenaximal particle number is
engaged in the reaction. Geo all**") showed that in case of a microemulsion the nuickeat
proceeds throughout the whole reaction processhébeginning of the reaction the radicals
generated in the aqueous phase enter the mononmeglleni and initiate thereby the
polymerization. At the same time, the monomer amdferred from droplets into the creating
particle causing the droplets to impoverish on nmea@io A mixture of 1-pentanol and monomer
filled micelles remains, which compete for any ramrgy radicals. This mechanism is called

droplet nucleation.
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Due to the small mean particle diameter (10-36'¥#f) however, just one radical is active per
particle. If a second radical enters a particlenteation occurs immediately. In case of the
microemulsion polymerization of styrene, transmoisof the radical from the reacting chain
to a monomer molecule with subsequent transfeh@ionomer radical from the droplet into
the aqueous phase is more probable than termifdfloAsuaet al™®*® demonstrated that the
rate of emission of one monomer radical out of @pbit increases with decreasing droplet
diameter. Hence, it is anticipated that the emrssaie from droplets in a microemulsion is
extremely high.

In order to limit the growth of the polymer parésl it is essential to induce polymerization at
temperatures below the microemulsion instabilitmmeratur[%‘w]. For polymerization of
water-soluble monomers in w/o microemulsions, Canddapted the cohesive energy ratio

(CER) concept for optimizing the polymerization teyd™**.

1.3 Biological applications

In the field of medical applicatiéf®’ the unique physical properties of nanoparticles ar
attracting more and more interest. The combinatbrtheir physical properties with the
versatility of their coating allows the developmaeit diverse nanocomposites with a high

application spectrum. An overview is given in figL8.
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figure 3: illustration of nanocomposite&’.

(a) Organic fluorophores (red) are embedded inleiwwa phosphate matrix (gray), and the resultingiposite

particles are stabilized by PEO molecules (lightelplon their surfaces. (b) Polyelectrolyte capsuat@sprise a
multilayer wall (gray) in which magnetic particlégreen) can be incorporated for magnetic targefling cavity

of the capsules can be loaded with analyte-seasitiworophores (red). Though most practical capsykems
thus far have diameters of 1-5 um, their size @reduced to 100-200 nm. The capsule assemblydtaginalso

enables immobilizing ligands for active targetinigquk blue) and stabilization (light blue) on thesale surface.
(c) Magnetic NPs (green) are embedded in a dextratmix (gray). Through magnetic targeting, an artier

drug (red), which is adsorbed on the particles,lmadelivered to the tumour tissue. (d) Gold NRdIgw) can be
integrated in the wall of polyelectrolyte capsulgsay), which surrounds an anticancer drug (reg)dm the

cavity. Light-induced heating of the gold particlesally disintegrates the capsule wall and relsdlse anticancer
drug. (e) A photosensitizer (red) can be excitedenergy transfer from a quantum dot NP (yellow) todoice a
radical oxygen species. In this case, the particlso the carrier matrix. The NP is stabilizedligands on the
particle surface (light blue).
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The stability against photobleachiflyj large molar extinction coefficients, and high tuen
yield*® make quantum dots superior to organic fluoropharetetection sensitivity as well as
in long-term tracking of biological processes. Atfier advantage is the wide span of emission
wavelengths covered by quantum dots. This is netdi#cause theoretical modelling studies
have indicated that two spectral windows are akbalforin vivo quantum dot imaging (one at
700 — 900 nm and another at 1200 — 1600"1th)
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figure 4: (left) background absorption, which occuiinnvivoimaging,
(right) penetration depth of radiation in Skif{.

Those windows are important for deep tissue imagiiygire 4), because they are separated
from the major absorption peaks of blood and W4térAt a wavelength of around 770 nm the
penetration depth of radiation in skin has its bighlevel (figure 4). CdTe/zZnS and InP/ZnS
nanoparticles cover this range.

Intense multicolour up-converting nanoparticles hsias NaYEk nanoparticles doped with
lanthanide ions (Y¥ and EF* or YB** and Tni") are an alternatiV¥® and have already found
biological applicationts*” 8! The term 'up-conversion fluorescence' refleatér ttapability of
converting absorbed near infrared light into shomeavelengths (visible light). In these
materials the excitation light is primarily absodb®y YB**, showing a higher absorption at 975
nm (4f state— *F7, in case of two photons). In the case of YIBr** co-doping, the energy of
two excited YB" states is then transferred to oné*Hon, resulting in emission mainly in the
green and the red spectral region. In the casebdf/¥m** the energy of four excited Yb
states is transferred to one rion and emission of blue and violet light is olvset:
Nonetheless Gaet al®? substantiate the use of CdSe quantum dots witkséon maxima of
640 nm forin vivo imaging by using spectral unmixing algorithms. $ht was viable to
separate the autofluorescence from the quantunemdasion. In addition they were able to

demonstrate along with Chaetal™*® the advantages of quantum dots relative to geadbti
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encoded fluorescent proteins such as green fluemeégcotein (GFP), which is also applied for
cancer imaging®®. Due to the 10-50 times larger molar extinctioeftioient (0.5 - 0.2 - 10
M™cm™) of quantum dots relative to those of organic diges10 - 16 M™*cmi?) the quantum
dots absorption rates are 10-50 times faster thaset of organic dyes at the same excitation
photon flux*®. This makes quantum dots appear 10-20 times lerighin organic dy&$ 2

151, 152].

Using two-photon technology a high three dimendidrendling ability and extremely high
resolution imaging ability can be achieved in tipplecation of quantum dots like CdSe as
biolabel§™?. In a two-photorexcitation process, the ground state atom jumpbeoexcited
state and emits a photon after absorbing two plspgmthat the excitation energy is lower than
that of the emission. Moreover, because of therseseelationship between solution scattering
and laserwavelendtfi* *** two-photon excitation can cause lower sampletesday, smaller
optical bleaching and stronger sample penetrability thae-miotonexcitatiod**® **”) This
technology has been pursued heavily in tumour tetececentl{?? 158 159!

On account of these advantagesS-cappeddSe nanoparticles are often used for biolabelling
e.g. proteins or DNR& %1% Results from multicolour labelling of fixed mousT3
fibroblast§*? andbreast cancer marker Her on the surface of fixetllie cancer cell&" %
have proved that quantum dots can be very effeativeellular imaging and offer substantial
advantages over organic dyes.

Further established applications of nanoparticles biochemistry include colorimetric
sensinff> %) whereby oligonucleotides in the sub-picomolaelesan be detected without the
assistance of PCR’. Forster resonance energy transfer (FRET)-basesebsord®® for
example for fluorescence competition assays in cdsBNA detectiof®” and array-based
sensing’® in the field of fluorescence sensing but also tebethemical sensifg® *? and
surface enhanced Raman scattering (SERS) has heeessfully exploited in biological
sensing using nanopartictéd. Further work was done on real-time tracking ofbeyonic
developmertt?, cell transfectioli’¥, fluorescent blood tracer to image small vascuéeti’,
fluorescent tracers for nonspecific uptake studies lymph node mapping in living animéts
1781 and real-time imaging and tracking of single ptoemolecule® 17"

However, combined targeting and imagimgvivo studies of quantum dots upon systemic
injection into the blood seruffi °* 149 18lare still rare and often suffer from instabffity®®.
Quantum dots have also been reported to aggregeatesaiectively on the surface of cell

membrand&®? 179 189
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Superparamagnetic iron oxide nanoparticles (SPIOMsich have been extensively studied as
an magnetic resonance imaging (MRI) contrast &§&M® are in particular utilized in cell
sorting/separatidf’**! and for tumour thermotherapy, e. g. hyperthéffii& In this
regard the non toxic properties of SPIONs are anools advantage. Other nanoparticles used
for magnetic resonance imaging are GgR@noparticles, which allow an even higher
contrast®®!,

SPIONSs have also found application in drug delivergtem&®" 1% site-specific drug delivery
tissue engineerifd® and nucleic acids concentratih 2% Electromagnetic fields in the
350 - 400 kHz frequency range can produce locat Wieainduction and cause the targeted
release of bound drugs. They also provide an oppiyt to be magnetically guided to a
selected part of the body, for example, into a w5 2% Simultaneously, the nanoparticles
can transport anticancer drugs to the the tumesu&®. Guptaet al?*’2%! zhanget al®*?,
and Berryet al®¥ determined the interaction of differently coatgdlGNS with cells. Their
results indicate that the nanopatrticle surface agp® be more important than the composition
of its core.

Gold nanoparticles show an intense absorption feak 500 to 550 nfi'? arising from
surface plasmon resonance. Surface plasmon resoacars from the collective oscillation
of the conductive electrons owing to the resonaottation by the incident photons, although
the fundamental physical principles of surface mlas resonance are very complex. The
surface plasmon resonance is sensitive to the wsuteg environment, signalling changes in
solvent and binding. Particularly useful is the-shift up to around 650 nm and broadening of
the plasmon band due to the interparticle plasnopling®*®. This phenomenon leads to the
popular and widely applicable colorimetric sensif@y oligonucleotides. Hereby gold
nanoparticles are functionalized with single-stethdDNA. Upon addition of the target
sequence the particles aggregate, resulting iragehof the colour of the solutféh®”!

Huanget al?**! could demonstratin vitro the use of gold nanorods as novel contrast agents
for both molecular imaging and photothermal cartberapy. The specific binding of anti-
EGFR antibody-conjugated nanorods to the surfadkeomalignant-type cells (HSC, HOC) in
opposite to non-malignant type cells (HaCaT) cdadddiagnosed due to the strongly scattered
red light from gold nanorods in dark field (figus¢. The photothermal degradation could be
achieved by laser-excitation at a wavelength of @0
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HaCaT nonmali gnant cells HSC malignant cells HOC malignant cells

figure 5: Cancer therapy using gold nanorétf
A Light scattering images of anti-EGFR/Au nanospheaéier incubation with cells for 30 min at room
temperatureB Light scattering images of anti-EGFR/Au nanorodsraihcubation with cells for 30 min at room
temperature.

Gold nanoparticles also find application in electremical sensiff* or together with
fluorescent nanoparticles like CdSe in fluoresceseesing®®. Gold nanoparticles are also
used for drug delivery systeffts!, whereas the gold nanoparticles can function samebusly
as active agent. At a distinct size of 1.4 nm, bRug; clusters coordinate irreversibly in the
major grooves of DNA (figure 6), which making &@an even more effective chemotherapeutic
than cisplatin®'®. Gold nanoparticles interact hereby with the nieght charged phosphates
of the DNA and inhibit the transcription of the DNA

figure 6: Molecular model of B-DNA combined with Au55 clussdrreversibly attached to the major grod¥8s

Amongst the numerous other nanoparticles and raditiiis bioapplications, which are not
mentioned in this chapter, silica nanoparticlesngatio their non-toxic character are a further
interesting class of nanopatrticle. They are retyulsynthesised by a sol-gel process (Stober’s
procesdf” or microemulsioré® and possess a porous structure. Because of thealopt
transparency of silica nanoparticles they offerysteam to stabilise dyes and/or drugs, thus

having the potential i.a. to act as fluorescenbella
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1.3.1 Protein (antibody) coupling

For vectored targeting of nanocomposites, molectibeé show a high specificity to the
respective, desired destination-motif are attacledexample are antibodies, containing a for
binding responsible paratope, and which can bdyessiected against all kind of molecules
and molecule-fragments (epitopes, antigenic deteant) e.g. via phage display and then
amplified by existing methods.

In contrast to other molecules, proteins are lessless and have to be coupled in aqueous media
(buffer solutions). A widespread coupling method lido-molecules in aqueous media is via
the ‘zero-length’ cross-linker EDC/sulfo-NHS, whidbes not generate any toxic by-product in
the matri¥*?.

The activation proceeds similarly to other carbwmdiie couplings (schema 3). AQ-
acylisourea intermediate is formed by the reactiba carboxylic acid and the carbodiimide.
The O-acylisourea is a highly reactive species thatilpadacts with amines, peptide coupling
additives or reducing agents. However, @@cylisourea can rearrange irreversibly toNan
acylurea and also racemise tirearbon of the amino acid via formation of an oxa&H)-
one (azlactoneN-Acylurea formation and racemisation may be redumedsing intermediate
nucleophiles like sulfo-NHS, which convert t@eacylurea to an activated ester containing the
nucleophile. This species is more stable at<p#H, wherefore the nanoparticle solution was
dialysed against water, pH 6. Buffer solutions,taonng 2-(N-morpholino)ethanesulfonic acid
(MES), were shown to have an effect on the soliybii PEO.
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schema 3:peptide bond formation catalyzed by EDC/sulfo-NHS.
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Unreacted EDC can be quenched by addition of 2-aptoethanol. During coupling reaction
EDC is transformed to the corresponding urea, wldah be removed from the reaction
mixture by dialysis against water, pH 6. The sulbset antibody coupling was carried out in
PBS, pH 7.4. Aminolysis of the ester due to thectiea with amines of the antibody liberates
the additive. The reaction can be discontinuedheyaddition of hydroxylamine in up to two-
fold excess relative to NHS. In this way unreactgdfo-NHS was hydrolyzed and the
carboxylic group regained. The elimination prodwetse separated by dialysis against PBS or
ddH;O.

Antibodies show benefits compared to antibody-fragta like scFv, Fab, and F(ab)
fragments. The presence of the Fc part of the aayilleatures amines, which are not primarily
involved in the antigen binding. Also the Fc paahde modified. For example an amine rich
tag reduces the probability that a lysine, for eghkarin the antigen binding domaine of the
antibody, is coupled, which has an affect on thelinig behaviour of the antibody. Another
possible strategy involves the prior binding of drgibody to an immobilized antigen, which
would shield the antigen binding domain of the laodly during the coupling reaction.

Y- *_.

nanoparliche with
prol=in A

By

nanapartcle wit
shrapiaddin

baatinylated anshody

schema 4illustration of antibody coupling.
1. protein A immobilized on a nanoparticle surfdiads the Fc part of an antibody. DMP allows a Hart
crosslinkage. 2. A bioitnylated antibody is gettimgund by streptavidin, which is immobilized on theface of a
nanoparticle.
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For controlled antibody-coupling the nanopartiates be coupled with a protein, which binds
selectively to the antibody. Protein A, a 42 kDypaptide from the cell wall of the bacterium
S. Aureuscan bind antibody on the Fc part, thus keepireggRab part unaffectéd”. The
binding strength of K = 10/M can be increased by a coupling reaction with edhyl
pimelimidate (DMP) (schema 4, 1.). A further optianthe tetrameric protein streptavidin
(53 kD), purified from the bacteriustreptomyces avidiniiThis protein has a high affinity to
biotin. The dissociation constant {Kof the biotin-streptavidin complex is on the ara
~10™ mol/L. Owing to the strong non-covalent interantidiotinolyated antibodies can be
bound (schema 4, 2.).
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2 Results and Discussion

Concerning (bio-)applications of nanoparticles iQu@ous media, the following aspects
regarding the ligands, which provide the water-sihily are significant: 1. the ligand must be

strongly bound to the nanoparticle surface to enghe ligand remains attached to the
nanoparticle surface to prevent loss of solubilityprevent agglomeration, and to reduce the
potential toxicity of the metal core. 2. the polyns@ould offer a functional group towards the
agueous solution, which should not lead to a cids&letween different nanopatrticles, but on

the other hand allow mild coupling reactions, fistance in protein essential buffer solutions.

2.1 Synthesis and characterization of PBE®CL-b-PEI

To combine all of the requirements of a biocompatilyand, an amphiphilic triblock polymer
was designed, consisting of an poly(ethylene ox{B&0O), an poly(caprolactone) (PCL) and
an poly(etlylene imine) (PEI) block.

Vesicle formation and biocompatibility to the pooftdrug delivery obranchedpoly(ethylene
imine)-graft-poly(ethylene oxide) (PE®-PEI) block copolymers has been demonstr&tgd
23 This polymer has already been applied for phasester of CdSe/CdS core/shell
nanoparticlé§24]. The PEI block allows the interference of the pody with the nanoparticle
surface while PEO permits water solubility.

In the process of work it was determined that enéiigdegree of protection was required to
stabilize quantum dots in water. Therefore the bla@opolymer was expanded by a
hydrophobic segment. Poty€aprolactone) (PCL) was chosen, since it has he#idined in
various biomedical applications due to its bioddgkality and biocompatibility. Poly(ethylene
oxide)-blockpoly(e-caprolactone) (PE®-PCL) diblock polymers have been proven to be
excellent drug carrief8>?*! In aqueous solution these amphiphilic polymemsnfanicellar
structures, in which the crystalline hydrophobiclLP€@re stabilizes the micelle structure and
acts as a micro reservoir for the incorporationigdphilic drugs, while the hydrophilic PEO
corona, which can feature functional grdéPs®*? serves as the stabilizer. Concerning the
insolubility of PCL in aqueous solution, the mieglicore can be treated like a quasi-solid,

which promotes a very low critical micelle concertin>?,
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The synthesis of the PE®PCL back-bone was achieved by anionic and cataliytg opening
polymerisation (figure 7). This method allows agise control over the respective block length
that is a crucial parameter for self assembly @see of amphiphilic molecules. The back-
bone consists of a poly(ethylene oxide) segmenO(jPBne hydrophobic poly(cabrolactone)
block (PCL) and a hyper-branched poly(ethylene enifPE}og), possessing on an average Six
to eight primary amines.
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figure 7: synthesis strategy of the polymer back-bone.

The PEOb-PCL polymer strain was synthesized by polymemsatiof the respective
monomers, while PEI was coupled via CDI activatafnthe terminal hydroxylic group of
PEObH-PEI-OH (reaction equation 1).

(6]
N/\N)’\N/\N
\—/ \—/ PN
R ™ DL, R 2 " e
OH PR \/\O)I\N/\N _— \/\O)I\N/\R
HN \N \—/ HN/\N H
\—/ \—/

reaction equation 1:CDI coupling.

'H-NMR analysis of the CDI coupling of a mono metfiated PEQio with tris(2-
aminoethyl)amine showed evidence of a quantitateation (figure 8), which indicates the

stability of the imidazolyl intermediate during thgdrolysis of the CDI excess.
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“H

figure 8: '"H-NMR (400 MHz, CDC}) of M-PEO-N4

To guarantee a micellar assembly of the ligandaaimum of three PEO-b-PCL chains were
attached per PEI, so that the PCL segment had acolal weight of < 1/3 compared to the
molecular weight of the PEO block. The CDI attachief the polymer chain to the PEI
binding block leads to a distributaion in the numésepolymer chains coupled to PEI. In figure
30 a matrix assisted laser desorption/ionizatioretof flight mass spectrum (MALDI-TOF) of
(M-PEQs0002-PEkoo (20) is shown, which reveals the distribution. In cadethe triblock
polymers no matrix was found to desorb the ligsalno MALDI-TOF measurements could

be performed on these polymers.
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figure 9: MALDI-TOF of (M'PEOzoo&z'PEln)o (20)

The presence of at least 17 ethylene oxide unitegaired to make nanopatrticles effectively
water-soluble. In order to secure an equitabletlenf) the PCL segment, whose significance
will be discussed later, it is necessary to useE® Rvith a molecular mass of at least
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1100 g/mol. Typically PEO with a mass of 2000 g/mak used. No significant advantage was
achieved by enlarging the PEO to a mass of 5000lg/m

By using different initiators, different block lethg, and different PEO-b-PCL to PEI ratios, a
variety of triblock polymers could be synthesizétheir abbreviationsi(- 16) are listed in
chapter 7.2.1.2.5.

b) _ —— @

schema 5illustration of CdSe/CdS/ZnS nanopatrticles coate®BOb-PCL-b-PEI. a) packing b) clarification of
ligand-attachment.

Nanoparticles, which feature a hydrophobic ligandting after synthesis, were encapsulated
during self-assembly of the triblock polymer by @lnog usual ligand exchange procedures,
which usually involve harsh procedures such asipitation of the nanoparticles to remove the
prior ligands. Throughout the coating procedures@néed here the nanoparticles stay in
solution, which simplifies the process and also esathe transfer of nanoparticles to water a
controllable act. An illustration of the packingdaa clarification of the ligand-attachment is

shown in schema 5. A more detailed explanatiomefigand coating is given in 2.2.

2.1.1 Terminal functionalisation of PE®G-PCL-b-PEI

By selecting the initiator for the PEO-synthesigaety of different functional groups (inert or
protected terminal endgroups) can be inserted r@igl). Sterically unprotected esters are an

exception because they would be vulnerable tolatigahe living anionic end of the growing
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PEO chain. So polymers were provided with acefaR-), vinyl groups (V-), andert-butyl-
protected carboxylic-groupsd-) (*H-NMR spectra are shown in figure 10 and figure 11)
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figure 11: *H-NMR (400 MHz, CDC}) of M-PEOb-PCL-b-PEI (green), DP-PE®-PCL-b-PEI (red),
tC-PEOh-PCLb-PEI (blue), V-PEGh-PCLb-PEI (black).

In figure 12 a MALDI-TOF spectrum of DP-PEO-OH isepented. The polymer strand

consists of 18 to 44 units. The polydispersityhdd PEO was determined by SEC to be 1.108
(Mp= 1203 g/mol, M =

1334 g/mol), which is satisfactory for a shoxlymer. The
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distribution of the PEO-length has the advantageabasterminal functional groups of longer
PEO chains protrude on the nanoparticle coatingcElethey are easier accessible, considering

steric requirements.
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figure 12: MALDI-TOF of DP-PEO-OH.

In a final step the endgroups of the PEO blot¢ks DP or V)were deprotected and oxidized
(see

schema 6) to form terminal functional groups, égdroxyl (-OH), aldehyde (-CHO) or
carboxylic groups (-COOH), which allow further cding chemistry to biomolecules. An
alternative approach, which is also shown in

schema 6 is the integration of an oxazoline, wipohduces a carboxylic function by acid

cleavage.
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schema 6:functionalisation of PE®-PCL-b-PEI.
1. cleavage of an acetd, cleavage of &butyl ester3. cleavage & oxidation of a vinyl terminated PEO,
4. cleavage of anxazoline.

The basic activation of the initiator preliminany the PEO synthesis constrains the use of
esters. Most esters are labile to basic solvert® Bulky t-butyl group shields the ester
functionality from hydrolysis. The deprotection thfe carboxylic group can be achieved in
different ways. The-butyl esters are cleaved by moderately acidic dlydis (< pH 43423
But even enzymatic cleavage using porcine livererase (PLE; EC 3.1.13! or a
thermitas&®® offers an option. The mild conversion of the algth of the DP-ligands by
oxidation with sodium chlorite to the correspondamid is another possible alternative.

In addition to those mentioned above, a vinyl (altlgrminated PEO, purchased from Clariant
Functional Chemicals, was produced with the PCL B&dl blocks via the same procedure
stated in the experimental section. The double pbamdich can be verified by NMR
spectroscopy (figure 13) opens the field of clidkemistry and cycloadditions as well as
transition metal catalyzed reactions (e.g. Heclctiea, metathesis) as promising chemical
coupling routes. The electrophilic bromination ¢fetterminal alkene, permitting Suzuki
coupling using catecholborane, is a selective m@actvhere other functional groups are not

effected.
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figure 13: *H-NMR (400 MHz, CDC}) of V-PEOb-PCL-b-PEI (red) and after hydrolysis (black).

Supplemental acidic treatment of the vinyl grougmaqueous solution generates a hydroxylic
group, whilst the urethane group is buried in atgmting, hydrophobic environment. This
terminal functionality allowsnter alia reaction with succinic acid to obtain a carboxygroup
and CDI or epichlorohydrin activation. Also the daiion of the hydroxylic group byp-
iodoxybenzoic acid (IBX)n water was attemptetBX is an oxidant in water-miscible organic
solven?*®, which can be generated from 2-iodobenzoic adiBlAgid)'**. The reduced form

of IBX iodosobenzoic acid (IBA) is oxidized back tive active state using oxonef®. these
conditions, oxone® oxidizes not only IBA (the redddormed of IBX), but also the aldehyde
intermediates into acids. In the presenc®.6feq 2IBAcid and 1.3 egxone® a quantitative
cleavage of the vinyl group could be achieved, Whielded the oxidation to the hydroxylic

group.
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figure 14: *H-NMR (400 MHz, CDC}) of V-PEOb-PCL-b-PEI (green) after IBX oxidation | (red), IBX
oxidation Il (blew), and ), IBX oxidation Il (blagk

The oxidation was conducted under different amowitexidants. In the presence of 0.3 eq
2IBAcid, *H-NMR measurements (sdigure 14 reveal thatccordingto the integrals ~ 50%
of the vinyl groups are still attached to the potymThe vyield is here a rough dimension,
because the size distributions and the overlapigrfats complicate the comparison of the
integrals.It can be concluded that to a certain extent adaiion could be achieved, while the
urea bond remained unaffected and the iodobenpeiciss was separated by purification.
Since it is not necessary to have a carboxylic grom every polymer on the micelle surface,
the results are satisfactory. By increasing thewrnhof 2IBAcid to 0.6 eq or lowering the pH
value to 4.5 respectively a higher reaction yielsvachieved, regarding the priorcleavage of
the vinyl bound.

But the carboxylic function was not assigned digtirely in a*H-NMR analysis (sedigure
14). Calculations based on the increment sy§t&hpresume the signal of the methylene group
next to the carboxylic group to be at 3.55 ppm.sThhe signal is overlayed by the broad PEO
signal Since the proton exchange is slower in DMSO a $igh®.24 ppm in artH-NMR
measuremengseefigure 195 could represent a carboxylic group, concerning plolyether
matrix. **C-NMR measurements show signals at 162.8, 173 akso a signal at 183.8 ppm.
In a HMBC the signal of 173.6 could be ascribethtester carbon atoms of PCL. The signal
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at 162.8 ppm could represent the urea carbon ataitstwthe signal of 183.8 ppm might
document the carboxylic carbon atom.

Unfortunately the proof via FT-IR measurementxasnplicatedby the presence of further
carbonyl species of the polymer. Neverthelessp#igation of the free hydroxylic group must
have been accomplished, because IBX offers a lagttivity, while the partial coiled state of

PEO allows the accessibility of the hydroxylic gosu

in COCI

In OMED

figure 15: '"H-NMR (500 MHz, CDC} & DMSO) of HOOC-PEQs-PCL-b-PEI.

The functionalisation of PE®-PCL-b-PEI enables a plethora of coupling reactions to
biomolocules. A few examples include peptide coupland Suzuki coupling. Since the

functional groups are terminal in the hydrophiliclymer segment and due to the physical
behaviour of PEO they are been presented towardgheous phase of the micelle (schema 7).

This allows the coupling to further (bio-)molecules

)i

schema 7: functionalisation of PE®-PCL-b-PEI.
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The length of the PEO-segment promotes the fleiibdnd accessibility of the protruding

protein, which is conformationally restricted whitgeracting with biological molecules such
as antibodies.

2.2 Ligand exchange with PEGPCL-b-PEI

As described in the experimental section (7.2.1i@and addition with the triblock polymer is
a very easy and versatile procedure, which involwaly ligand and water addition and the
removal of THF. The driving force for this exchangeaction is strongly enhanced by

amphiphilic interactions of the ligands in the fibéocompatible particles.
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figure 16: FT-IR measurements.

The new ligand produces a robust coating not oglyhle multi-attachment of the amines on
the nanoparticle surface dueiter alia electrostatic interactioK8®, but also by hydrophobic
interactions of the PCL segments of different chaas well as with the octylchains of TOPO
ligands, which are present on the nanoparticleaserfAdditional hydrogen bonds between the
ester groups of the PCL part with the amines of @Bure 16) as well as the tendency of the
PCL-segement to reduce its surface area towardagheous solution support the rigidity of
the polymeric coating. Its endurance is mirroredhi® absence of degradation in the presence
of lithium borohydride (LiBH) even at elevated temperatdt& Shuaiet al’*® have already
demonstrated inter- and intramolecular cross-liekbgtween the hydrophobic PCL part with

PEI in vesicles, reflected by higher glass traosititemperature(Tg) values in DSC
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measurements. Like the research group of Sétual the FT-IR measurements of DP-PBO-
PCL-b-PEI (10) presented here feature a stretching absorptiod bathe PCL ester carbonyl
groups, which are hydrogen-bonded to the amineEdf .

The tight packing of the TOPO/PCL-part around th@aparticle surface in turn utilizes the
mentioned interactions and protects the nanopestifiom the outer milieu. In this way the
amines are also protected. Unbound ligands alsm foricelles, thus affecting the size
distribution of the hydrophilic to hydrophobic blocThe PCLb-PEI fragment has a size of
~1/3 of the whole polymer. PEO has an increasedmeldue to its stretched coiled state and
solvation shell. Considering the nucleophilic clitea of amines, the shielding prevents the
amines from undesired interference during, for eplanpeptide coupling reactions.

To understand the effect of the triblock polymer e nanoparticle, ligand addition to
CdSe/CdS/znS core/shell/shell nanoparticles wamvweld by nuclear magnetic resonance
(NMR) experiments. To observe changes, unbound TOd@Dd from the prior nanoparticle
solution had to be removed. Therefore the nanapestiwere purified of TOPO ligands as
much as possible by repeated precipitation withhanradl. However, a certain amount of TOPO
and TOP ligands on the nanoparticle surface aressacy for solubility of the nanoparticles in
CDCls, so the purification was done carefully. To avsighal overlaps a new ligand with a M-
PEQ 100 chain and tris(2-aminoethyl)amine (-N4) as anchmup had to be prepared. The
correspondingH-NMR spectrum is shown in figure 137.

'H-NMR measurements were performed with the purifietioparticles (figure 17, buttom).
The signal broadening and partial overlap of thahylene groups close to the P atom at
1.5 ppm of the TOP and TOPO ligands arises fronstegc hindrance to relaxati6t’. After
each addition of a 25 fold excess of MPEO-N4 ligrs)l and incubation time of 20 minutes a

further'H-NMR spectrum was measured.
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figure 17: *H-NMR (200 MHz, CDC}) of CdSe/CdS/ZnS coated by TOP/TOPO in the prooé$d-PEO-N4
ligand (@8) addition. In each step a 25 fold excess of ligangportional to the amount of quantum dots was
added. The bottom spectrum (0x) shows TOP/TOPCedagtantum dots.

In the procedure of ligand addition, the TOP/TORghal shifts from 1.5 to 1.9 ppm (figure
17, yellow highlighted), accompanied with a broadgrof the signal.

The NMR measurements were performed in solutior Mlovement of the TOPO molecules
relative to the particle movement leads to aveigqgi@auses for this effect might include
changes in temperature, pH, diffusion and concgotraChanges in the equilibrium of the
ligand binding could also lead to a shift of thgnsil. Exchange spectroscopy (EXSY) to
analyse proton exchange and diffusion ordered spdpy (DOSY) to analyse ligand-
attachment must be made for a more detailed exjtena

The fact that the separate signals of the methyteatons next to the P atom do not emerge
implies that the TOP/TOPO molecules do not detasin fthe surface. The broadening of the
signal related to the impeded relaxation, which hhige due to the steric requirements,
corroborates this conclusion.

The steric oppression of the TOP/TOPO ligands mabtvd the alkyl-chains into the less
shielded region of the magnetically anisotropic ggffone oxide (schema 8), thus causing
nearby protons to shift downfield (to highievalues).
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schema 8:structure ofTOPO.

The contributiono to the shielding of a nucleus by induced paramtgrarcle currents
parallel to the axis of the double bond can hav&tppe or negative values. The dependence is
clarified in formula 25 and divided in three fadothe anglé between the assembly vector
connecting nucleus to neighbour group and the ekithe neighbour group, the magnetic
susceptibilityy parallel and perpendicular to the axis of the lnleayr group, and the distance r
from the nucleus to the neighbour group.

1-300§8j (28)

o(neighbour)] fQ'XD)(T

Formula 25 entails an angle-dependence of 54° < 144° in which the term 1-3c®sis
positive, otherwise negative. In accordance withrégsults, free TOPO molecules show af
55-60°. A compression of the alkyl chains (< 54firefore leads to a notable negative
shielding of the nearest methylene protons, whelets/excitation energy (higher frequencies)
is required. Consequently a signal-shift to higbgm values is observable.

This effect could be supported by changes in thdibg behaviour of TOPO. The dative bond
of P=0O to the nanoparticle surface could be stegtciThis might increase the double bond
character of P=0O and in turn increase the anispt{eghema 9).

7

schema 9:TOPO binding to zinc atom.

These results point to a close assembly of TOP/T@®(@cules and new ligand on the surface

of the quantum dots. The more densely packed araegt increases the van der Waals forces
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between the polymethylene chains of the TOP/TOB@Ntis, described by Youmg al®*®, as
well as with the new polymeric coating. Transfegrihese concepts to the ligand addition of
PEObH-PCL-b-PEI to a nanoparticle surface, where even moreQ @Roresent, a really close
hydrophobic polymeric barrier around the nanoplartican be assumed. Along with an
increased stability of the nanocomposites the pehgncoating should assure a reduced
cytotoxicity. The inert PEO ensures the steadinefsthe structure against biological
degradation. This is highly relevant, because tGe-Begment is biodegradable. Furthermore,
the PCL block next to the TOPO layer also shieldggins or other molecules, for example,
coupled to the PEO block from adsorption at theoparticle surface. In case of antibodies an
interference with the metal surface could lead tiematuration of the antibody.
Thermogravimetry (TG) measurements of dialysed @d&e/ZnS quantum dots encapsulated
by M-PEOb-PCL-b-PEI (1) (QD/P 1:200) indicate a high rigidity of the lighat temperatures
below 200 °C. In this range no loss of mass wagatied. Degradation is initiated above
240 °C.

figure 18: TG measurements of CdSe/CdS/ZnS QDS coated wiHERd-b-PCL-b-PEI (1) (QD/P 1:200).

According to the TG measurements 76% of the malestsip to a temperature of 600 °C. The
residual 24% should mainly belong to inorganic mate With the assumption that the
core/shell/shell nanoparticles, which have an ay@@iameter of 5 nm (volume = 65.4 Hm
are individually encapsulated and consist of ma@dGe (density = 5.67 g/&nthe remaining
ligand to quantum dot ratio can be calculated. Tiweoparticles have a weight of 3.71 40
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g. Based on the 76% loss of mass observed, thaiorgeterial per nanoparticle has a mass of
11.7 - 10° g. One ligandi (M = 6700 g/mol) has a mass of 0.11 *4@. Thus each
nanoparticle possesses 106 ligands. This numbgisisa benchmark, because of the above
made approximation and negligence of the remaihydyophobic ligands (TOP/TOPQO) from

the nanoparticle synthesis.

2.2.1 Fluorescence and stability in water

The tight packing of the PE®PCL-D-PEI ligand on the surface of nanoparticles results
highly fluorescent quantum dots in aqueous solstidn figure 19 are the absorption and
emission spectra of CdSe/CdS/ZnS nanoparticlesedoatith ligand 8 and ligand 9
(abbreviations are listed in chapter 7.2.1.2.5lifferent quantum dot to ligand ratios (1:200,
1:250, 1:350). The exciton peak in UV-vis spectopgcwas observed at 580 nm and the
emission maximum at 594 nm. During the ligand additand phase transfer to aqueous
solution the first absorption maximum stays cortstahowing no amine etchirf¢f?. At the
same time, the emission maximum shifts 7 nm tadlde thus increasing the Stokes shift from
14 to 21 nm.

—— CdSe/CdS/ZnS coated with ligand 8 1:200 in H,0 — Rh-6G for QDwith ligand 8 (QD:P 1:200)
0,157 ——— CdSelCdS/ZnS coated with ligand 8 1:250 in HO B 800+ 22'22 IO’ QBW!‘E :!gang g (QBfE ifggg)
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——— CdSe/CdS/znS coated with ligand 9 1:200 in H,0 r Rh-6G for QDwith ligand 9 (QD:P 1:250)
c CdSe/CdS/znS coated with ligand 9 1:250 in H,0 600 —— Rh-6G for QDwith ligand 9 (QD:P 1:300)
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figure 19: CdSe/CdS/ZnS (QD) coated ty-PEOb-PCL-b-PEI 8 & 9) in water. a) absorbance spectra
b) emission spectra. QD:P abbreviates the quanttrtogolymer ratio.

CdSe nanocrystals have been shown to exhibit smkesmisnt”, where local dielectric
properties and interactions with the surroundingrimanfluence the nanoparticles optical
transition energy. In the present system this effeminimized because the micelles provide a
local chemical environment similar to that of théial organic solvent.

Electrostatic interactions compounded by changethéndielectric constant surrounding the

nanoparticle may result from THF, which is alsosagr@ inside of the micelle. THF is a more
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polar solvent than chloroform and can therefordebedtabilize electrons in trap states, thus
leading to longer dark-states of the nanoparticideed, compared to the TOP/TOPO coated
nanoparticle in chloroform the ligand addition ahd transfer in aqueous solution resulted in a
small drop in quantum vyield of up to 20% (figure).20his is the same value which is been
observed by transferring TOP/TOPO coated quantut® fdom chloroform to THF (stabilizer

& contamination in THF have a high effect on theugwm yield of quantum dots). A further
drop in the process of phase transfer from THFdatewwas not observed.

A —— QD coated with B .
0,10~ ; DA, 500+ —— QD coated with
!'gi'”dog (QD:P 1:200) ligand 9 (QD:P 1:200)
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0
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figure 20: comparison of CdSe/CdS/ZnS (QD) after synthesthlaroform and coated Z-PEOb-PCL-b-PEI
(9) in water. a) absorbance spectra b) emission igpect

To examine the stability of the nanocompositeslatidn series was performed. The dilution
leads to a change in the equilibrium of the ligabdsveen the bond and unbond state. With
increasing dilution more and more ligands go oveo ithe unbond state, unless the ligand
binds strongly to the nanoparticle surface. Thes lo§ ligand correlates with the loss in
guantum yield. Does the ligand shell stay unaféthe quantum yield should stay constant.
Dilution of a 124 pmol/mL concentrated solution dowo 2 pmol/mL (figure 21 A) and a
197 pmol to 3 pmol dilution series (figure 21 Bpaled no decrease of the quantum yield even
after a time period of three hours. Since the altsofjuantum yield fluctuates between
different ligand additions, two different liganddiions were performed and the intensities of
each sample were compared to that of the highestetdration, which was set equal to 1. The
results for both dilution series are identical. Tienoparticle stayed in solution even in the

lowest concentration.
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figure 21: Emission spectra of CdSe/CdS/ZnS coated@PEOb-PCL-b-PEI 8) in water. The dilution was
arranged in 10 mL volumetric flasks. The inspediofthe used cuvettes with pure water showed rieston at
all.

The lowest concentration yielded a colourless swiut Under UV-light the uniformly
distributed fluorescence in the cuvette could ns&his illustrates the rigidity of the triblock

polymer shell.

2.2.2 Fluorescence in biological buffers

In a further set of experiments the fluorescenabilty in typical cell buffers and media was
investigated. In buffer solutions salts and sudatg like SDS, EDTA and EGTA are present,
and these could have an impact on the solubility the optical behaviour of the
nanocomposites. Therefore CdSe/CdS/ZnS quantum waets encapsulated via a 200 fold
excess of the respective ligand 4, 6, 7, 8, 9, 12, 13, and17; abbreviations are listed in chapter
7.2.1.2.5) and transferred into water. The solutias cleaned by use of a 0.2 um PTFE-filter.
From this stock solution the same amount of narimbes (50 puL) was redissolved in several
different buffer solutions (1 mL). These were inatddl for three hours. In figure 22 the
fluorescence intensities are compared for diffetegands in different buffer solutions. The

integral of the emission of the nanopatrticles irgd is set equal to 1.
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figure 22: Buffer test of CdSe/CdS/ZnS nanoparticles, witledént coatings.
Repeat determination of the area of the emissiakgpef CdSe/CdS/ZnS nanoparticles coated by M-BEGL -
b-PEI (1, 2), DP-PEOb-PCL-b-PEI (12, 13), tC-PEOb-PCL-b-PEI @, 7, 8, 9) and M-PEOL-PEI-DDA (17) in
water, 1XMOPS SDS, 50 mM Tris HCI pH 7.4, DPBS &3Ga& MgCl,, 0.5 M NaCl, 0.1 M EGTA pH 8.5, 0.1
M EDTA pH 8.5, PBS pH 7.4. Abbreviations are listecchapter 7.2.1.2.5.

The results clearly indicate that the particlesrarearkably stable in all buffer solutions. Only
in some cases a slight decrease in fluorescenca@ffoccurs. As expected no influence of the
terminal endgroup at the PEO moiety is observed. flirther recognized that the PCL to PEO
ratio can be modified over a rather broad range31for ligand2 to 1 : 14 for ligand and?7)
without significant changes in the stability. Ims® cases the quantum yield is even higher in
the presence of buffer solutions like ethylene glytetraacetic acid (EGTA) as compared to
water.

To further evaluate the impact of the PCL blocktloa fluorescence properties of the quantum
dots, control experiments with PBIPEO diblock-copolymer ligandss — 22 wereperformed,

in @ manner very similar to those described inrené publicatioff*”. Ligands1s — 22 are the

analogues to ligands—5, but do not contain the hydrophobic PCL segméirits.ligands were
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added to the quantum dots in a QD/P ratio of 100 i® chloroform. After precipitation with
heptane the nanoparticles were dissolved in water.

figure 23 shows the results of the respective bu#fsts. Whereas these particles exhibit high
fluorescence intensities in water, which are comiplarto those of the triblock-copolymer they
lose a signficiant fraction of their luminescen@bese experiments impressively demonstate
the importance of the hydrophobic PCL moiety withie ligand shell for biostability of

guantum dots.
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figure 23: Buffer test of CdSe/CdS/ZnS nanoparticles, witledé#nt coatings.
Repeat determination of the area of the emissiakgpef CdSe/CdS/ZnS nanoparticles coated by (MP&z84)
(18), (M-PEQ:0003-PEh0o (19), (M-PEQGs00)2-PEkoo (20), (M-PEQx002-PEl23 (21), and (M-PEQi0g)2-PEkoo (22)
in water, tris borate EDTA 10x pH 8.3, DPBS & Ca&IMgCl,, 0.1 M EGTA pH 85,1 M EDTApH 85,1 M
NacCl, PBS pH 7.4, 50 mM Tris HCI pH 8.0. Abbrewviats are listed in chapter 7.2.1.2.5.

The reason for the quenching is the absence ohydeophobic shielding and the far lower
stability of the arranged nanocomposites due touthi@indered displacement of the ligands.
The ligand containing only two primary amines pgahd exhibits (M-PEQoq1-N4 (18) the

lowest bond strength to the nanoparticle surfadbé@fpplied ligands.
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2.2.3 Self assembly to multifunctional beads

As recently demonstrated, amphiphilic nanopartiekes outermost PEO blocks can undergo
thermodynamically driven self assembly processé® lamphiphilic moleculéS®. In
particular, the formation of cylinder micelles, yabhched networks and vesicular structures
was observed by controlling the packing parametbichvreflects the ratio of the volume
fractions of hydrophobic and hydrophilic moieti&se triblock-copolymers used here can also
undergo self assembly to micellar structures in dbsence of nanoparticles due to their
amphiphilic properties. When hydrophobic nanophes are present they will be encapsulated
and may even serve as nucleation site for smalkliex by binding the PEI block of the
triblock-copolymer at its surface.

The formation of these individually encapsulatedtiples (beneath empty micelles) is
favoured by a large polymer to particle ratio (it in schema 10). If, however, this ratio is
gradually decreased the amount of ligand will fipado longer be sufficient to encapsulate
each particle individually. In this case, largercelies will be formed, each encapsulating
several particles (route B in schema 10).

schema 10encapsulation of nanoparticles in one PE@CL-b-PEI micelle.

Representative TEM images of M-PECRCL-b-PEI (2) micelles are shown in figure 24. The
raspberry-like micelles contain on average twerlyaparticles.
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figure 24: CdSe/CdS/ZnS coated by ligand M-PBGCL-b-PEI (2) in water.

Contrary by increasing the nanoparticle to ligaatibrthe total PEO surface, which is directed
to the aqueous medium, declines. At a certain amaoah enough ligands are available to

stabilize the total surface of all present nanoglag. Accordingly the nanopatrticles close ranks
to minimize the surface toward the solvent. The sgwcture could be promoted by the ligand,
through the hyperbranched binding side, which alewsingle ligand to bind to more than one
nanoparticle. This effect is illustrated in figuPd. The TEM image shows CdSe/CdS/ZnS
guantum dots encapsulated in M-PB®CL-b-PEI ). Obtained micelles show a diameter of
the hydrophobic segment of ~30 nm, wherein ~30 pariitles are embedded. By decreasing
the quantum dot to ligand ratio from 1:400 to 1tB& micelles increase their hydrodynamic
diameter from 27 nm to 117 nm (intensity applicatiaccording to dynamic light scattering

(DLS) measurements (figure 25).
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figure 25: DLS-Intensity distribution of CdSe/CdS/ZnS coatgdPEOb-PCL-b-PEI (10) with different quantum
dot to ligand ratios (QD/L) in water.
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This size range is reasonable considering the expanof the ligand in water and the

additional solvation shell. TEM images corroborite presumption of single nanoparticles
concerning a quantum dot to ligand ratio of 1:4fi§u¢e 26). Some domains of aggregates on
the grid may be ascribed to evaporation effectwatker. Decreasing the nanoparticle to ligand
ratio of 1:300, 1:200, and finally to 1:100 demoatds the growth of micelles and the

increasing number of nanoparticles encapsulatadsingle micelle (figure 26).
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figure 26: TEM images of CdSe/CdS/ZnS nanoparticles coate ligiand10 after evaporation of the previous
solvent water.

The rate of water addition to THF solution, in whithe nanoparticles and the triblock
polymers are present, during phase transfer as \wsll the concentration of the
THF/nanopatrticle solution offers a secondary cdntfothe size of the micellar structures.
Schabaset al®®!! determined that the faster water is added therfaslf-assembly occurs,
which results in a corresponding decrease in meaticle diameter. Same results were
achieved using the triblockpolymer.

The versatile options of the unique ligand haveo d®en demonstrated in case of InP
(synthesized by Tim Strupeit), PbS (synthesizedCbpstanze Schliehe), Au (synthesized by
Michael ljeh), FePt (synthesized by Hauke Hell€®Q, (synthesized by Ulrich Tromsdorf),
NiPt (synthesized by Dr. Kirsten Ahrensdorf) GdRd NaYF particles (both synthesized by
Dr. Volker Bachmann). Single as well as multi naardigle micelles could be formed by
varying of the nanoparticle/polymer ratio duringaind addition (figure 27).
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figure 27: TEM images of NiPt nanoparticles coated with tlitddck polymer after evaporation of the prior
solvent water.

The conclusion can be made, that the ligands doake demands in terms of nanoparticles. In
the ambit of fluorescent nanoparticles the ligam@ampatible with a wide range of different
shell materials of the cores. Thus a diverse deleadf CdSe as well as CdSe/CdS or
CdSe/CdS/znS nanopatrticles could be solubilisetater easily and quantitatively.

It has been reported that clustering of superpagaet&c magnetite nanoparticles results in
higher saturation magnetization than that of irdlinal ones because of the interaction between
the assembled nanopartiéféd. TEM-images of encapsulated magnetite nanopastigigure

28) show the versatility of the triblock-polymerasigand for such purposes.

Magnetite nanoparticles are a promising materialmagnetic resonance imaging (MRI)
contrast agents as well as for applications fik@gnetic separation, drug delivery, and cancer
hyperthermi&>*%"1 The controlled packing of magnetite nanoparticlestherefore an
important achievement.

QD:F 1:100

OD:F 1: 100

Soom 20 nm
S - =  ——

figure 28: magnetite nanoparticles coated by lig&nafter evaporation of the prior solvent water.
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Park et al®®® published prospects using PEO-phospholipid miselehich contain mulitple
different kind of nanopatrticles, whereby a comhborabf properties is achieved. In the case of
guantum dots with their optical properties and SW3Owith their superparamagnetic
properties, a nanocomposite is created that is l&meously detectable via fluorescence
spectroscopy and magnetic resonance imaging ({5 Those multifunctional
nanoparticles open up a wide field of application Biomedical imagingn vivo andin vitro,

even having the potential to integrate therapeand diagnostic functions into a single
nanodevicB®” 2°¢ 262"l preyiousin vitro studies have demonstrated that drug molecules and
magnetic particles can be incorporated within aeftécto enable the corroboration of drug
delivery by MRI** %!

catalyst (enzymes, conducting molecules
arganomatallic F {antibodies. peptides
compounds ate.) carbohydrates, ete.)

further markers

agents (drugs)
g o= (radioactive etc.)

schema 11PEO-b-PCL-b-PEI micelles containing different naaicles.

Micellar structures were also obtained, which contlfferent nanoparticles like quantum dots
in combination with Fe@Q NiPt, or GdPQ particles (schema 11).

Since the ligand encapsulation is a rather germpploach it can also be applied for the
formation of multifunctional beads. In order to dmmstrate this 22 nm large Fe@nd 8 nm
NiPt, nanoparticles were co-encapsulated into micellanbeads using DP-PE®PCL-b-PEI
(12). Due to the difference in size and contrast dasling of micelles with a mixture of these

particles is easily recognizable in TEM (figure 29)
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figure 29: TEM images of FeQ(diameter ~22 nm) and NiPt (diameter ~8 nm) nantages coated with ligand
12 after evaporation of the prior solvent water.

Other combinations of particles are, of coursep @scessible by the described procedure.
TEM images of DP-PE®-PCL-b-PEI (12) micelles containing CdSe/CdS/zZnS (QDs) and
NiPt nanoparticles are shown in figure 30. Fromdlfferences in the lattice and the contrast it
is easy to distinguish the presence of both kifdsaoparticles in each micelle. The raspberry
shape of the micelles was not maintained on the &ML The reason for this might be the
major difference of the FgCand NiPt nanoparticles, their different surfagatids and the
different affinities of the amines of triblock ligd 12 to the different nanopatrticle surfaces.
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figure 30: TEM images of CdSe/CdS/ZnS and NiPt nanopartiadesed with ligand 2 after evaporation of the
prior solvent water.

The fluorescence quenching of CdSe/ZnS nanopastinlehe presence of superparamagnetic
FeQ, which has been debated in literatti® could also be observed in the case of
CdSe/CdS/znS, which were packed together with,Fedoparticles inside the micelles. This
is an indication that the inorganic shells of théS& nanoparticles, viz. CdS and ZnS shells,
can be further improved and underlines the chadlemigthe ligands to stabilize the quantum
yield.

Using triblock-polymers and coupling strategiest ooly is encapsulation within one micelle
possible (schema 11), but it also spacing at cedatances from the surface is feasible by
coupling strategies (schema 12). Such multifunetiaranocomposites should overcome the
obstacle of other hybrid nanosystems, owing torthigih stability. In particular in vivo cancer
imaging and hybrid therapy nanosystems have showrstability or short systemic circulation
timed?’> 23 First attempts involved the subjection of SPICisa ligand addition with a
carboxylic-functionalised triblock ligand and edieation with quantum dot containing
micelles with terminal hydroxylic group. Anothegédind (chapter 2.3), which offers a higher
multiplicity of functionalisation and consequentbpupling strategies, was used for this

objective.
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schema 12nanocomposite of magnetic nanoparticles and quadbts

The new triblock polymer not only allows a simpkeategy to achieve a phase transfer of
nanoparticles from organic into agueous media, dis® accomplishes a dense and stable
coating, which offers functional groups accesshwaqueous medium. In the domain of nano-
architecture among the constructing of superiarcstires all the way to meta-structures the
multifunctional nanocomposites can certainly beigged with further markers like radioactive
compounds*fF), conducting molecules, catalysts, and drugsefsehl1).

Multifunctional beads offer easy route to molecul@mnaging combinations like e.g.
fluorescence imaging and MRI or MRI and positronission tomography (PET). Such
combinations are currently under development siheestriking features of each technique like
high sensitivity, high special resolution or higimiporal resolution can be combined into a new
quality of imaging.

Moreover, such multifunctional nanobeads open eppibssibility to integrate therapeutic and
diagnostic functions in a single nanodetfite °* 252" previous in vitro studies have
demonstrated that drug molecules and magneticcfggrtcan be incorporated within a micelle

to enable the combination of drug delivery with M&f°!

2.2.4 Binding motif RR*N(-C(S)S)

The bond strength to the nanoparticle surface eaadvanced easily by amplifying a part of
the amines with carbon disulfide (g Swhich is illustrated in schema 13. The obtained

bidentate chelating carbodithioate (-C($)8xhibit a significant enhanced stability against
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photooxidation, which is a handicap of other thigjand$*’*?"®. The photooxidation is

accompanied by the formation of disulfides, whigkads to the precipitation of the

nanoparticl&’".
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schema 13.CS, approach.

According to the amount of amines per ligand tigarid was incubated with carbon disulfide
in an eight fold excess for one to five minutesiluhe nanoparticles were added. The results
show especially in the case of PBREI ligands a better stabilization of CdSe/CdS

nanoparticles.

2.2.5 Binding motif PEI-(DDA) g

The binding motif of PEQ-PCL-b-PEI can be converted into single alkyl chains.igahd
(-DDA) has been developed by coupling dodecylammes the amines on M-PEO-PEI via
urea bonds. The aliphatic dodecylchains act aefsgvhich grasp into the TOPO-surface of
the nanopatrticles (schema 14). Consequently thidl contains hardly any primary amines.
This modification is also adapted for the PE@CL-b-PEI ligand.

schema 14illustration of ligand M-PEO-PEI-DDAI(7).
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The comparison of the DDA modified ligand with theor PEOb-PEI ligand in*H-NMR

measurements indicates the absence of primary araimethe presence of the dodecyl chains.

. ; H . H - -
H_I_._\_: ,:—u__vl.:i}/ﬁ_‘rf__.JH_l_r-Hﬁ_F__. .H“_._.-"-\.H”-__. M I“'|" L
n

-] (=]

{MPED 0, }-PEL - OCHA,
MPED,,,.}.FE

figure 31: '"H-NMR (400 MHz, CDC}) of PEOb-PEI in comparison with PEG-PEI-(DDA);.

The ligand addition was achieved in the same wawi#s the triblock polymers. A highly
close packing occurs by using this new M-PE®EI-DDA ligand (figure 32). The TEM
images document the stable architecture of thellaidermation, which obviously is rugged
under high vacuum. The packing is so close thah @azking layers can be seen (figure 32,
picture 1). This documents the firmness of hydrdpbtanteractions and van der Waals forces
between the polymethylene layers of the ligand B&&O, which needn’t be removed like in
typical ligand exchange procedures.
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figure 32: TEM images of CdSe/CdS/ZnS nanoparticles coatddREO-PEI-DDA (L7) in water.

Similar to the ligand addition withC-PEOb-PCL-b-PEI (6-9) the new M-PE(s-PEI-DDA
(17) coating and the transfer to water produces arase of the Stokes shift from 14 to 20 nm.
The exiton peak in UV-vis spectroscopy (figure 38jnained at 580 nm and the emission
maximum shifted from 594 nm to 600 nm, which canalteébuted to the change due to the
dielectric constant of the solvent (CHGh THF) in the environment of the nanoparticles.
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figure 33: absorbance spectra (a) and emission spectra (J®€/CdS/ZnS quantum dots (QD) coated by M-
PEO-PEI-DDA (7) in water.

DLS measurements show a hydrodynamic radius of niwmae 70 - 180 nm (figure 34).
Diminishing the polydispersity of the polymers anddifying the phase transfer should lead to

micellar structures of smaller sizes and size range
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figure 34: DLS-Intensity distribution of CdSe/CdS/ZnS coatgdiand M-PEO-PEI-DDA 17) with different
guantum dot to ligand ratios (QD/L) in water.

It is noteworthy that the close packing does ngrdee the remarkable quantum yields of the
nanoparticles. Thus, the nanoparticles exhibit akipg which isn’'t identical with
agglomeration. Agglomeration appears in the abseheecertain amount of ligands., This is a
drawback which can arise, for example, when TORfankis are removed during ligand
exchanges in which the binding group of the newrd) has to interfere with the nanoparticle
surface. The direct contact of the nanoparticladdeo a darkening of the sample, a quenching
of the fluorescence.

This ligand has already been equipped with funetigmoups like carboxygrouptd-) to yield
the opportunity for applications in case of couglmreactions. An additional PCL segment can
be introduced, which supplements the dodecyl-fisger

Hence, the multilateral accoutrement and transiirabf the ligand to various nanoparticles
opens a potential and manifold way to implemenboparticles not only in biological systems.

2.2.6 MMA polymerization in the presence of QDs

For cryogenic temperature measurements quantumhdets to be embedded in a polymer.
CdSe/CdS/ZnS quantum dots were coated with thexdgg, 9, 12, and17. The hydrophilic
ligand shell allowed the dissolving in methyl mettydate (MMA) and polymerisation in

blocks (figure 35). The radical polymerisation désaiin no decrease in quantum yield.
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figure 35: MMA polymerisation in the presence o QDs.

The federal office for materials research (Bundgmatur fir Materialforschung, BAM) in
Berlin was provided with the quantum dot/MMA blocksd is currently investigating the
optical behaviour of quantum dots.

2.3 Synthesis and characterization ofPREO & PI-N3

In cooperation with Steffen Fischer from the resbagroup of Prof. Stephan Forster an
advanced ligand system was developed. Steffen éiisglynthesized therefore various
amphiphilic block copolymers, which consist of aterainsoluble poly(isoprene) (PI) block
and a water soluble responsible poly(ethylene g i@EO) shell or corona (figure 36).

34 1.2 1. 4-¢ls
1.4-trans

figure 36: structure oPI-b-PEO-OH.
The synthesis of the Pl block was achieved by aaipalymerisation and the PEO back-bone

by anionic ring opening polymerisation, which is ideal method for the synthesis of block
copolymers with a narrow molecular weight distribntand well-defined block structfé”,
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The anionic ring polymerisation leads to a Pl blot&inly consisting of the isoprene units of
the isomers 3.4 and 1.2. Such units offer a terhtoable bond. In figure 37 th#d-NMR of
PI-OH and PI-b-PEO-OH are shown. The generationthef 1.4 isomer is mostly not
observable. Due to signal-overlay the presencé®flt4 isomer couldn’t be excluded totally.
Thus the 1.4 Pl units were also stated in the NM&\&ses in the experimental section.
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figure 37: 'H-NMR (400 MHz, CDC}) of Plg;-b-PEQ,1-OH (red), Pk;-OH (blue), and Ri-N3 (black).

Such lipid-like block copolymers form micell&S2%Y in dilute solutions via self-assembly.
Their shape depends on the aspect ratio of thebteaks. Large hydrophilic weight fractions
(fonit < 60%), represented by the PEO-block, form therel@spherical micelles in water. This
structure is adopted because it minimizes the coraiea between non-polar tails and water
and thus reduces the positive free energy assdoith the hydrophobic effdét?. Their size
depends on the aggregation number (2), i. e., theber of block copolymers in a micelle,
which is determined by the length of the polymeckE?®®. This is governed by the scaling
lawf?®* 28517 = Z/NA“Ng®, whereo = 2 andB = 0.8. In this equation N typifies the degree of
polymerisation of the appropriate block, a starastiie soluble block, and b for the insoluble
block. Z, mainly depends on the enthalpy of mixing betwdenihsoluble polymer block A

and the solvent.



Results and Discussion 61

2.3.1 Terminal functionalisation of R-PEO

Among the tailoring of size and composition of theellar structures, the characteristics of
the new ligand allow manifold functionalisation ad&rgies, which will be subsequently
discussed. The integrated terminal functional gsoapfow miscellaneous functions for the
attachment of further molecules (additives) suclrags, dyes, catalysts a.s.o.. Because of the
large variety of functional groups which could li®ehed, the additives can be coupled before
ligand addition as well as after micelle formatiia self assembly, which facilitates coupling
routes in organic and inorganic solvents. This les a plurality of chemical reaction routes.
Moreover, the use of different functional groupsaldes the selective and simultaneous
attachment of different molecules via different pling strategies.

The functional groups also lead to diverse intéoastin biological media. Different charges
may be incorporated on nanoparticle and micellspeetively under physiological conditions.
For instance positive charges assist the uptakgnpyhocytes.

For functionalisation the presence of just one teamhydroxylic group of Pb-PEO-OH on
the block copolymer is preferable. This allows staightforward attachment of a multiplicity
of functional groups without the integration of fction groups and without an influence on
later ligand addition procedures with nanoparticthging self-assembly. Common PEO

functionalisation strategies can be adof5téd "]

Implementation of an assortment of
functional groups is shown in figure 38.

During the synthesis of the block copolymer carliexyroups were inserted into the BPEO
ligand as protected ethyl esters in the procespobfmerisation abruption by aborting the
polymerisation with ethyl 2-bromoacetate. The ethigr can be hydrolyzed before ligand
addition by hydrolysis in 0.5 M NaOH at room tengiere. Alternatively the hydrolysis can be
catalyzed enzymatically by pig liver estetd&eor thermitasé®®.

The hydroxylic group, which is gained by terminatiof the polymerisation via an acid, allows
modifications (figure 38), which again allow thaaahment of molecules before and after

ligand addition.
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PI-PEG—OH coupling with amines to imines,
reactions with grignard/lithium reagents
o T coupling to isothiocyanate
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figure 38: assortment of functionalisation strategies.

One alternative to attach a carboxylic group onRE€® block was achieved via the reaction
with succinic anhydrid&®2°] The nucleophilc ring opening reaction of the:HPEQy1-OH
with succinic anhydride was catalysed by the StbgHofle catalyst 4-Dimethylaminopyridine
(DMAP). Based on proton migration the proton of taeboxylic group is hardly detectable in
nmr spectroscopy in the range of 11 ppm. Nevertiselehe methylene protons could be
detected (figure 39-1.).
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figure 39: 1. 'H-NMR of Pl;-b-PEGy;;-OH in comparison to Rb-PEG,;-COOH (500 MHz, CDG).
2. FT-IR of Pk-b-PEG,;-OH in comparison to R}b-PEQ,;-COOH.

The methylene stretches of poly(ethylene oxide) amathylene and methyl stretches of poly(isopremngear
between 2,983 and 2,780 ¢nwhile additional deformations of methylene emeatid,466 and methyl at 1,340
cm®. Also prominent is the =C-H out-of-plane wag at&hi*. Smaller but distinctive peaks exist at 3,076'cm
for the =C-H stretch, 2,745 chior the overtone of the methyl deformation and 2,641 for the C=C stretch.
The C-O stretch, regarding poly(ethylene oxid) sy and appears at 1,114 tnmwhereas the methylene
stretches appear at 2790tm

Fourier transform spectroscoglfT-IR) shows a characteristic vibration at 1735*cmwwhich
can be assigned to the carboxylic group evoked Hyittjing with the ether functions of
poly(ethylene oxide) (figure 39-2.).

Carboxylic groups are chelating agents which fanegle can interact with magnetite surfaces.
In this case the hydrophobic, crosslinkable Pl-sagnand the prior encapsulation irgdM3
shows an advantage over other ligands due to tttetat the hydrophilic PEO segment is
always exposed to the aqueous phase and an imberast the carboxylate with the
nanoparticle surface is prevented by the Pl segment

In connection with coupling strategies in orgarotvents a pentafluorophenyl active ester was
synthesized from R+b-PEQG,;-COOH using pentafluorophenyl trifluoroacetate. freduct
could be identified by*H- and *°F-NMR (figure 40-1.). The'H-NMR spectrum shows
separation of the methylene multiplet of the polyimauccinic acid segement from 2.6-2.7
ppm to two triplets at 3.0 and 2.8 ppm. At the saime, the’®F-NMR spectrum shows the
expected signals of the five fluorine atoms attdcte the aromatic ring at -152.5 ppm, -
157.8 ppm and -162.4 ppm that can be assignecetfiubrine atoms in ortho, para and meta
position, respectively, with a peak integrationaatf 2:1:2.
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figure 40: 1. 'H- & *F-NMR (400 MHz, CDG)) of Pls;-b-PEGy- pentafluorophenyl ester.
2. H-NMR (400 MHz, CDC}) of Plk;-b-PEQ»aldehyd.

The Dess-Martin periodinane (DMP) oxidation of gemary PEO-terminal alcohol, which
was performed by interrupting the polymerisationngsacetic acid, runs under very mild
conditions at room temperature with high yieldse Bidehyd could be verified usifig-NMR
(figure 40-2.).

In comparison to chromate based oxidants DMP sheovesver toxicity and shorter reaction
timed?°?. Moreover other functional groups like C=C doutbleunds, ethers, enolethers,
epoxides, furanes, sulfides, thiols and secondaipes stay unaffected. Meyert al®*?! report
that marginal amounts of water have a catalytieafbn the oxidation.

The Pfitzner-Moffatt oxidatioA’ is an additional mild and selective oxidation dfgary and
secondary alcohols by dimethyl sulfoxide. The r@sgl PEO-alkoxysulfonium ylide
rearranges in this case to generate an aldehydenwitrace of the corresponding acid. This

reaction is a rapid oxidation at room temperatushich is even attractive for labile

compounds.
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figure 41: 1. FT-IR of Pk;-b-PEG,;-OH in comparison to Bfb-PEQ,;~alkine.
2."H-NMR (500 MHz, CDC})) of Pl-b-PEG:; ~alkine.
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In the hope of permitting of click chemistry basewd the Huisgen-[4-cycloaddition, a
terminal alkyne was introduced by CDI coupling. Thlearacteristic urethane stretch at
1767 cni in the FT-IR spectrum (figure 41-1.) and nmr spasttopy (figure 41-2.) confirmed
the successful coupling.

Additionally, the reduction to an olefin over cdietborane and transition metal catalyzed
coupling is possible. Alternatively, CDI coupling allylamine allows the integration of an
alkene function (figure 42-1.). Regrettably the e of the'H-NMR signals impeded the
assignment of the characteristic signals of th@ glloup. The same reaction channel allowed

the insertion of a terminal thiol group. But thengeation of disulfides was a limiting factor.

figure 42: 1. *H-NMR (500 MHz, CDC}) of Pl;-b-PEG:; ~alkene.
2.'H-NMR (400 MHz, CDC}J) of Pls-b-PEGyethylenediamine.

A further modification of the R}-b-PEG:1-OH permitted incorporation of an azide function.
The reaction involved the activation of the hydrdaxgroup with tosylchloride and the reaction
with sodium azide.

The azid was also reduced to an amine group biienpiphosphine and lithium aluminium
hydride respectively. Both reagents allow the galecreduction of the azid to an amine,
without reacting with the double bounds. The aniurection could be identified by the use of
ninhydrin. The blue colour of the produced Ruhen®wpnrple was considered as verification
of the presence of the amine. But there are egaignnal NH-functionalisation alternatives.
For instance an amine can be introduced by attgchthylenediamine via CDI coupling
(figure 42-2.).

The amine allows further activation steps by bittoral homo and hetero molecules lik@
sulfo-NHS active esters. Secondary is the reaatitm aldehydes forming imines which can be
reduced using sodium cyanoborohydride. Also theversion of amines to diazonium ions,

which react in aqueous media with tyrosine anddirst, has to be mentioned. Those amino
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acids are rare and the simple attachment of aalgiset a protein offers a control of the binding
site.

The enabling of Miyaura-Suzuki coupling reactiowhich is feasible in agueous media, was
attained over the esterification of phenylacetid-&cboronic acid pinacol ester with g2b-
PEQ:12-0OH by activation with DCC and DMAP in pure DMF. i#by reacts the Steglich-
Hofle catalyst DMAP with the labil©-acylisourea active ester, which can rearrangesida
reaction irreversibly to aN-acylurea, forming a more stable active ester.

The boronic acid can be activated, for example waitiase. This activation of the boron atom
enhances the polarisation of the organic ligandfaaititates transmetallation.

Functionalizing Ph-b-PEG:-OH with a halide wasn’t possible with-bromoisobutyryl
bromidein the Einhorn-variant of the Schotten-Baumann tieac The alcoholysis of the acyl
halide in pyridine didn’t yield an ester. The reantwas modified as listed in the experimental
part to achieve the attachment. The correspondirtRFmeasurement is shown in figure 43-1.
The bromide provides a good leaving group so thateophilic substitution with 18F fluoride
should enable positron emission tomography (PET)PET is an imaging method in nuclear
medicine.

Fi-&-FEO-0OH

1. ) Pi-t-PED-Rr 2.

intensity

wavrenumber

figure 43: 1. FT-IR of P};-b-PEG,;~Br.
2.'H-NMR (400 MHz, CDC})) of Plg;-b-PEQ,; -galactopyranosid.

But halogens can also be introduced by for exar@é coupling as was attempted with 2,4-
dichloroaniline (DCA) and 2,4,6-tribromoaniline (AR ‘H-NMR measurements reveal the
presence of the urea bond and 2,4,6-tribromoanbina signal of 7.51 ppm. The signals of
2,4-dichloroaniline which are calculated accordiaghe increment systéfff to be 7.13 ppm

for He, 7.25 ppm for i, and 7.34 ppm Elcouldn’t be detected since the chloroform signal

overlays the weak signals.
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Furthermore an epoxide was introduced to the teahfEO segment using epichlorhydrine.
The characteristidH signals of the epoxide group could not be idedifby *H-NMR
definitely due to signal overlap. But the high m@aty of epichlorohydrine must have granted
the conversion of the —OH group. The species ibderceived as an intermediate for a
coupling step. The partial hydrolysis of the epexican lead to allow superposes of the
hydroxylic functions with the ethylene signals &®.

The presence of the epoxide function could be weeriby nucleophilic addition of the amine of
rhodamine 110 (figure 48). The coupling reactionsweerformed at a neutral pH value,
whereby the preference of the nucleophilic attatckhe most substituted carbon atom under
acidic conditions and reaction with the least stlitstd carbon atom under basic conditions is
not so pronounced. Afterward a quintet at 4.15 @prd at 4.39 ppm of the proton of the
formed tertiary carbon atom could confirm the sgst@ coupling of the dye.

To verify the possibilities of the modified ligandertain bio molecules were coupled via

different coupling strategies.

2.3.1.1 Coupling of carbohydrates, drugs, and dye molecules

Using the various terminal functional groups diéierr coupling strategies can be used to attach

(bio-)molecules.

23.1.11 Carbohydrate attachment

The azide and alkine ligands allow for the use loé tHuisgen cycloaddition (“click

chemistry”j?%!

, Which is viable in polar solvents such as acétib®i methanol, DMF, and
water. The copper(l) species can be isolated usiffigpity chromatography. Scavenger-
columns, for example, can be placed directly ingbl@tion.

In this way 2,3,4,6-tetra-O-acetyl-1-azido-1-de@xp-galactopyranose (GalAcgdN and
2,3,4,6-tetra-O-acetyl-azide 1-deoxyp-D-glucopyranose (GluAc-§y, both synthesized by
Dr. Herwig Berthold, were coupled with d2b-PEG;alkyne (schema 15). The acetyl
protective group was removed beforehand or subsdigusy basic catalyzed ester interchange
via sodium ethoxide (Zemplén deacetylatithl) The solely presence of the 1,4-regioisomer of
1,2,3-triazol could be identified BYH-NMR spectroscopy (figure 43-2.). The chemicaftsbi

the single ring-proton to 7.82 ppm can be distinsteff 2%%
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schema 15Huisgen cylcoaddition.

The carboxylic functionalised BPHPEO block copolymer opens an option for peptidgptiag
to differently modified disaccharides. Therefores;IPEQ;-COOH was coupled after
EDC/sulfo-NHS activation to amino-functionalsedlabiose &vii ), maltose Xix), melibiose
(xx), and gentibiosexki) respectively (disaccharides analoga were syrgbdsby Matthias

Waulff from the research group of professor Villh&d*H-NMR spectra are shown in figure 44.

Pl-b-FEC-cellobicse
Pl-b-FEC.rnaltose
Plab-FPEC.rmealibioss ||

& W oMo

Pleb= PEC-gentibiose
In methand-d,

figure 44: 'H-NMR (400 MHz, methanol4) of Pl;-b-PEGs;~cellobiose 1.), Pls;-b-PEG;;-maltose 2.), Pls;-b-
PEQ,;-meliobiose 8.), Pl;-b-PEG,; ~gentiobiose4.).

'H-NMR measurements of the polymer products verbes'i-NMR measurements of the
disaccharide units (figure 45) reveal a shift & thethylene protons of the GiNH, group of

the saccharides from 2.75 ppm to 2.98 ppm, commateswith the reaction to a peptide bond.
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figure 45: (left) '"H-NMR (400 MHz, methanol-) of Pl;-b-PEQ,;~cellobiose.
(right) *H-NMR (400 MHz, methanol-4) of Pls;-b-PEQ,;-meliobiose.

The amino-functionalised cellobiosev(i ), maltose Xix), melibiose %x), and gentibiose
(xx1) feature an alkyl chain and thereby have an anmpiépcharacter. The EDC/sulfo-NHS

was still efficient due to the longer reaction time

2.3.1.1.2 Dye attachment

Various dyes could be coupled using different fiomalised ligands. Alexa Fluor®594 could
be coupled to Pib-PEO-NH, rhodamine 110 to Ri-PEO-epoxid, and cresyl violet to Bi-
PEO-COOH (figure 46). Unbound dye had to be remoxiaddialysis over many days. The
synthesized Pi-PEO-dye ligands are shown under daylight and ubderexcitation in figure
47.

CH,SO3H COOH CH,S04

CH
HoCy, O _CH,

O O. NH
HyC = \E/\O]/\/ ~r \/\NH/éo
a CHzb T atb+C m-1 0
l COOH
OH

CHj3 CH,
\
0{/\ ]/\/O\)\ . -
o NH 0
9 NH, Cl

/
a CHzb CH, C atb+cC

CcH
H,Cy CHs _CH,

HaC
CHs

CH N ‘
HiCy, O _CH, N
o]
0. 0.
HyC A = \E/\o]/\/ \[MNH o \NH;
CHy a 3 CHy C a+b+cC m-1 o “clo,

chain length variable

figure 46: dyes coupled to F3-PEO.
Pls;-b-PEG:,; -Alexa Fluor® 594, Ry-b-PEG; -rhodamine 110, and gib-PEQ,;-CONH-cresyl violet.



Results and Discussion 71

figure 47: On PIb-PEO coupled organic dyes in different solutions.
1. rhodamine 110 chloride (left), cresyl violet pdorht (central), Alexa Fluor®594 (right) each coegblto
Pls1-b-PEG,, picture was made after lyophilisation.
2. Alexa Fluor®594 after coupling to £1b-PEG,;-NH, in DMF at daylight.
3. 1.5 mg rhodamine 110 labelleds Pb-PEQ,;~epoxid and 13.5 mg unlabelledsPb-PEQ,;-OH in 1.5 mL
EtOH (left) and 10 mg cresyl violet labelledsPh-PEQ,-OH
4. Alexa Fluor®594 after coupling to BPHPEO-NH, in DMF under UV-excitation.
5. 1.5 mg rhodamine 110 labelledsPb-PEG,; ~epoxid and 13.5 mg unlabelledsPb-PEQ,;-OH in 1.5 mL
EtOH under UV-excitation.
6. Alexa Fluor®594 after coupling to PHPEO-NH, in H,O under UV-excitation.

Due to the high price of Alexa Fluor®594 and theaBnamount of the ligand-conjugate no
NMR spectrum was measured. Instead the produdtieotoupling reaction of rhodamine 110

with Pls;-b-PEQy -epoxide is shown in figure 48.
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(TR

figure 48: *H-NMR (400 MHz, CDC)) of Pl;-b-PEQ,;- CONH-rhodamine-110.

The attachment of organic dyes has no effect omricelle self-assambly as will be shown in
chapter 2.4.4. This allows the production of flsment micelles, which can contain for
example non-fluorescent nanopatrticles.

Information about the density and width of the pody shell can be realised due to the
covalent attachment of dyes, on the basis of (EB)stluorescence resonance energy transfer

(FRET) measurements (see chapter 2.4.4).

2.3.1.1.3 Drug attachment

6-O-(4’-(cis-diaminoplatin(ll)malonat)-butyl}/p-galactopyranose, a cis-platin containing
monosaccharide analogue (synthesized by JaninaMiika the research group of professor
J. Thiem in the organic chemistry department of uhesersity of Hamburg, Germany), was
coupled to Rh-b-PEG,;:-COOH via DCC/DMAP activation of the carboxylic gqm For
NMR-analysis (figure 49) the chemotherapeutic adearing ligand was measured in CRCI
and in DO. The latter solvent displayed the signals, whete overlayed in CDGI
measurements due to the solubility of the poly(isaop) block. The analysis reveals that the
coupling wasn’t achieved over the anomeric carlbom,over the C2, C3, or C4, which can be
seen in figure 49 as the dd signal at 4.14 ppmhasiped by X. Signals of H-2, -3, -4, -5, -6a,
and -6b are between 3.40 and 3.83 ppm, thus oeetlay the broad signal of PEO.

Hydrolysis of the cis-platin complex was not obsetvThe unchelated ligand would show a
signal of H-5" 2.9 ppm. In the presence of plahe signal should be at 3.6 ppm and thereby
overlayed by the broad PEO sidi&l.
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figure 49: 'H-NMR (400 MHz, DO) of Pk;-b-PEQG;;>COOH (1), 6-O-(4-(cis-diaminoplatin(ll)malonat)-butyl)-
a/B-galactopyranose2] and P§;-b-PEG,; -6-O-(4’-(cis-diaminoplatin(ll)malonat)-butyl}/3-galactopyranosesy.

Also zidovudine (AZT) could be converted into agMI-PEQ;-ester analogue by

DCC/DMAP coupling strategy. The achievement of teaction was confirmed byH-NMR

measurements (figure 50). From comparing the iatega reaction yield of 65% can be
estimated.
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figure 50: H-NMR (500 MHz, CDCJ) of Plg;-b-PEGy1~AZT.

One of the antitumour agents frequently used feating solid tumours such as breast,
colorectal and gastric cancers is 5-fluorouraciF(§°°*. 5-Fu was reacted with formaldehyde
to form a mixture ofN'-hydroxymethylene-5-fluorouraciN®-hydroxymethylene-5-fluorouracil
and N*,N*-dihydroxymethylene-5-fluorouracil. The synthesfsN,N*-dihydroxymethylene-5-
fluorouracil was reduced by using an excess of BaRhe synthesis of the hydroxymethylene-

5-fluorouracil.
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schema 16synthesis of Rl-b-PEG:;-5-Fu.

Without separation, the mixture was directly esieti with Pk;-b-PEG1-COOH viaN,N'-
diisopropylcarbodiimide (DIC) activatiii”’ (schema 16). Th&H-NMR is in agreement with
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the results of Tiaret al®*?. The'H-NMR spectrum is shown in figure 51. At 5.55 pphne t
signal of the methylene protons (D) reveal the sas®f the reaction.

[ T T, W L

figure 51: 'H-NMR (400 MHz, CDCY) of Pls;-b-PEG:;»5Fu.

The anthracycline antibiotic doxorubicin (Adriamykiis used in antimitotic chemotherapy.
Via EDC/NHS-sulfo coupling strategy it could be pted to P§;-b-PEG:1-COOH (figure 52).
An alternative approach over a hydrazone linkeshiswn by Yocet all**®, which permits acid
cleavage of the cancer drug. Besides medical aiit doxorubicine features fluorescence
propertie§°Y,
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figure 52: '"H-NMR (400 MHz, BO (A), CDCk (B)) of Pl-b-PEGs;-doxorubicin.

The implementation of various functional groups anel unique characteristics of the block
copolymer facilitates not only the use of furtheupling reactions in organic and inorganic
solvents to attach further molecules but also aldwe coupling before or after micelle
formation (encapsulation of nanoparticles). Thaeefaanoparticles can be equipped with
different hydrophilic drugs in the process of ligaself-assembly. Caboxylic funcitonalized

ligands can be also integrated to allow antibodypting after micelle formation.
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2.3.1.1.4 Biomolecule attachment

Due to the presence of a carboxylic group in bjdgMOC-glycine and (x}+lipoic acid, the
molecules could be esterifyied with,2b-PEGy3-OH based on the coupling reagents DCC in
combination with DMAP.

oveflayed 1
C.CE R

figure 53: *H-NMR (400 MHz, CDC}) Pl,-b-PEQylipoic acid.

The NMR analyis of the products are shown in figbBeand figure 54. The achievement of the
coupling reaction could be documented. The avtiseerecan form a 1,3-dicyclohexylurea
(DCU) through an 1,3-rearrangement. DCU could bbeoreed mainly by dialysis.
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figure 54: 'H-NMR (400 MHz, B,0) Pl,-b-PEQsFMOC-glycin (A) and P}~b-PEQy-biotin (B).

Next to the above presented biomolecules the byoped arabinogalactan was coupled via
DCC/DMAP esterification of Ri-b-PEQG;1-COOH. The polymer was isolated frokarix
occidentalis— Western Larch and consists of arabinose andtgak monosaccharids. Due to
its high size distribution of 30 to 130 kD nho NMRisvmeasured.
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2.4 Ligand exchange with R)-PEO

In the following the main work was done with aMF-PEQG;-OH, containing a hydrophilic
weight fraction of 70% and a total mass of 1350@ai/ The PI blocks possess mainly 3.4 and
1.2 Pl-units, which feature terminal -C=C- doubt;tls. The trans 1.4-isomer is also present,
due to the polymerization in THF. The coblock pogmwas applied in combination with a
short poly(isoprene) pre-ligand (PI-N3), with a némal amine function (2,2
diaminodiethylamine, -N3) and a total mass of 20000l, achieving a dense packing around a
nanocrystal and a high degree of passivation.

By adding the above discussed block copolymer abiwweritical micelle concentration (cmc),
to PI-N3 coated nanocrystals in THF and injectimg solution in water, spherical micelles can
be prepared, and these micelles have a dense Imngdnappacking around the nanocrystal
(schema 17). The RtN3 prepolymer-ligand serves on the one hand aanocgoassivation of
trap states and on the other hand the conservatithre nanoparticles. Additional hydrophobic

ligands, which are still present from the synthesie not prejudicial.
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schema 17illustration of nanoparticle transfer from orgasmvents into water. The prior ligand exchange with
PI-N3 is followed by the addition of radical initta (like AIBN, benzoyl peroxide, IRGACUR) and BIPEO
ligands. The micelle assembly occurs by injectlom golution in water, whereupon the crosslinkageiigated by
dissociation of the initiator.
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When a hydrophobic initiator is present during le fprocess of micelle self-assembly, co-
encapsulation occurs, and a linkage between tinairtal -C=C- double bonds can be formed
by subsequent initiation. The initiation can beiaetdd, depending on the initiator, thermally or
by UV-light, although in the case of quantum ddies tise of UV-light should be avoided. Best
results were achieved with AIBN. Already it was wimothat the process of polymerization of
MMA in the presence of QDs led to no remarkablenges in the optical behaviour of the QDs
(chapter 2.2.6). The degree of covalent crossliakaan be conveyed by prior swelling of the
micelles with isoprene.

Wegrzynet all®*® has previously demonstrated in AFM studies thatdfosslinkage of PI-b-
PEO micelles in solution provides the integritytbé micellar structure upon the removal of
water. An additional crosslinkage could be fadiéthby a hydrophilic, interfacial poly(acrylic

acid) (PAA) block with a hydrophilic diamine usifdpC chemistrif®>: 306-308
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figure 55: dynamic light scattering of R}N3 (red) and RK-N3 (black) coated CdSe/CdS/ZnS in chloroform and
the corresponding TEM image of;N3 coated CdSe/CdS/ZnS quantum dots.

Several nanoparticles especially CdSe/CdS/zZnS stwmkishell nanocrystals with average
diameters of 5 to 6 nm, contingent upon the symhasd adequate thick outer ZnS shells were
equipped with the B§-N3 ligands and incubated with an initiator. Hydnopic ligands on the

nanoparticle-surface, which remain from nanopatisinthesis, were partially exchanged
against PI-N3. The main work was done with a pegliy which contained thirty isoprene

units. Changes in the length of the poly(isopreg@ymer leads to different quantities of PI-N3
ligands on the nanoparticlesurface, consideringicste requirements. The shorter the PI
polymer the higher the number of preligands, thah coordinate. Considering a high

passivation grade and numerous interactions wighfitial Plb-PEO ligands the main work

was done with B§-N3.
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Dynamic light scattering (DLS) measurements of lst@olutions in chloroform show
hydrodynamic radii with maxima in the intensity PSixtribution between 10 and 17 nm,
primarily depending on the chain length of Pl (fig®5).

The addition of the BJ-b-PEG;1-OH ligands and the injection in stirred water,reases the
size to >40 nm in size distribution (figure 56). iSa@ering the solvation shell and the
stretching of the PEO segment in water comparek g¥toroform, the increase in size is to be
expected. The strong hydration of PEO is due terg favourable fitting of the ethylene oxide
monomer into the hydrogen bridging network of Wat&F'. Due to the high graft density at
the core/corona interface in copolymer micelleg kiydrophilic chains are expected to be
flatter than in the favourable, coiled st&f8 Each PEO-monomer unit can be solvated with 2-
3 water moleculé®?®, which results in a high radius of gyration antepulsion between the
PEO-chains.

Especially in case of the BHPEO micelles the discrepancy between the DLS siien
distribution and the TEM images becomes evidentdse of single nanoparticle containing
Pls1-b-PEGy1-OH micelles TEM images assume sizes of 15-20 ndiameter. In contrast the
intensity distribuation in DLS shows often largeres of 40-50 nm. Certainly the stretching of
the PEO chains in water and the additional solshtdl result in larger sizes, but nevertheless
the sizes obtained by DLS intensity PSD are toelarg

The DLS volume and number distribution factor thdius, r, with ¥, while DLS intensity PSD
the radius includes witl’.rHence they show smaller sizes, which corraleteemyith TEM
images. But they disguise larger peaks, which calicate agglomeration, and the possible
inconsistency of the probe. Therefore always thensity PSD distribution is shown in this

doctor thesis.
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figure 56: dynamic light scattering of PI-N3 & RIHPEO-OH coated CdSe/CdS/ZnS in water and the
corresponding TEM image of the quantum dot to l&gé&@D/L) ratio 1:530.
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The higher density of PI, related to the unfavolgdtydrophilic vicinity, as well as the
addition of isoprene seconds the crosslinking dutive decay of AIBN. According to Flory’'s
gelation theory, the proportion of crosslinkagaamarkably small for the onset of gelation
when crosslinking a polymer. The presence of theased, non-crosslinkable PEO block
prevents the formation of macrogels and leadseaddimation of nanoparticles.

The polymerisation can be initialised by radicaliators. ESR, IR and NMR measurements of
poly(isoprene) after UV-irradiation reveal the mese of unpaired electrons, which underlie
magnetic dipole/dipole interactions which lead toss of double bounds, hydrogen formation,
and crosslinking** 3**! Using a mini emulsion polymerisation, the polyisation can also be
initiated in the aqueous phase in the presencesagréne and a hydrophilic initiator like
VA044 (WAKO). The higher the temperature, the lougethe half-life of the radical initiator.

It takes 13 hours for 10% of the AIBN to decompasa temperature of 50 °C, but in contrast
only 2 minutes at 90 °C.

Certain factors dominate the size of the micellB4S, figure 56): the aforementioned
properties of the block copolymer, the nanocrystaligand ratio, added cosolvents, and the
concentration of the THF solution before injectianwater as well as the speed of injection.
Schabaset al®®!! determined that the faster water is added therfaslf-assembly occurs,
which results in a corresponding decrease in meaticie diameter. This means that the faster
the transfer of the ligand, which is in a non-aggted state, to water is accomplished, the
shorter the time is to form micelles and the smalie particle diameter will be. Therefore, a
slow addition speed and a high stirring rate ofewate beneficial because the amount of added
THF is smaller and disperses faster, so the ligamaes into contact with water faster.

The presence of water, which is a selective solf@nPEO, constrains the monomers to self-
assemble in micelles. The bigger the average distartween the nanoparticles is in the THF
solution, the more likely the micelles will be tave just one nanoparticle inside. Along with
concentration, temperature can be used to varybtbek copolymer self-assembly. The
hydration of PEO is temperature dependent. Withiticeease of the temperature up to the
upper critical solution temperature (UCST) the loggin bonding decreases and PEO attains a
less polar configuratidt® 3"} The Flory-theta temperature for PEO in water lisse to
100 °C.

The size of the Pb-PEO ligands has a certain impact on the size efmgnocomposites. In
figure 57 DLS measurements are presented, whickindeot the size distribution of -
PEQ, micelles, containing PI-N3 coated CdSe/ZnS/CdSityum dots.
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figure 57: DLS measurements (intensity PSD) of,/f-PEGy;-OH, Ph,sb-PEQ,,-OH, and Pl-b-PEQ3-OH
coated PI-N3 CdSe/CdS/ZnS quantum dots

According to the DLS measurements,s;R-PEG1-OH, Phosb-PEQ4-OH, and Pl-b-
PEQ3OH assemble in the presence of nanoparticles tallemmicelles with increasing
guantum dot to ligand ratio (QD/L). Comparing theeme QD/L ratios different sizes are
achieved due to different large block copolymensfigure 58 the size average (intensity PSD)
is plotted against the QD/L ratios of the differétf-b-PEG, block copolymers. Remarkably
Pl,~b-PEQy-OH, the smallest used ligand forms the micellethhe largest diameter. The
presumption that smaller BHPEO block copolymers, with the same Pl to PEO blatio,
assemble in smaller nanoparticle containing misglfeeed not be correct. Depending on the
steric dimension, the volume ratio of the two bdk an important factor. A further aspect is

the number of ligands that form the micelle andgheking of the hydrophobic segment.
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figure 58: size average (intensity PSD) plotted against Qflos of P}-b-PEQ, micelles, containg PI-N3 coated
CdSe/CdS/ZnS quantum dots.

The numerous parameters by which the sizes andntloeint of encapsulated nanoparticles per
micelle can be varied allow the average in the dig&ibution using Ri-b-PEQ;-OH to be
maintained between 30 and 200 nm according toigeedsstribution application measured by
dynamic light scattering.

The assembly occurs also in the absence of nandpartDLS measurements of differengPI
b-PEG;1-X (X = CHO, glucose, imdazolyl (CDI), and NHare shown in figure 59.
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figure 59: DLS measurements of fpb-PEG:;-OH micelles in water.



Results and Discussion 85

The micellar structure can be imposed on on alll kithnanoparticles including quantum dots.
Their unique optical and electronic properties, hsugs size- and composition-tunable
fluorescence emission from visible to infrared wamgths, large absorption coefficients across
a wide spectral range and very high levels of lingbks and photostability make them superior

to organic fluorophorég? 38!

2.4.1 Self Assembly to Multifunctional Beads

A feature of the ligand is that, subject to theammgstal to ligand ratio during ligand addition,
those ligands can form micellar structures, whichtain more than one particle (schema 18).
This can be explained by the fact that the smalleramount of ligand the smaller the total
surface, which can be covered by ligands. The ngatais act hereby as simple hydrophobic
solutes and are therefore distributed between thell®s. During the injection into water,
hydrophobic attractive interactions force the pagkof more than one nanocrystal into each
micelle, simultaneously avoiding precipitation. Télgy up to one hundred nanoparticles could
be encapsulated into one micelle.

schema 18illustration of Plb-PEO micelles containing PI-N3 coated core/shedlisuantum dots.

The determined clustering of nanoparticles con@tdifferent options. It has been reported
that clustering of superparamagnetic magnetite pamicles results in higher saturation
magnetiziation than that of individual ones becanisthe interaction between the assembled
nanoparticled®®. Next to magnetic separation, drug delivery and emniyperthermia
magnetite nanoparticles are a promising materialvéok as magnetic resonance imaging
(MRI) contrast agenfs? 2°# 256.257.320. 32lirha achjevement of controlled packing of magaetit

nanoparticles is therefore a strong facility.
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However, the prospects are multifaceted. Sinceeti@apsulation doesn’'t depend chiefly on
specific polymer-surface interactions, differenhdiof nanoparticles can be clustered in one
micelle. The assembly of nanoparticles depends amy simultaneous desolvation of
nanoparticles and amphiphilic block copolymers afidrs thereby an option to co-encapsulate
different sizes and/or kind of nanocrystals in ameelle, whereby interactions of nanocrystals
can appear. For instance, the presence of magmatigparticles quench the luminescence of
CdSe/ZznS quantum dots by dynamic quendiifig?®® 3?2/ concordantly with reports of
dynamic quenching of fluorophores by magnetic nantiged®*> 32° Those interactions are
can be minimized through prior encapsulation witiNB. The length of the poly(isoprene)
chain constitutes the interspace between two natidpsa. The broad excitation profiles and
narrow, symmetric emission spectra of high quatjantum dots make them suitable for
multicolor imaging? and optical multiplexing, in which multiple coloend intensities are
combined to encode genes, proteins, and small-mieldibrarie& 2% 32!

The finding of Kimet al’?®® 32®! that the amount of nanocrystals in each polyssisock
poly(acrylic acid) (PS-PAA) micelle followed a roughly Gaussian distritout, is consistent
with our results. On account of this, at limitingnoparticle concentrations a large section of

micelles containing single nanopatrticles are ole@iiigure 60).

.'."-....__ — __. ¥ -

figure 60: TEM images of PI-N3 & Pb-PEO-OH coated CdSe/CdS/ZnS in larger micelles.

The consistency of the ligand shell was determibgda dilution series (figure 61). For
polymers, the cmc, below which there are no lomgieelles but only monomers in solution, is
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generally much lower in comparison to other sudatd and often it is impossible to determine
it experimentally. Stoccet al®*” verified for Plb-PEO block copolymers with a molecular
weight (My) of 20 — 60 kg/mol, astronomically low values tbe cmc, estimated from trends
of low molecular weight surfactants. This is beeflected in the stability of the micellar

nanocomposites.

2.4.2 Dilutionstability of PlH-PEO nanocomposites

For comparison one dilution was performed with anrasslinked shell (figure 61 A) and one
with a crosslinked shell (figure 61B). Since thesa@lbte quantum yield fluctuates between
different ligand additions each absolute quantueidyof the highest concentrated probe was
equated with one. Dilution of a 290 pmol/mL concated solution down to 50 fmol/mL
(figure 61 B) showed no decrease and change ofjtiamtum yield at all. Just in case of
uncrosslinked micellar compounds in the range adlfmL a blueshift and a broadening of the
emission peak was detectable (figure 61A). Nevetisethe uncrosslinked shell shows low
exchange kinetics. The residence time of a singiphéphile in its micelle rises exponentially
with the free energy (G) of micellizatisff. On the basis of published values for the standard
free energies of micelle formation {-CH,-) = -1.15kT & Gnic(-CH-CH,-O-) = +0.32lgT

at 25 °C, where Kk is the Boltzmann constant and T is the temper)ﬂﬁﬁle leads to the
anticipation that the residence time is so higt tha strong amphiphilicity locks the block
copolymer in an aqueous solution and dominates atier mechanism like micelle
fusion/fissio?2°>*" or even concerted cooperative exch&igé>® 332 33%or redistribution of

the amphiphilic molecule
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figure 61: The dilution was arranged in 10 mL volumetric flaskhe inspections of the used cuvettes with pure
water showed no emission at all.
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Whereas the uncrosslinked shell is already qurengt the crosslinked shell was even more
remarkable. The nanoparticle remained stable evehealowest concentration. Due to the
hydrophobic, crosslinked Pl-layer the nanopartislesw a steady quantum yield in water. This
indicates that hardly any ligand has been remoxad the surface and a crosslinkage has been
accomplished.

These results are getting confirmed on the basistaifility tests. The nanocrystal-micelles
were lyophilized and resuspended either in THF bloroform. In those solvents the
hydrophobic Pl-block is also soluble and a nanagaricoated with an uncrosslinked shell
would be dismantled. In figure 62 changes in thee slistribution in DLS measurements are
graphical shown. Concerning the crosslinked micedtdely a marginal swelling was
detectable, while the uncrosslinked fraction alyesidowed the formation of larger structures.
The dissolving of a P-PEO ligand is kinetically and thermodynamicallydhered, for this

reason the change in structure are getting mormobwver a time range of 74 hours.
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figure 62: DLS measurements of CdSe/CdS/ZnS quantum dots emledgd in Pb-PEO micelles. The micelles
were prepared in water, freezed in liquid nitrogend lyophylized. The resuspension was done in ofdom.

The loss of ligands and the formation of largenctures finally leads to the precipitation of the
nanoparticles as pictured in figure 63, where und arosslinked PI-b-PEO-OH micelles
containing ferric oxide nanoparticles after ten slay chloroform are compared. While the

uncrosslinked micelles precipitated, the crosstigknhibited the detachment of ligand.
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figure 63: FeO nanoparticles in uncrosslinked (left) and dialssd (right) Plb-PEO-OH micelles in chloroform.

The results indicate a high stability of the orgasiell around the nanoparticles, which is the

root for biological application. A loss of ligandowld lead to irreversible precipitation and
agglomeration.

2.4.3 Stability in biological buffers

Also crosslinked micelles and uncrosslinked miecellecontaining CdSe/CdS/ZnS
core/shell/shell nanoparticles were exposed witH@at pH 2, 5% bovine serum albumin
(BSA), 20% BSA, and 1% SDS and the summed nornthligantum yield (crosslinked 4, not
crosslinked 2) was measured with time (figure @#).this experiment the uncrosslinked
micelles showed the same behaviour as the crosslinkcelles. After a drop of the emission
in the first four days the quantum vyield stayedrlyeaonstant. The quantum yield of the
crosslinked micelles was 1/3 higher than the quantield of the uncrosslinked ones.
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figure 64: graphical application of changes in the normaligedntum yield with time of quantum dot containing
Pl-b-PEO-OH micelles in the presence of d@Hat pH 2, 5% bovine serum albumin (BSA), 20% B8#&d
1% SDS.
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To further determine the rigidity, a series of digbtests were performed. Relying on the
acidic condition inside the tumour and the inflamgssues (pH ~ 6.8) and cellular
compartments including endosomes (pH ~ 5.5-6) gsmsbmes (pH ~ 4.583* the pH values
were varied between four and nine and certain stafiés in high concentrations above average
were added. It is known, that in the presence dastants interactions emerge with micelles.
The non-ionic surfactant pentaethylene glycol dgtether was found to interact strongly with
the interface between the hydrophilic shell and rbgHobic core of polybutadiene-
poly(ethylene oxide) (PB-PEO) copolymers, yieldoigracteristic changes in the geometry of
the block copolymer micelles. Like spines the sttefat molecules that diffuse into the block
copolymer create more space for each hydrophiliggnest to get into a thermodynamically
favourable coiled staf&”,

Cationic and anionic surfactants like sodium dotlexyfate (SDS) and dodecyltrimethyl-
ammonium bromide (DTAB) also adsorb on the intexfdoe to their amphiphilic character.
Some of the spherical PB-PEO micelles transformeael tb stretching of the PB block into
large micellar clusters or vesicles especiallyasecof those copolymers, which have long PB
blockg®*®.
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figure 65: absorption, emission, and dynamic light scatteohdifferent nanoparticle solutions over the pedraj
10 days at pH 7.

Those results were observed ingFFPEG:1-OH micelles containing quantum dots.
CdSe/CdS/znS core/shell/shell nanoparticles witlhameter of < 3.5 nm and correspondingly
high surface to volume ratio were used. The higfasa area makes these nanoparticles more

sensitive to environmental changes, because tif@csus more relevant.
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In each case 1.:710° mol of the nanoparticles (QD togRb-PEGy:-OH ratio: 1 to 250) were
dissolved in 3 mL of an aqueous solution contairsagactants (DTAB, and SDS), NaCl or
different pH (4-9) valuesChanges were followed by DLS measurements, as all

absorption- and emission-spectroscopy over a tiem®g of ten days. In figure 65 the results

are summarized for the micelle solution at pH 7.
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figure 66: absorption, emission, and dynamic light scatteahdifferent nanoparticle solutions over the perafd
10 days.
1.pH 4,2.pH 5,3. pH 6,4. pH 7 (see figure 65). pH 8,6. pH 9,7.2.0 M NaCl,8. 1.0 M NaCl,9.0.1 M NaCl.
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The pH variation within the studied range produceschanges in the optical properties
(absorption maxima 530 nm, emission maxima 547 ointhe nanoparticles and a steady size
distribution (45£3 nm) according to the DLS measugats (figure 65 and figure 66).

CdSe nanocrystals have shown to exhibit solvatosts*”, where local dielectric properties
and interactions with the surrounding matrix inflae the nanoparticles optical transition
energy. This is getting minimized, by reason thHa ticelles provide a local chemical
environment similar to that of the initial orgarsclvent. The inert PEO ensures the steadiness
of the structure against biological degradation.

Variation of the emission quantum yield with time graphical depicted in figure 67. The
guantum vyield of the probe pH 7 was equated witfile figure shows that the lower the pH
value (from 9 to 4) the lower the quantum yieldnisially. The variance to the quantum yield
at pH 7 is 6%. With the exception of the probeldt4othe quantum yield increases in the first
two days, which can be understood as increasedvpties due to the hydrophobic PI-N3
shell. After this initial increase, the quantumlgishows a nearly constant behaviour. This
trend is especially evident in the samples contgifi.1, 1 and 2 M NaCl, where the increase in

emission is more distinctive.
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figure 67: graphical application of changes in emission ofrfuian dot containing Pi-PEO micelles over a time
period of 10 days.

In the presence of surfactants like one weight gt SDS, one and five weight per cent
DTAB no significant change in the physical chardstes of the micellar nanocomposites is
detectable. So, to increase the strain on the haicelanocomposites the micelles were
subjected to 3 mL ddi® with ten weight per cent SDS (600000 fold excesSDS per
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nanoparticle). In the presence of the surfactargr@ortionate change in structure was
observable, which led to a lower solubility, cortthg with the precipitation of a small amount
of nanoparticles after 24 hours. This is been c&dld in a drop of the emission maximum.
Nevertheless, the precipitate was easily redisbtdvand showed no significant change in the
fluorescence intensity. The micelles, which stayeeffected in solution showed a steady
emission as shown in figure 68. This behavior idlpassociated with the solubility of Pl-b-

PEO micelles and with the degree of crosslinkinige ample could, for example, exhibit an
incomplete cross polymerisation between the terimidaC- double bounds of poly(isoprene).

This is contingent on the quantity and kind ofiatir, the temperature of polymerisation, and

the amount of additional crosslinking moleculeg likoprene.
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figure 68: absorption, emission, and dynamic light scatteahdifferent nanoparticle solutions over the peradd
10 days.
10.SDS 1%,11.SDS 10%,12. DTAB 1%, 13. DTAB 5%.

On the following picture (figure 69) the luminescenof the nanoparticles buffer solutions
after eleven days can be seen. Those, which cob@mSDS, show a lower luminescence due

to their lower concentration in solution.
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figure 69: luminescence after eleven days.
1.pH 4,2.pH 5,3.pH 6,4.pH 7,5.pH 8,6. pH 9,7. 2.0 M NaCl,8. 1.0 M NaCl,9. 0.1 M NaCl,
10.SDS 1 %,11.SDS 10 %12.DTAB 1 %,13.DTAB 5 %.

The tightness of the ligand shell and the assatistability of nanoparticles in high dilutions
should be reflected in a lower cytotoxicity. Mamgearch groups found cytotoxicity to be dose

dependent. Higher concentrations of nanoparti@sslt in significantly higher cell death *"

339]

2.4.4 (Forster-) fluorescence resonance energy tra(iSRIET) measurements

With the purpose of collecting information on theverage of the Ri-b-PEQG;, ligand shell
and distances between quantum dot and micelle ceurfa aqueous media, (Forster-)
fluorescence resonance energy transfer (FRET) merasunts were employed in cooperation
with Klaus Boldt (research group of prof. H. We)ler
FRET is a non-radiative dipole-dipole energy transthe efficiency of which depends on:

a) distance between donor and acceptor

b) spectral overlap of the donor emission spectrumt@dcceptor absorption spectrum

c) relative orientation of the donor emission dipolement and the acceptor absorption

dipole moment.

d) refractive index of the medium and quantum yieldhef donor
An illustration of FRET is shown in figure 70. A wor absorbs a photorv{?, whereupon an
electron is excited from the ground statg) (® the 3 state. In the progress of relaxation
instead of fluorescence vl') the energy is transferred non-radiatively viaotéedipole-
interactions from the donor to the acceptor. Dependn the acceptor either the acceptor emits

a photon (her) or the excited electron relaxes non-radiatively.
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figure 70: illustration of FRET.
The donor is here a nanoparticle, while the aceaptan organic dye.

In figure 70 the fluorescence lifetimg of the donor has been noted dowmefers to the mean
time the molecule stays in its excited state befarstting a photon. Fluorescence typically
follows first-order kinetics: [§ = [Siee’", where [$] is the concentration of excited state
molecules at time t, [§ is the initial concentration ardis the decay rate or the inverse of the
fluorescence lifetime. This is an example of expuia decay. Various radiative and non-
radiative processes can de-populate the excitéel. stasuch a case the total decay rate is the
sum over all rated7 ot = I'rag + I'non-raa Wherel'tis the total decay rat€;,q the radiative decay
rate and on-ragthe non-radiative decay rate.

The process takes place from the material withhilgger band gap to the material with the
lower band gap. Due to the fact that energy is taptdly after transfer through vibrational
relaxation, this process is unidirectional.

The corresponding equation for the FRET-energystearefficiency is:

1

E:1+(r/R0)6 ' )
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whereby R is the so called “Forster radius’e. the distance where the probability of energy-
transfer is 50% and r is the distance between &ocapd donor.

Different organic dyes were therefore attached ka-RPEQ;, (figure 46), whereby Alexa
Fluor®594 was suited best for FRET measurementsiguo its emission properties and its
solubility in water.

Considering a sufficient spectral overlap of AleXduor®594 with a quantum dot,
CdSe/CdS/ZnS nanoparticles with an absorption maxinof 540 nm and an emission
maximum of 553 nm were employed and encapsulatadi@elles in such a manner that in
each micelle one quantum dot was present. The Alxar®594 modified ligand was
integrated in the micelle in quantum dot to dydosatl:0, 2:1, and 1:1. Best results were
obtained with a ratio of 1:1. The corresponding HRW images are shown in figure 71.

figure 71: HR-TEM images.
1.084- 10° mol Ply-N3 coated CdSe/CdS/ZnS encapsulated withHFPEQ,; -Alexa Fluor®594 & P4;-b-
PEQG1-OH (QD/P ration 1:573, QD/ Rtb-PEQ,;-Alexa Fluor®594 1:1) in water.
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The concentration of the QD solution was determimiedUV-vis spectroscopy according to
Yu et al®* (figure 72). A pulsed diode laser with an emissizavelength of 438 nm was
used. The organic dye was chosen so that the Banitabsorption) of the dye (acceptor) at

this wavelength was minimal.

1. 0,5 2. 0,30
04 /\ c=3.9mM 0.5 )F\’enff c38
' 0.353 a.u. ' oD = 0.04 au.
= 0,34 — 0,20+ D =2.82nm
3 1 - - v
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© © 0,10 0.076 a.u
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figure 72: 1. determination of the concentration of Alexade® 594. 2. determination of the concentration of
CdSe/CdS/ZnS nanoparticles in water.

From the UV-vis spectrum of the coupled QD-dye 8sohu(figure 73) the ratio was determined
to be 1:2.

0,25 ratio Dye/QD 1:2
0,20+
] particle:
0.15- oD,,, =0.176
T c=10.1nM
(%2
2 0,10+
] =0.008
0,05- c=88.4nM
0,00 - - ' - ' !
400 500 600 700

Wavelength [nm]

figure 73: absorption of QD-Alexa Fluor®594 nanocomposite atev.

The extinction coefficient of the organic dye was determined experimentéilhyife 74).
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figure 74: molar extinctiorcoefficient of Alexa Fluor®594 experimental detemneql.

The forster radius )Rwas calculated based on the equation:

o - (9.0Q, OIn 100+* 07 )

: 30
° 128 Cn°® On* 0N, (30)

in which Qq is the quantum yield of the donor (20%},is the orientation factor (2/3), the
overlap integral (5.5 - 19), n the refractive index of water water, ang Avogadro’s number.

The overlapl is a measure for the dipole-dipole interaction.

J= [e T, MDA, (32)

O3

f, is the normalized emission spectrum and propaatitmthe donor oscillator strength.
jgondAzl , (31)
0

The extinction coefficient of the accepteg contributes to the strength of the dipole-dipol
interaction of the acceptor and donet.is proportional to the optical density divided the

concentration and density (OD/cd).
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The Forster radius Rwas 5.1 nm. FRET-efficiency was determined to tb&61using the

equation:

E=1-L | (33)
T

whereint’ is the lifetime of the QD-dye micelle andhe lifetime of the quantum dot micelles.
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figure 75: biexponential fit ofluorescence lifetime of the QD-dye nanocomposite.

Using a biexponential fit to analyze the decay euof the donor (figure 75) two different
lifetimes were measured, which represent two disitie species in solution. Calculations were

performed with the longer lifetime.

1. =1.9ns

7, =9.8ns
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In the process of excitation at 438 nm also theamigy dye is being excited by the laser,

because of a minimal absorption. This is shownguaré 76.
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figure 76: comparison of dye with a mixture of dye and QD-dye.

To subtract the direct excitation of the organie dige decay rate of the dye (times a factor f)
was subtracted from the decay rate of the QD-dyeposite. The residual shows the quality of
the fit (figure 77). Thereby the amount of excibatiof the acceptor evoked by the laser could
be eliminated and the assumption can be madetibatimaining emission of the acceptor is
caused by FRET.

Consequently the mean distance from dye to quamtoiris 7 nm, with an error of +1 nm,
based on the following equation:

__Rg

RS +
0

iR

(34)

The forster radius Rwas calculated witlRS based on the assumption that the energy transfer

occurs between point-dipoles. Due to their sizeoparticles can’'t be regarded as pont-dipols.

So far there is no exact theory according to narnimes.

In case of plane surfaces the forster radius wbealihcluded withR. But the nanoparticle is

spherical, whereby the forster radius has to beutated betweerR? and R{. Nevertheless,
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with a nanoparticle size of 4 nm in diameter thelteize of the nanocomposites is 18 £2 nm.

This size agrees with TEM images.

Modell: consecutive reaction
Y=Y, + (KFANK,K,) * [exp(-k *(X-X,) - exp(-k,*(x-X,))]

800 ] ) Difference PL deacy
1 X" /DoF = 304.84801 Monoexponential tail fit
700 ] R? = 0.99034 Consecutive reaction fit
] Residue
600 7 Y, 3.89223 +0.52542
500 | A, 832.61983 +2.11037
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g 400- K, 0.16639 +0
| X 7.42765 +0.00348
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100+
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figure 77: kinetic ofconsecutive reaction A> B — C specifies the acceptor.

The results are just an estimate, because the FRiETcouldn’t be confirmed in the build up
time of the acceptor. This is due to the poor tiesolution of the used photomultiplier tube.
However, the FRET measurements document the presgnihe organic dye outside of the
hydrophobic segment, thus no interaction with taeaparticle surface occurs. This indicates a

dense package of the ligand system around the aarwe.

2.5 Phase-transfer based on emulsionpolymerisation

This chapter describes the potential of emulsionlyrperization in the range of
nanotechnology. In contrast to complex ligand systevhich have to be first synthesized and
then attached to the nanoparticle, in this appr@ghnanoparticles can be encapsulated into a
cross-linked polymer-shell by a simple procedureseldaon (micro)emulsion techniques.
Microemulsion was expected by theoretical constilama to show better performance than
miniemulsion in terms of emulsion stability and y@etion of contact between nanoparticles

and water.
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The field of application for the composite particlelepends predominantly on three
characteristics: first on the applied metallic naemticle, second on the polymer shell, and
finally on the functional groups at the edge of poéymer shell.

2.5.1 Emulsifier approach

To enlarge the wide field of application for nandjzdes, especially to aqueous systems, the
approach of emulsion polymerization was implemeimecboperation with the research group
of Prof. Dr. H. U. Moritz from the department otkamical and macromolecular chemistry. In
this method the nanoparticles are co-dissolvealution with monomers, and these monomers
and nanoparticles are stabilized by surfactantspiiphilic molecules like SDS are present at
the water/oil periphery. Lower alcohols work as wfactants. They lower the interfacial
tension between oil and water sufficiently for abknospontaneous formation of the
microheterogeneous systefs.

The following radical polymerization is initiatedy bthermally activated initiators and
constructs polymer particles, in which the nanoplat are embedded. Styrene and
divinylbenzene (DVB) were used as monomers. Poligagon of these monomers builds up a

three dimensional meshwork (figure 78).
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figure 78: Meshwork of sytrene and DVB units.

Those organic-inorganic hybrid materials and polymeanocomposites present the properties
of both the inorganic nanoparticles and the polybyecombining thermal stability, mechanical
strength, or electronic and optical properties Vigxibility and the ability to form filmg%

197 Further these inorganic nanoparticles can posdesstions such as magnetic
susceptibility, electrical conductivity, catalytactivity, or electroactivity, and so they may

possibly form functional composites (or nanocomggssi > 3431
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figure 79: nanoparticle in an emulsion micelle.

Nanosphere copolymerization was implemented t@dhice reactive functional groups to the
composite. The copolymerization was performed wigkdrophilic monomers to ensure water
solubility even in highly diluted systems, in whi@mulsifier based approaches might be
problematic due to desorption of the emulsifiernfraghe polymer particles. Styrene and
divinylbenzene should build up the crosslinked cavhile acrylic acid served as functional
monomer. By introducing vinyl-terminated poly(etbye oxide) (V1100 PEG) for
copolymerization also hydroxy groups along witlhboylic groups could be incorporated as
functional groups. Due to the high amount of diienzene the performed polymerisations
could be called “tripolymerisation”.

With this approach polymer nanoparticles of therestg-V1100 PEG copolymer can be
produced in a particle range of 27 nm up to 61 figule 80 a) and styrene-acrylic acid
copolymer particles in a range of 23 nm up to 80(hgure 80 b). Regarding size distribution
in dynamic light scattering (DLS) measurements gslyersity indices (pdi) around 0.1 were

observed.
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figure 80: DLS measurements of a) styrene-V1100 PEG copolyasicles and b) styrene-acrylic acid
copolymer particles. The number refers to the eimulapproaches listed in table 9.
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By reason that the solubility of polyacrylic acisl limited and a large amount of functional
groups are buried in the polymer during polymeraratwith only a small part left on the
surfac&** 3%! the acrylic acid was added after a certain ticustomarily 10 - 60 minutes after
the polymerization has been started by additiomititor. While the advantage of this delay is
that the hydrophilic polymer will be located pregis at the surface, the drawback is the
number of double bounds at the surface, whichdsiged with the start of the reaction. This
has to be compensated by a higher amount of mononglonger reaction time.

In figure 81 a'H-NMR spectrum of CdSe QDs in DVB/styrene/acrylicidaparticles is
presented. At 4.7 ppm the signal ofGMHOD can be seen. The broad signals at 7.1 and
7.6 ppm arise from the aromatic protons of styrameé DVB units. A broad multiplet from 0.9
to 1.5 ppm indicates, as expected, that the polgaigon leads to an atactic polymer. In case of

syndio- and isotactic polymers the methylene prethould have separated signals.

figure 81: "H-NMR (400 MHz, BO) of an emulsion poylmerisation approach
(0.65 g styrene, 106 mg DVB, 60 pL acrylic aci®3lg SDBS, 75 mg pentanol, 14 g water, 15.9 mg WAKO
VA44, 2 nmol CdSe, temperature of polymerisatiorf@}p

To examine the evolution of the emulsion polymerag a calorimetric measurement (figure
82) was performed on the SDS, styrene and DVB systethe research group Prof. Dr. H. U.
Moritz. The thermal flow, indicated in yellow (figel 82), can be interpreted as follows. After
the temperature settled to 45 °C the initiatorais=d in water was injected. Because the water
was at room temperature, which was of course Idinen 45 °C both curves show a negative
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thermal flow. The thermal flow then increases rpidiue to the ensuing polymerization,
which starts immediately after the injection of thetiator. The monomer concentration
decreased as it was converted to polymer, resulting lower heat flow and rate of the
reaction. The initiator concentration can be assliinebe constant. After around 30 minutes
the reaction has finished. During that time an cainte thermal flow of 3.82 kJ was observed.
In a rough approximation, ascribing the same reaanthalpy to styrene and DVB, a value of
4.55 kJ would be expected for 100% conversion. Adiogly a yield of 84% is calculated.
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figure 82: calorimetric data of emulsion polymerizations perfed with styrene, DVB and SDS.
Temperature developing of cooling/heating jackerKeblue), heat transfer coefficient (light bluemperature
developing in the reactor (red), heat flow acrbsswall of the reactor (beige) and heat of reactyatiow).

Great attention has to be taken in the completemedsiniformity of the polymer shell around
the nanoparticles. An incomplete polymer shield Modisturb the positive character of
reduced heavy metal exposure and stimulate aggidioer Next to shells, which were able to
be produced for all kind of nanoparticles (seereg83 for examples of CdSe, CdSe/CdS/ZnS
and FgO,4 nanoparticles), it can also happen quite easdyttie monomer and thereby also the

polymer builds up droplets on the surface.
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20 nm

figure 83: TEM images of experiment a) 5 (CdSe), b) 11 (Cd88/ZnS) and c) 32 (k®,). The number refers
to the emulsion approaches listed in table 9.

As shown in figure 83 a) and b) the hydrophilic ymér in, a) V1100 PEG and in b)
polyacrylic acid, around the particle core arehlesi The polyacrylic acid shell seems to be
more compact than the V1100 PEG shell, which isendiffuse.

This allows application-specific density control tbe shell under similar reaction conditions.
The high contrast of the core is based on the poesef the metallic nanoparticles. This
indicates that the nanoparticles are completelyosaded by polymer (see figure 83 a - ¢).
Especially in case of toxic nanoparticles in bidaggpions this will be an extraordinary
advantage for reducing toxicity. In figure 83 @riroxide containing nanoparticles are shown.

Referring to Parlet al®*®!

the synthesized large particles exist in the f@R&03)1-«(F&04)y,

in which y-Fe,0; (maghemitepnd FgO, (magnetiteare both present. Spotted particles show
that also partial oxidation is possible. As anotremarkable fact it can be seen that these
particles show water solubility even though the roptiilic organic shell is very thin. That
leads us to conclude that water solubility can Iloeady obtained with a small, but strongly-
bonded hydrophilic polymer on the surface. Whenrbgtobic initiators are used in the
process of encapsulation of magnetite nanopartialetange in colour is detectable. The
change of colour from black to brown was possihlg do partial oxidation of of @, to y-
FeO3 on the surface due to the presence of radicaks.oblservation that the change in colour
also occurred in case of hydrophilic initiators gests that during the polymerization the
radical marches from the droplet surface to thelensSo polymerization was partly terminated
on the nanoparticle surface in the inside of thogplt.

Homogenous nucleation leads to the formation ofyrper particles without nanoparticles
inside. The number of such pure polymer particlas be minimized by adding a higher
amount of nanoparticles in the solution, to attamore polymerization seeds. However,
homogenous nucleation can never be fully suppregseticularly when using a water-soluble
initiator**”). Accordingly a purification step is required. metcase of magnetic particles they

can be sedimented by a magnet and the water pinaatjch homogenous polymer particles
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are present, can be easily removed. Other nanoleartian be precipitated via centrifugation in

the presence of a hydrophobic solvent.

100 nm . '5\_ I'

e

figure 84: TEM images with separated (a) and deliquescedgiest{b).

In figure 84 a) particles which are nicely sepataaee shown. On the other hand the particles
in figure 84 b) are deliquesced. Coalescence ofrpet particles can always be observed if
they are dried and close by. In case of wall ptirg effect is necessary for the quality of the
paint. In general soft particles coalesce morelyedisan stiff particles, but also very stiff
particles can show coalescence. Due to this faices were not dried during or after the
synthesis to ensure separated particles. RefetoiriReynhoutet al®*® styrene / acrylic acid
lattices show coalescence and aggregation alrgadyplution, beginning at 35 °C. At 80 °C
massive coalescence and aggregation takes plapeotDeation of the acrylic acid (pH 12)
increases the stability due to the presence oftivegeharges at the surface. High electrolyte
concentrations lower the stabilizing effect. Ontthacount all experiments were regularly
performed at 40 °C performed to minimize coaleseearad aggregation.

Another interesting effect, evident from TEM imagesthe ordering of nanoparticles inside
the polymer particle. In figure 85 a bright TEM igeaof a multi nanoparticle containing
polymer particle is shown as an example. Refertinthe TEM image a pronounced order can
be observed. Similar to a crystal lattice the nantiges are ordered in close-packed
arrangement. This might become very important isecaf particles which contain different

nanoparticles.
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figure 85: TEM images (brightened) with indication of lattice.

Like the particle inside, the imbedding monomer ¢enselected based on the application
needs. To demonstrate the versatility of the systxperiments with squalene, which is used
as solvent in continuous flow production of CdSenoparticles, and methyl methacrylate
(MMA) were performed. With both monomers similasutss compared with the styrene based
emulsion polymerizations were achieved.

For encapsulation of CdSe nanoparticles poly(nibatyylate) (PBA) proved to be a suitable
potential polymer matrf¥*®. But it must be noted that in this process theoparticles are
exposed to the emulsifier and to a certain exterthé solvent. Since ionic emulsifiers and
polar solvents quench the fluorescence of quantots, dt is necessary to use an inverse
emulsion and non-ionic emulsifier. Additionallypreonolayer of an alkylamine with a terminal
double bond, established on the nanoparticle sairfac ligand exchange, could assist the
polymerization and the rigidity, which leads to aster burial of the nanoparticle in the
polymer. For this the ligand PI-N3 (chapter 2.3pw#roduced.

2.5.2 Surfmer approach

The challenge of the coemulsion is the hydroplabmpound: acrylic acid polymerises in the
aqueous phase. The emulsifier and the hydrophiopgrties of acrylic acid constrain the
attachment of polyacrylic acid on the particle aoe. A higher degree of DVB and styrene

derivates, which are more likely found on the phbhaerier could make functional groups
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available, which allow an increased attachmentefttydrophilic polymer strains. But there is
a further option.

In addition to the aforementioned problems, theatieration of proteins via the emulsifier
SDBS or SDS is a problem for biomedical applicatiol requires attentive removal of the
emulsifier, for example by dialysis. An option tarimize or elminate the use of emulsifier
respectively is the adoption of reactive surfacivacsubstances like initiators (inipara} *>
and monomers (surfmet8f>°® achieving polymer colloidal systems with strommeegative
and sedimentation stabilit® 6%

In general the application of an excess of surfrsBould be constrained to avoid
homopolymerization of the surfmer in the aqueoussphespecially concerning smaller
surfmers, which can lead to bridging flocculatiBh Certainly, homopolymerization can also
appear in an adsorbed surfmer layer on the polynterfacé&®. The presence of unreacted
surfactants may worsen adhesion, water sensitigityl optical properti€s®. However, a
highly reactive surfmer, which would limit the anmuof unreactive surfactants, would be
consumed at the beginning of the polymerization\andld result in surfmer buriaf® during
particle growth. Thus, the optimal surfmer shoudé intermediate reactivity rattdy’. Due

to the generation of secondary and tertiary radichlain transfer to surfmers is reported to
appear in the process of copolymerization of alydurfmer§®® and block copolymers
containing PEO group® *’% while the double bond of the surfmer remains feuaéd.
Mandalet al®?? tried to avoid complex classical ligand systEfitsby using a surfmer (NP10)
approach which allows the nanoparticles to be endafed in a protective shiél 2> %2 for
transfer into aqueous media. Using fluorescent miaginetic nanoparticles such composite
materials have interesting potential applicatiomzes they combine the property of purely
magnetic micrometer sized beads that are used faariaty of biotechnology applications
including cell sorting”? 3”3 sensin§” and assay separatiéfi¥ and the properties of purely
fluorescent labels for macromolecule detedfiGh and multiplex optical coding for
biomolecule§’”. Compared to organic fluorophores quantum dots wshexcellent
photostability and the emission wavelength is diyeccorrelated (through quantum
confinement) to their size. Consequently differepiburs can be obtained just by changing the
size of the quantum dots the polymer-particles @iont

Based on the results of Mandel al®*? several approaches implementing surfmers were
performed. Along with NP10 which was use by Maretadl Ralumer, Lutensol, Pluronic and
Tweerf80 (polyethoxysorbitan mono-oleate) were adoptedafiplication. This amphiphilic

molecule is a non-ionic surfactant comprised addisan ring and about twenty ethylene oxide
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units. The surfactant is excellent for use in teniulation of miniemulsions. The surfactant is
known as a non-toxic surfactant with excellent pbipgical properties and is widely used in
biochemical applications including emulsifying adidpersing substances for pharmaceutics,
cosmetics and food products.

In contrast to the emulsifier approaches the surimas to be present in the monomer solution
in the process of the addition to the aqueous pfiflsan observation that has also been seen
with other emulsifiers.

In accord with the results of Mandat al, it was possible to produce nanocomposites with
fluorescent and magnetic properties with diffemeatction conditions in a range of 50 - 105 nm
(average size distribution). Particles containirajhbfluorescent nanoparticles and magnetic
oxide particles are a very powerful tool for mamplcations. The fluorescence shown by the
particles can be used for fluorescence detectiamads which are orders of magnitude more
sensitive than e.g. UV/VIS spectroscopy, which ammonly used for labelling in bio
applications. The magnetic properties can be usednfaging contrast, but there is also a
possibility for magnetic manipulation. The propestiof both nanoparticles together with the
availability of a functional group of the outer sidf the shell offer the chance to tune the
particle through specific coupling to e.g. antikegdito a target and then detect them via

different method, depending on the applicable drcalymethod.

]
100 nm

figure 86: TEM image of NP10 particles synthesized accordiniylandalet al

Next to establishment of the emulsion, a crosstyekduring polymerization was achieved. In
figure 86 TEM image of a NP10 particle is showmthesised according to Mandstl al., but
with cross linking via thermally induced polymetiizen. The shell can be seen with a thickness

of around 10 nm. It's been assumed that there dsstinking presence due to several
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indications. Fist a high amount of the cross link&B was used. Second the particles show
excellent stability also in high dilution, and thithe non cross linked particles show always a
slightly higher diameter than the cross linked ondse decrease of the diameter might be

caused by reduction in the mobility of the surfii¥10 caused by cross linked bonds.

2.5.3 Surfmer approach using Tweégo

As mentioned in the results from Manddlal. a lower fluorescence intensity was observed
compared with pure fluorescent nanoparticles, gaialised by the absorption of fluorescence
by the magnetic nanoparticles. To afford higher nquia yields, attempts were made to
minimize negative effects associated with the N&dfroach like presence of water or oxygen.
Concerning this matter TweB80 seemed to be ideal, because of the presenchred t
hydrophilic (PEO) chains to one hydrophobic chamd ehence the more conical space
requirement. In comparison Twé&0 should build up a more closed shell than theemor
cylindrical NP10. Aside from the structure, Tw&8A also provides a higher density of
functional groups that allows a following modifimat of the micelle surface. Further
Tweerf80 has a food and drug administration (FDA, codaimer 433).

With this approach Twe&B0 emulsified polystyrene particles were achiewedirange of
31 nm up to 88 nm (figure 87 a). The stabilitylné interaction between styrene and Tw«&én
could be demonstrated by dilution series (figure 87 Hereby no significant decrease in
particle size and no drop out was detected, whidulgv be expected if the emulsifier
(Tweerf80) would be desorbed from the particle surfaceaidg slight decrease in particle

size comparing the diameter before and after thetien was observed.

L
N—r

intensity (arbitrge)
intensity (arbitrge)

1 10 100 1000 10000 1 10 100 1000
DLS-size DLS-size

figure 87: a) DLS measurements of Twé®0 styrene particles; b) Twet0 styrene particles thinned 1:0, 1:1,
1:2, 1:4, 1:8 (experiment 60).
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By this emulsion approach hydrophobic nanopartidles gold, FeQ and QDs can be
encapsulated easily (figure 88, 1.-3.). The presaicstabilizers in styrene and DVB like for
example the polymerization inhibitor-tért-butylbrenzcatechin results in quenching of the
luminescence of quantum dots. Therefore the morm®mave to be destillated, what permits
the establishing of solutions, containing CdSe/@dS/nanoparticles with satisfaying quantum
yields (figure 88, 4.).

figure 88: Tweerf80 emulsified polystyrene composite particlesgoldnanoparticle in wate@. FeQ, in water,
3.CdSe/CdS/ZnS QDs in watdr,CdSe/CdS/ZnS QDs in water under UV excitatianad under daylightj.

TEM images of the FeOand CdSe/CdS/ZnS nanoparticle solutions show esiagtapsulated
nanoparticles (figure 89). The excess of polymeals® apparent, which can be removed via

heptane.

figure 89: TEM images of CdSe/CdS/Zn8{B) and FeQ (C-D) containing TweefB0 emulsion-particles.
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Concerning fluorescence a low level of fluorescetmaking at the Tweét80 emulsified
polystyrene particles carrying QDs and ke@noparticles was observed (figure 90), which
was too low for reasonable quantification, howewegeneral fluorescence was observable.
The low quantum yield might be due to three factéisst, the absorption of fluorescence by
the magnetic nanoparticles which was already meeticas a general problem of composite
particles of this kind. Second, water might haveeesd the hydrophobic phase, causing now
guenching by being present at the nanoparticleasarf And third, which might have the
greatest influence, free radicals which are pravithea large number by the initiator may also
cause quenching effects by reacting with the namicfea surface. So the amount of radicals
has an immense impact on the quantum yield of tiaaiym dots. A prior encapsulation of the
nanoparticles with a tighter ligand shell couldedthithe radicals from the nanoparticle surface.

figure 90: Fluorescence of Twe&80 emulsified polystyrene composite particles, aiming fluorescencing and
magnetic nanoparticles.

To examine the evolution of Twe®0D based emulsion polymerizations, a calorimetric
measurement (figure 91) was performed with styréné3 and Tween system. Changes in the
thermal flow, indicated in yellow (figure 91), cdme interpreted as follows. After the
temperature settled down to 45 °C the initiatosdliged in water was injected. Because the
water was at room temperature, which was off cologer than 45 °C, both curves show a
negative thermal flow. With the injection of thetiator the polymerization starts immediately
and the thermal flow increases. However, here ssivaslelay between a prepolymerization
and the main polymerization (tow maxima on the omlicurve) was observed. It has been
assumed that first the monomers in the aqueousepfeast. Because Twet0 builds up a
very compact shell the oligomer radicals are nd¢ &b enter the micelles easily, compared to
SDS emulsified micelles. Thus a shift of approxiehatfive minutes was measured between
the start of the polymerization in the aqueous eleasd in the micelles. After 30 minutes this
reaction has finished. During that time a cumukativermal flow of 2.84 kJ was observed. In a

rough approximation, ascribing styrene and DVBgame reaction enthalpy and neglecting the
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enthalpy offered by Twe&B0, for 100% conversion 4.55 kJ are expected. Afingly a

conversion of 62% is calculated.
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figure 91: calorimetric data of emulsion polymerizations perfed with styrene, DVB and Twe&80 .

Temperature developing of cooling/heating jackerKeblue), heat transfer coefficient (light bluemperature developing in
the reactor (red), heat flow across the wall ofréector (beige) and heat of reaction (yellow).

In a gravimetric experiment where free monomer weasioved from the polymer by
evaporation in vacuum at 80 °C, a ratio of solidteraof 80% was found. Twe&80 provides

a high mass, a low reaction enthalpy and will netremoved during the drying. The solid
matter ratio of 80% is consistent with the calotincemeasurements. From a previous reaction
the amount of free monomer was analyzed via gasm@diography (GC) with the result that no
free monomer was detected. That suggests thabthimer shell is complete. Free monomer is,
if the conversion is smaller than 100%, inside alwés not negatively affect on particle
stability.

The lower conversion in comparison with SDS emigdiimicelles might come from the closer
shell, buildup by Twe€t80. Even if a low conversion might seem negatigenfthe first point

of view, it demonstrated in combination with thdagebetween the polymerization in solution
and into the micelles, that Twe0 provides an effective screen separating nariofesrtand
agueous phase. This was primary the reason foremmgahting Tween®80. By using another
initiator system or other reaction conditions (¢egmperature) it should be possible to increase
the conversion, too.

The set of all results observed by dynamic liglattsring (DLS, DTS Nano) are shown in table

1. The DLS size is given as the average diameteuleded.
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number | DLS-size [nn)] number| DLS-size [fm] numbgr DLSediam]| number | DLS-size [nm]

1 61 2] 73 41 5p 61 g8
2 41 23 43 42 62 34
3 30 23 4 43 342 63 39
4 39 24 47 44 245 64 50
5 27 25 57 4% 650 65 43
6 39 26 24 46 5700 g6 38
7 30 21 54 47| 104 61 41
8 63 24 23 48 99 69 3
9 43 24 49 93 69 3

10 24 3( 32 50 3B 70 40

11 31 3] 51 31

12 3q 33 4 52 38

13| 40 33 22 53 39

14 34 37 54 3P

15| 48 34 59 5b a0

16| 49 34 39 56 41

17| 44 37 106 57 59

18] 44 34 220 58 43

19 52 39 44 5P 48

20 54 4( 6 38

table 1: DLS-results. The number refers to the emulsion aggires listed in table 9.

Based on the results important parameters to doti size of the particles could be
identified, shown on Tweé&i80 containing experiments. This becomes very ingmt
especially for bio applications, because in sonmsesdhe particle size has to be limited and

therefore carefully tuned.
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figure 92: a) influence of the amount of Tweéd0 on DLS-size (in each case 28.0 g water, 615 tyterse,
132 uL DVB, 32 ug VA044, 120 pL pentanol, 45 °C);itifluence of DVB ratio on DLS-size size (in eacdse
28.0 g water, 615 pL styrene, 32 pg VA044, 120 |ehtanol, 0.50 g Twe&B0, 45 °C); c) influence of the
temperature on DLS-size (in each case 28.0 g wafs, uL styrene, 132 uL DVB, 32 ug VA044, 150 uL
pentanol, 0.50 g Twe&80).
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figure 92 a) shows an obvious relationship betweramount of Tweéi80 and the recorded
DLS-size. If more Tween®80 is used the DLS-sizerel@ses. This fact confirms one of the
best known relationships in emulsion polymerizattbat says that the particle size can be
reduced by enlarging the amount of emulsifier. Rafg to figure 92 b) it was observed that
the particle size rises up with higher temperatlites might be caused by lower density of the
monomer and stronger movement of the oligomers.celdhe mesh width could increase,
causing density of the polymer to be lower. Howethes effect should be smaller than the
observed values. The solubility of water in the wmer micelles might rise up which also
results in bigger sized particles. Concerning thgor between DVB and styrene it was
observed that enlarging the ratio of DVB the péetgize goes down. It can be reasoned that
the higher ratio of DVB results not only in highenoss linked particles but also to particles
with higher density.

Additionally it was observed that the thicknesstloé polymer shell can be varied by the
amount of additional monomer. Even different shels be polymerised onto the surface
subsequently. Size tunability is given by the antafremulsifier and the ratio of monomer to

nanoparticle.

2.5.4 Stabilitytests of Tweet80 emulsion particles

To document the stability of the outer Tw&86a shell a dilution series was carried out. In
figure 93 DLS measurements are shown, which pretenthydrodynamic diameters of the
emulsion approach 52 and 58 (table 9). With inéngadilution no significant changes of the
Tweerf80 emulsion particles were observable. The pasticlere also stored for 24 hours,
since the loss of Twe&80 could be kinetically hindered. But no degresiirte was detected.

Further no swelling was observed.

1,0 — 5311 1,0 —581:1
———531:2 ——581:2
08 53 1:4 0.8 58 1:4
> 531:8 > 58 1:8
P= 20,6
g 00 -~ 531:16 £ ———581:16
£ 0,41 £ 0,4
0.2 0.2
0,0 : : : , 0,0 , : : ,
1 10 100 1000 10000 1 10 100 1000 10000
size d [nm] size d [nm]

figure 93: DLS measurements of dilution series. The numbédes te the emulsion approaches listed in table 9.
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For a better overview the results are presentgahiggally in figure 94. Additional the approach
69 (table 9) is appended to show the behaviouradigbes with a larger hydrophobic diameter.
The concentration of the emulsion particles waskmawn. It should range in the uM range.
Nevertheless, the used emulsion approaches havkrsinitial concentrations. The highest

concentration of all solutions was set equal to 1.

100+ i .
1 b b > MB69 intensity PSD
80 - > > M69 Z-average
» M69 volume PSD
*x % N * * M58 intensity PSD
'g‘ 60 £ * * * * M58 Z-average
= % * * # M58 volume PSD
o 404 - .- s . = M53 intensity PSD
N B = B = " o M53 Z-average
» 20 = M53 volume PSD
O T T T T T T

00 02 04 06 08 10
dilution

figure 94: results of the dilution series. The numbers redehe emulsion approaches listed in table 9.

The results reveal the preservation of size ang the maintenance of Twet0 on the

particle surface.

2.5.5 Functionalization of Tweé&tg80

A variety of nanoparticles can be encoated in #raespolymer particle and a great bandwidth
of functional groups can be thereby integrated bydifiying the surface with different
chemicals. Because Twew0 showed to be one of the most competitive susrtiex hydroxy
groups were converted to other functional groupsickv can be used for various number of
coupling strategies. The terminal hydroxylic graxgm be transformed e.g. into a carboxylic -,
carbonyl- or alkyne- group (figure 95). The funattisation was achieved with preservation of

the double bond, which is fundamental for the cpp@risation.
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figure 95: Structure of Twee?B0 and functionalisation.

In figure 96 the'H NMR-spectra of Tweét80 -OH is shown in comparison with that of the
modified Tween. The assignment of the signals veagesed by*H, *C, and two-dimensional
NMR (HMBC, HSQC, HHQC), since Twe&80 has a low mass of ~ 1300 g/mol in

comparison with above discussed ligands.

Twesen S80-0H l

Twesn B0-CO0OH |

Tween 80-aldehyd [ i |

.Tween E;ﬂ':all-qine

figure 96: "H-NMR (400 MHz, CDC}) spectra of Tweét80 -OH in comparison with modifications.

The HHCOSY of the carboxlic functionalized Tw&80 shows a coupling of the methylene
protons vicinal to the carboxlic group at 2.63 pwiith the terminal methylene protons of the
PEO chain at the ester function at 4.24 ppm (fi@#e The weak coupling can be assigned to
the coupling over five bond8Xcoupling).
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figure 97: HHCOSY (500 MHz, CDG)) of Tweerf80-COOH.

The synthesized polymer particles can be furthedifieal as exemplified with surfmers like
V1100, which possesses a PEO chain, TWeenor acrylic acid. The polymer shell, shell
thickness, degree of cross-linking, solubility tiigh surface-functionalisation, and chemical
resistance can be optionally varied.

In the field of molecular labelling further detemticomponents can be applied, which assist the
detection. Antibodies, enzymes, further dyes, daydoates, radioactive markers a.s.o. can be
added. Polymer particles equipped with functiomralugs can now be coupled in a suitable

coupling reaction with biomolecules, catalystsggpes (schema 19).
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catalyst

dye, marker

enzyme

schema 19:Accoutrement of emulsion micelles with further nmlkes.

Biomolecules generally require mild coupling reast to prevent degradation. Thus it is
necessary to be able to offer a wide range of fanat groups on the polymer particle surface.
PMA e.g. provides carboxylic groups, which can loéivated by EDC and sulfo-NH&%,
which is an established procedure in biochemigthe yield for the formation of DNA-PPO
micelles produced by this method was 728

Surface modification with poly(ethylenoxide) can &ehieved in case of poly(MMA-DVB)
nanospheres by a transesterification reaction e pgresence of sodium methoxide as the

catalyst, as shown in the following equattdf

CHs CHj

CH4ONa
+ HO{/\O}H ———= cCcHoH +
n m n
o

HyCO™ O HO£/\
o)

The terminal hydroxyl group can be coupled for egbemucleophilically to isothiocyanates or
halogen-containing compounds under alkaline comrsti In coupling PEO by this method, not
only was the functional group changed, but alsgpacer was incorporated to achieve good

solubility as well as other properties.
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The ligands can be amplified by certain chemicatsich show broad specificities or general
specificity for biomolecules. For instance, Cibacilue F3G-A has the group specificity for
albumin, dehydrogenase, and lysoz{fite The coupling between the terminal hydroxylic
group of poly(ethylenoxide) and Cibacron Blue F3Gz&n be achieved in the presence of
sodium hydroxide. Since both compounds are nedgtistearged, the reaction is performed
under repulsive conditions. So the concentratioelettrolyte can be used to control the dye
immobilization®*: 3!

The characterization of surface group contentstrigngly hampered by the fact that the
amounts of both surface groups and elements ase ¢tothe limit of detection owing to the
relatively large contribution of the polymer coe conductometric titration is often used to
determine the content of carboxylic and aldehydeipg®®?. With this technique (titration with
NaOH) it was possible to calculate the number caytgyoup on a polyacrylic acid coating of

around 1.5 carboxy groups perhm

2.5.6 Fluorescence quenching by (Forster-) fluoresceesenance energy
transfer (FRET)

To prove the thickness and density of the polyntellsForster energy transfer between a
donor and acceptor pair, due to dipole-dipole axdBons, was studied in cooperation with
Aliaksandr Yaravy during his stay in the group o6f°Dr. H. Weller.

The fluorescence dye rhodamine 110 was coupledd®y/EHS activation over the carboxylic
groups of polyacrylic acid of encapsulated goldapanticles. After dialysis over three days,
FRET measurements were performed.

The nonradiative energy transfer strongly dependstte chromophores center-to-center
separation distant&®. The gold nanoparticles functioned as acceptohilewhe donor was a
fluorescent dye, which features a required non-zetegral of the spectral overlap between
donor emission and acceptor absorgifsh

and leads in the case of gold nanoparticles tceached donor photoemission.



Results and Discussion 122

L0
—— nano particle

figure 98: TEM image showing the thickness of the polymerIsiied scheme polymer particle with dye.

TEM images of the obtained nanocomposites, comgimgjold nanoparticles, are shown in
figure 98. The shown emulsion particles are compagepproximately 50 gold nanoparticles.
The gold particles act as acceptor, while rhodarhit@represents the donor.

The spectral overlap (figure 99, overlap integiaf)the fluorescence of the donor and the
absorption of the acceptor is described by).JThe energy transfer is optimal if the
fluorescence spectrum of the donor corresponddiytotath the long wave band of the

absorption spectrum of the acceptor.
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figure 99: Spectral overlap illustration.

Corresponding fluorescence measurements (figuren8®)ate a decline of the quantum yield
in case of attached gold-nanocomposites. The FRii€Teacy was E = 78% (figure 100).
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figure 100: Rh110 photoluminescence quenching by Au nanopesticl

On the basis of the FRET efficiency a distance®Im was calculated, which corresponds
with the shell, shown on the TEM image in figure 9&is result reflects a tight and thick
polymer shell and underlines the quality of thesstimked shell.

But like mentioned in chapter 2.4.4 the assumptias made, that the energy transfer occurs

between point-dipoles. Due to the presence of apmiattely 50 nanopartilces in one emulsion

particle the forster radiusoRas to be calculated witRg°.

2.6 Relaxivity of clustered SPIONs

Clustering of superparamagnetic magnetite nanapesti results in higher saturation
magnetization than that of individual ones becanfsthe interaction between the assembled
nanoparticleé®?. But the spin-spin relaxation rate & 1/T,) does not always increase linear
and echo time (time between 90° and 180° puige) independent with the diffusion

correlation time1p), and thus patrticle size.

To observe the relaxation rate, Repending on the clustering rate, ke@anoparticles

(~10 nm) were encapsulated and clustered in polysm&ils in cooperation with Ulrich
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Tromsdorf®!. Via tC-PEOb-PCLb-PEI (7) triblockligands diameters of 83 to 182 nm
(intensity PSD) were obtained (figure 101).

| — QDI/L 1:100

1,04 ~— QDIL 1:150

| QDI/L 1:260

0,8- QDI/L 1:240

> QDL 1:310

20,61 ~ QDIL 1:350

2 QDIL 1:450

= 0.4 QDI/L 1:480

0.2) QDIL 1:500

0,0 e
10 1000 10000

size d [nm]
figure 101: DLS measurements (intensity PSD) of the SPIONs witG-PEOb-PCL-b-PEI (7) coating in water.

The T, relaxivities of the nanocomposites were measurdd4d Tesla with pulse spacingy,
ranging from 0.05 to 1 ms. The results are showfigure 102. At a hydrodynamic particle
size of up to 90 nm no echo time dependency ofdlaxivity was measured. At hydrodynamic
sizes above 118 nm a clear echo timg)(dependents and a decrease in relaxivity was
measured. Owing to the ligand shell thickness thiedmeasured solvent shell, the metallic
core is at least 20-40 nm smaller than the parsides presented in figure 102.

The results agree with the results of Gibisal®®. At smaller sizes (figure 102, 1.) a linear
dependency of relaxation rate Bn particle size an no echo time dependency issunahle.
This is due to signal loss arising from diffusiagisprdered process). But the influence of
diffusion decreases with size.

Due to dependence of the relaxation rate on partohgnetization and diffusion times
(tp = /D, where r is the particle radius and D the wali€usion coefficient) a maximum is
been reached at a certain size or clustering figier¢ 102, 2.). The measurements indicate a
To-relaxivity maximum at hydrodynamic sizes of ~ 8@,ncorresponding to FeClusters of

~ 40 nm. In this size rage the static dephasingmedegins, in which diffusion shows no
effects on R

By further increasing of the particle size the pefsing pulses rephrase the spins. Thus the
transverse relaxation, increases, consequently & 1/T,) decreases. In this regime there is a

clear echo time dependency. The longer the timed®at the refocusing pulses, so the longer
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the echo time (time between 90° and 180° ptyg), is, the less echo appears. This shortens T
and increases Rfor more detailed information see chapter 9.4.1).
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figure 102: R,-relaxivity dependency on hydrodynamic diameteFed, (diameter 10 nm) containg
nanocomposites. The relaxivity was measured usiBigiker mq60 MR relaxometer (1.41 Tesla).
1. In this region, in which a linear dependency issaable, the nfluence of diffusion decreases,
2. static dephasing regim@, decrease in R2 due to refocusing pulses.

Gillis et al*®! calculated a maximum of the relaxivity rate aiféudion time ¢p) of 1 - 10* to
5.10" ms. The diffusion time depends on the particleiusdr, and the water diffusion
coefficient, D, as followstp = /D. The calculations of Gilliet al*** were based on a water
diffusion coefficient of 2.5 - fonnf/ms, corresponding to a particle radius of 16 nm
(10* ms) to 35 nm (5 - 1dms) and corresponding to a hydrodynamic diamet&2onm to

71 nm. Hence, the highest measureg r&€laxivity in figure 102 of a particle with a
hydrodynamic radius of 70 nm and in particular watmetallic core of a diameter of ~ 40 nm

correlates with the theory of Gillist al®®®,

2.7 Relaxivity of GAPQ nanoparticles

The relaxivity of GdP®@nanoparticles in water (CAN09-0026) was studiedaaperation with
Volker Bachmann from the Center for Applied Nanbtedogy (CAN, Hamburg).
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figure 103: relaxivity of GAPQ nanopatrticles with a Btb-PEQ,;-OH coating in water.

The water-transfer of the nanoparticles, which psssd tributyl phosphate and trioctylamine
as stabilizator, was achieved with a coating @f-BIPEG;;-OH. A crosslinkage and the PI-
N3 preligand was avoided, since thg felaxivity depends onnter alia dipole-dipole
interaction, which relies ongg~ 1/P. A close ligand shell is therefore not required.

A dilution series was prepared, whereupon the nelgxof the nanoparticles was measured at
1.41 Tesla. Results are shown in figure 103. Inmanison to MagneviStwith a measured T
relaxivity of 3.6 L/(mmol-s), the Gd atoms of the GdPOnanoparticles feature a higher

relaxivity of 5.7 L/(mmol-s). The measured r€laxivity is 7.3 L/(mmol-s).

2.8 Vesicle formation

By equalising the block length of the hydropholdt) (and hydrophilic blocks (PEO), block
copolymers are obtained which form vesicles wheay thre dissolved in a THF solution and
injected quickly into water. The amphiphilic blockopolymers associate in a bilayer
membrane, forming a hollow sphere in which the agsephase is present.

The formation of such colloidal structures start®we the critical micelle concentration
(CMC). Above the CMC spherical micelles, cylindticaicelles or vesicles form at first. By

further increasing of the concentration of the aipipife, lyotropic liquid crystalline phases are
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found, to which the sphere packing, the hexagoradked cylinder, bicontinuous, three
dimensional structures (gyroid), and a varietyaofiéllar structures belofit/’.

Self-assembly of lipids and amphiphilic block copuokrs, yielding the formation of vesicles,
occurs in two step®. At the beginning the amphiphiles align to a deutdyer, which
constantly grows in radius. Once a certain radisisraached, the disc is energetically

unfavourable. This induces a flexion of the disd #me energetically favourable vesicle closes
(schema 20).

T &9 closing
Bl-6-PEOC i g2 4 8 disc
black copolymer L B vesicle

double layer

schema 20illustration of vesicle formation.

As mentioned in chapter 2.3, the structure of tliekbcopolymer depends on the length and
volume of the blocks and the composition of the im@d(salt concentration, temperarture,
pH)EE For the formation of a vesicle should be the bptiilic volume fraction of the
polymer should be at 35 + 1685,

Volkan Filiz of the research group of Stephan Fair@tniversity of Hamburg, Germany) could
demonstrate the encapsulation of the micellab-PEO coated quantum dots in vesi€fés
Vesicle formation was achieved in cooperation witolkan Filiz by injecting
Pls-b-PEQ-OH (molecular mass of 3350 g/mol), dissolved inFTlh water. Any molecules
present may get sealed inside of the vesicle (sal#n
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schema 21illustration of nanoparticle containing micelleside of a vesicle.
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The amount of encapsulated molecules, e.g. wateblgonanoparticles, depends on their
concentration and distribution in water. Accordinghe non-encapsulated nanocomposites
have to be removed by syringe filter.

A confocal microscopy image is shown in figure 184an unpurified solution. The same

section is presented with and without laser-exoitatThe luminescence demonstrates that the
concentration of R|-b-PEG;1-OH coated CdSe/CdS/ZnS quantum dots inside oPtheb-
PEQG7-OH vesicles is much higher than in the surroundiggeous medium.

figure 104: confocal microscopy image of b-PEQ,-OH vesicles, containing Eb-PEG;,-OH coated
CdSe/CdS/znS quantum dots. The same section isrshoder a) excitation and b) via transmitted light.

In a 3D scan of the same unpurified solution (fggur05) a cross-section of a vesicle
demonstrates the presence of the quantum dotionsithe vesicle. In the framed box a part of

the lower semisphere of a vesicle is shown.
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figure 105: confocal microscopy image (3D scan) ok HHI-PEQ,»-OH vesicles, containing Rib-PEG,;-OH
coated CdSe/CdS/ZnS quantum dots. A cross-sectiarvesicle shows the presence of the quantumidsite
of the vesicle.

Integration of different nanoparticles in vesiculyrstems allows more secure transport of
nanoparticles in biological environments and catreéase cellular uptake. The outer vesicle
membrane can be equipped easily with further mdégsc(e.g. antibodies) in the same process
that has been described in the experimental section

The use of vesicles as superior transport vehesnits guided and controlled release. Either
the use of a biodegradable polymer-block such ady(gpoaprolactone) (PCL),
poly(dimethylsiloxane) (PDMS), and poly(lactide)L@® or the use of polymers, which are
degradable by outside influences (e.g. pH valudicalpexcitation), can enable controlled
release of the vesicle content. Hydrophobic nanmbes can be embedded in the vesicle
membrane and can convey the release. Similarlyl gahoparticles, integrated in the vesicle
wall, can photothermally destroy the carrier méittk The released content could be e.g.

nanocomposites for multitargeting and drugs.
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2.9 Bioapplication

Debating the adoption of nanoparticles in clinisaldies the consideration of the cytotoxicity
of the nanopatrticles is of particular importanceheTpossibility of interaction of metal
nanoparticles with biological systems, agglomermtiwhich can affect cellular uptake, and
inter alia the release of metal ions depends strongly orrithéity and kind of coating that
stabilizes the nanoparticles in aqueous media. &\fbil example bare superparamagnetic iron
oxide nanoparticles (SPIONs) induced a dose-depehaiss in fibroblast viabilitg® *°%! PEG
coated SPIONs where found to be relatively nonté¥lcTkachenki et df* and Goodmaet
al.®%! show, that also in case of gold nanoparticlesstivéace coating can play an important

role in the cytotoxicity.

2.9.1 Cytotoxicity

A cell is the smallest unit of an organism thatlessified as living and its complexity allows
the appraisal of the effects of different agenttoasrganisms. Not only the cellular uptake,
which depends strongly on the size of the nanocaitgand correspondingly the possibility of
agglomeration as well as the surface of the nanposites (present molecules, structure, and
charges) have an impact, but also the accretiothenplasma membrane with its diverse
responsibilitiesDue to their low baseline expression of adhesiotenuwe$”, A549 cells
were selected as a source of alveolar epithelll f the present study.

To demonstrate the quality of the crosslinkableNBIPI-b-PEO ligand shell cadmium
containing CdSe nanoparticles were adopted. Theplementation in cell solutions should
reflect conspicuously the effect of our ligand shidkence the results should be conferrable to
other nanoparticles which are been known to bettess.

Known cytotoxic effects of CdSe nanoparticles anelted to the release of €dond**” and
formation of free hydroxyl radicdf€® 3%°) generated by holes by virtue of the valence band
edge of 1.6 e\ is a handicap. Hence, multishell nanocry§t#i&®! concerning higher
guantum vyields due to inorganic passivation of mlamocrystals surface, ensuring radiative
electron and hole recombinati6n®®"

oxidatiord”? and the reduction of cytotoxicity 337 338 404408 ame to the fore.

, robustness against chemical degradation or photo-

The human alveolar epithelial cell line A549 wasated with different terminally
functionalised PB-PEO-X (X = -OH, -CHO, -COOH, -j and —NH) ligands and Pb-PEO-
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X micelles respectively, containing CdSe/CdSHZ¥5quantum dots with an PI-N3 shell
(figure 106). Presentation of different functiogabups and charges to the outer milieu could
have an impact on the cytotoxicity, since negatarges are believed to increase the blood

circulation timé&?, whereas positive charges lead to increased aeliptake.

1 PI-b-PEQ-OH
2 Pi-b-PEQ-CHO
3 Pl-b-PEQ-COOH
4 PI-b-PEC-N,

5 Pl-5-PEQ-NH,

figure 106: For toxicity tests applied 1 uM solutions (DMEM 0% HEPES) of CdSe/CdS/ZnS multishell
guantum dots with different RIHPEO ligand shells under UV light excitation. Thelutions were previous
dialysed two days to remove any salts from the part@le synthesis as well as further contaminatiofll
solutions were autoclaved.

To pursue changes in the cell vitality, differegtotoxicity assays were employetihe lactate
dehydrogenase assay (LDH-assay) is a method fontitatang cytotoxicity based on the
measurement of activity of lactate dehydrogenagaH(Lreleased from damaged cells due to
plasma membrane damage. Unlike many other cytopdasnzymes which exist in many cells
either in low amount (e.g., alkaline and acid plwagpse) or unstable, LDH is a stable
cytoplasmic enzyme present in all cells and rapralgased into the cell culture supernatant
upon damage of the plasma membrane. LDH activity ba determined by a coupled
enzymatic reaction: LDH oxidizes lactate to pyrevathich then reacts with tetrazolium salt
INT to form formazan. The increase in the amourfbaihazan produced in culture supernatant
directly correlates to the increase in the numbelysed cells. The formazan dye is water-
soluble and can be detected by spectrophotomes&Catm.

The outcome of the LDH-assay is graphed in figulé. figure 107 A represents the values for
the ligands and figure 107 B the quantum dot affigrinicelles. For this experiment a control
via CdC} is not relevant, since the interaction between lg@@d the enzyme takes place.
Except for the quantum dot containing micelles, chfeature ligands functionalised with
aldehydes, no appreciable biological fluctuationmpear. This finding indicates a high
homogeneity of the probes. The high initial valdieh@ outlier is in all likelihood caused by a
dilution failure during sample preparation (in geat LDH-assay Pi-PEO-CHO coated
nanoparticles didn’t show this behaviour, see 9.5This conjecture is been supported by
figure 107 B, in which the same sample lies outsiithe biological variance-range. It should
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be noted that in both cases a decline of the tyxati higher concentration values is recorded,
which further supports the stated presumption.t kirshe third window at a concentration of
more than 0.1 uM of the nanocomposites a mininakse of the LDH release is adumbrated.
This test was accompanied by a Wst-assay, meastimingnetabolic activity of viable cells.
This test was accompanied by a Wst-assay, meastimingnetabolic activity of viable cells.
This colorimetric assay is based on the cleavagéhefcell proliferation reagent Wst-8 (a
tetrazolium salt) to a formazan-class dye by mitmairial succinate-tetrazolium reductase in
viable cell§®”). As the cells proliferate, more Wst-8 is convettedhe formazan product. The
guantity of formazan dye is directly related to thanber of metabolically active cells, and can
be quantified by measuring the absorbance at 4P0a48 (Anax 450 nm) in a multiwell plate
reader.

Results of the Wst-assay are shown in figure 107igure 107 C the plain ligands and in
figure 116 D the quantum dot containing micelles slfown against Cdg£l

The developing of the Cdg&lcontrol in the Wst-assay (figure 107 D) is suggesof a
successful accomplishment of the tox-tests, arifiogn the decrease of the cell proliferation
reagent Wst-8 due to the toxic effect of CdCIhe first concentration window, which is
located between 0.001 and 0.01 uM QD-nanocompd@itese 107 D), represents a non-toxic
domain, since the probes are subject to a biolbgar@gance, which lies betwe&® and 100%.

In the second as well as in the third concentrattomdow all nanocomposites except the GAdCl
control exhibit a positive cell vitability. The d#rent coated core/shell/shell quantum dots
feature no toxic effects on the alveolar epithetiall line A549 in the concentration range
between 0.001 and 1.000 puM.

It has to be pointed out, that in both assays tlidarma concentration of nanoparticles is
compared with the molare concentration of Ciéns. Due to the presence of approximately
1000 cadmium atoms per nanoparticle thé*@ontrol has to be 1000 fold higher. Thus the
Cd®* control would show already toxic effects in the &st molar concentration of
nanoparticles used. This highlights the low toyiact the nanocomposites.

In addition to the toxic effects of the QD-nanocasipes themselves, it is important to
understand the toxic effects of the different fimwalised ligands, which could be released
from the micelle-compartment (figure 107 C). Agaime results from the Cdg€tontrol in the
conducted Wst-assay is suggestive of a successfohgplishment of the tox-tests. As in case
of the quantum dot containing micelles, the Wsagsshows a non-toxic range in the first
concentration window between 0.001 and 0.01 pMnligahough the solutions are subject to

biological variance, which range between 80 an®4.0bhe following two windows depict for
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all ligands except for Cdgla positive trend in the vitality of the alveolapithelial cell line
A549.

A LDH assay A549 P2 with Fl-b -PEQ 1Igands B otiassay 4540 P1 with PLB-PEO costed CaSHICASIZNS nanopsrtiches
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figure 107:LDH assay & Wst assays.
A LDH assay A549 with Pb-PEO ligands, which possessed terminal azids, aanmgroxyl- and carboxylic -
groups as functional groupB. LDH assay A549 with Pb-PEO coated CdSe/CdS/ZnS nanopartic@sd//st-
assay A549 with Pb-PEO ligandsD Wst-assay A549 with F3-PEO coated CdSe/CdS/ZnS nanoparticles.
Measurements were achieved at the centre for appéiaotechnology (CAN, Hamburg, Germany).

Toxicity mediated by reactive oxygen species (R@HJ was also investigated by the Centre
for Applied Nanotechnology (CAN, Hamburg, German¥he progression of the Feclhnd
diethoxymethane (DEM) control of the ROS-assayadatdis a successful realization of the tox-
test, in consideration of the clear appraisal aflative stress for the cells (figure 108).

For all nanocomposites the concentration of thetinea oxygen species was very low, and
even decreased further in the progress of theTastdecay of the relative ROS-concentration
with time could be interpreted by the absence oféX¢itation, as all probes remain in the
gadget during the measurement time. Creation oftgghemical induced radicals by
semiconductors is thus excluded, which should &i@5-generation.

That the cells by reason of the toxicity of thetjgéas perish and accordingly no oxidative

stress is evolved, is highly improbable, since linpeevious tox-tests no cytotoxicity of the
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particle was observable. Furthermore all photochahgenerated radicals on the surface of the
guantum dot would interact primarily with the dosidbonds of the PI block, which could
function likep-carotene as a radical interceptor.

ROS kinetic IHH-0128

9600

—&— DEM 10mM
—&— DEM5mM
— — FeCI3 0,3mg/ml
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—+— QD-COOH 1 uM
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figure 108: ROS assay.
Quantum dots (QD) coated withgRb-PEG:);-OH (QD-OH), -COOH (QD-COOH), -CHO (QD-CHO),
-N3 (QD-Ns), and -NH (QD-NH,). Control samples were made with Fe@hd diethoxymethane (DEM).

Neither Wst- nor LDH-assays identified any toxideefs of the analysed samples in the
concentration range of 0.001 and 1.000 uM QD-neeellThe quality of the inorganic ZnS

shell due to the CdS interlayer, the passivatiothefquantum dot surface by PI-N3 and the
additional coating via amphiphilic PHPEO-diblock polymers next to the crosslinkage
minimized both oxidative stress and cytotoxicitprroborating the grade of quality of the

encapsulation.

The Wst-, LDH- and ROS-assays were repeated witbialysis of the nanoparticle solutions

(9.5.1, 9.5.2, 9.5.3). The possible presence d@dpsmtucts and educts from the nanoparticle
synthesis, THF or excess of ligand had no remaekaffect on the experiments. The results
could be validated. Since the ROS assay dependsgstron the cell count, the assay was
followed via a Cellomics Reader (9.5.4). A cytotow kit 1l was used to distinguish between

necrosis and apoptosis. Results are shown in ahd&e5. In case of apoptosis the

mitochondrial potential changes, which can be \izad as a red colouration. Appearance of a
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green colour signals the increasing permeabilitthef membrane and could identify necrosis.
The A549 cell nucleus is stained blue.

Valinomycin, CdC} (9.5.5.1) and Fegl(9.5.5.2) in a concentration range of 10 to 100 uM
were used as controls. The ionophore valinomycielathts K ions and makes them
membrane-permeable. Thus the membrane potentiapses and cell-death is induced. The
onset of apoptosis (red-colour) was already obsenvehe lowest applied concentration of 10
to 20 uM. With the increase in concentration thkraember declines, due to cell-death.

The same unpurified solution from the ROS-assay t@ated. CdSe/CdS/ZnS nanoparticles,
coated with Rh-b-PEQG;;-CHO (9.5.5.3), -OH (9.5.5.4), and -COOH (9.5.51®re used in a
lower concentration range, which correlates withaemtrations used fan vivo applications.
A549 cells were incubated seventeen hours at ctratems of 0.1 to 1 uM. Cellomics
pictures of cells, exposed to the highest concgotraf quantum dots, are shown in figure
109. A green staining indicates an increased memebparmeability. The cell count stayed

constant and verifies the ROS-assay.

»

CHO 1 pM \ OH 1 pM COOH 1 pM

figure 109: A549 cellsin the presence of Rib-PEQ,;,-CHO, -OH, and -COOH coated quantum dots and a
cytotoxicity kit II. The incubation time was 17 hsuThe pictures were made using a Cellomics Reader

Under the assumption that 80 pmol CdSe/CdS/ZnSpeaholes are applieish vivoin a mouse
model for tumour targeting the maximal amount of nédol (7.2 pg) of CH ions
(presumption: 800 cadmium atoms per nanopartict)levbe inserted. Under the assumption
that all particles agglomerate and remain insidéhefbody the cadmium ions would assuredly
not be released all of a sudden. The process shspdat at least over many days. For
applications in humans a larger amount of quantots & necessary, which should be in the
range of 1 mg. In case of tumour-targeting a certanount of QDs could be removed by
surgery.

The disposal of cadmium should be set in relatiith @aily contamination. Exposure to €d

can occur from food, water, smoking or occupatiobmban agglomeration with its density of
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traffic and smoking increase such values. Tobaceoried by workers can become
contaminated and may contribute up to 10 times roadeium to the daily uptake than under
normal conditioné%®.

According to the environmental health criteria 18dblished under the joint sponsorship of the
United Nations Environment Programme, the Inteamati Labour Organisation, and the World
Health Organization in the year 1992, in the U®, dherage person consumes about 3gg15
cadmium (294-400 nmol) in food ddfif?**? In Japan, the mean dietary intake ofChly
nonsmokers women is 31-4@/day (276-436 nmol). So, for an average perso®0dfg, the
total daily intake of Ct from food, water and air in North America and Epeds estimated to
be about 10 to 4Qg/day equivalent to 0.16 to 0.6§/kg body weight/day using an average
human body weight of 60 kg. Having regard to thioséings, the release of small amounts of
cadmium per day (< 30 pg/day) is of no significanhsequence. This analysis suggests the

possibility of applications beyond medical research

2.9.2 in vitro & in vivo experiments

The aforementioned cytotoxicity tests suggest thglieability of Plb-PEO in combination
with PI-N3 as a nanoparticle-coating in biologisgktems, permitting the implementation of
different functional groups and accordingly expansef the nanocomposite.

A requisite arising from the lability of the prateiis, that the Pb-PEO ligands have to be
already assembled in a micelle dialysed to avoig eontamination. Representative TEM
images of the R]-b-PEG,;-COOH encapsulated magnetite nanopatrticles are rslovigure
110 after evaporation of the prior solvent watdre Tmages reveal that the nanoparticles are
mainly separately distributed on the grid. Densmaamay be caused by the slow evaporation
of the solvent water. These results cannot excladeossibility that more than one patrticle is
encapsulated in one micelle, nor is that the int€histered particles subject to a certain size
wouldn’t be obstructive for biological applicanttn@e an enhancement of the signal is

involved.
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figure 110 TEM images of R-N3 coated SPIO nanoparticles encapsulatedgpPPEQ,;-COOH and Ry;-b-
PEG,;-OH (QD/P 1:400, Ri-b-PEG,;-OH / Pk-b-PEG,1-COOH 1:1).

Nevertheless, best results were achieved by aictivat the carboxylic group in water, pH 5-6,
and coupling in PBS, pH 7.4 with an > 30 fold exced EDC/sulfo-NHS (1:2.5). The
possibility of multibinding to one antibody haslte acknowledged.

Special diligence has to be taken in the separatiamcoupled antibodies. Their unmodified
structure offers them a higher binding affinity quamed with the antibody-containing
nanocomposites. Consequently free antibody woulatkblthe binding motifs in further
experiments. Therefore magnetic nanocomposites puriéied from unbound antibody after
coupling via a magnet, while quantum dots werefarivia dialyses.

The coupling of the micelles in buffer solutionsaféected by the reduced solubility of PEO in
the presence of high salt concentrations. The iadddf salts leads to a decrease of the lower
critical solution temperature for the PEO/waterteyt™®!. This phase transition temperature is
called the ‘cloud point.” Under conditions of re@dcsolubility, the PEO chains are subject to
reversible phase transitions due to loss of theasioh shell. Consequently the chains need a
reduced volume and a closer packing is arrangedadsof the solvated random coil package.
This certainty raises the question, is the funeliagroup embedded in the polymer or does it
stay outside maybe supported by a better solvaiionprove the efficiency of the selected
coupling strategy, answering the question, didahggen-binding site stay unaffected to the
most part, enzyme-linked immunosorbent assays (K).|8uorescence activated cell sorting

(FACS), and Biacore measurements are promising.tool

2.9.3 in vitro cell experiments

The terminal functional groups of the triblock ligis have been shown to have no degrading
effect on the protection of the nanoparticles fribra outer medium in the applied buffer tests
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(see 2.1). However it could have an impact on lgicll systems, considering the contact of
the polymer coating with cell membranes.

It has been observed that living cells ingest nartopes. If cells are exposed to a culture
medium that contains nanoparticles, they starake tip the nanoparticles by endocyt%i&"
414-416] Nanoparticles are then transported to vesicudarpartments around the nucleus of the
cell where they remaltt* 41* 417 48Receptor-mediated uptdké **"and non-specific uptake
are alternative modes of cellular uptake of nanigas that have been discussed in literature.
To determine the effect of the quantum dot contgjririblock micelles cell experiments were
arranged. In collaboration with Andrea Salcher frilra Center for Applied Nanotechnology
(CAN, Hamburg, Germany), carcinomic human alveddasal epithelial A549 cells were
stained with Hoechst (blue). In a cell count petlwé 10000/1 the cells were incubated for
three days with 20 pL of the 10 uM nanoparticlaigsohs (7.4.1.4.4) in a Lab-Tek™ Chamber
Slide™ system (200 pL medium with phenol red, witheCS, 10% HEPES).

figure 111: Solutions of CdSe/CdS/ZnS nanopatrticles, stabiltaetigand8 (1), 10 (2), and12 (3) in water.

The applied solutions of CdSe/CdS/ZnS nanopartickabilized with PEQ-PCL-b-PEI
ligandss, 10, and12 in water, are shown under UV-excitation in figurgl. Ligands has a
tertbutyl protected carboxylic function, ligarm a methoxy group and ligant? an acetal
function. Each solution showed an average parsizie of 50 nm.

The nanopatrticles with termintdrtbutyl-carboxylic groups entered the cells (figude)l The
green color of the cells before incubation is doeatitofluorescence. A lambda-scan of the
probe after the addition of nanopatrticles (locatstiown by a red line in the second confocal

picture) substantiates the presence of the quadaigs) which emit in the range of 600 nm.
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figure 112: A549 cells incubated with CdSe/CdS/ZnS nanopasgjcleith tC-PEOb-PCL-b-PEI 8) ligands.
Confocal microscopes, 4% laser output. 1. cellsitaeihcubation, 2. cells after incubation, 3. Lamlsdan.

Those nanoparticle compounds, which contained lgedaps at the end of the PEO block just
adsorb at the cell membrane (figure 113). In compar methoxy functionalised nanoparticles
show now specificity (figure 114). They are distitied in the cell medium, and also cell uptake
occurs. As a result of the size distribution theright be the presence of nanocomposites with

different sizes, which leads to an uptake of aatermount of nanopatrticles by cells.

figure 113: A549 cells incubated with CdSe/CdS/ZnS nanopasgjcleth DP-PEQh-PCL-b-PEI (12) ligands.
Confocal microscopes, 4% laser output. 1. cellsitaeiihcubation, 2. cells after incubation, 3. Lamlsdan.

Certainly the cell-interaction can be reduced by éxtension of the PEO segment. But still
there are applications, in which unspecific intéoac in in vitro experiments could be of

interest. One example could be gene therapy.
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figure 114: A549 cells incubated with CdSe/CdS/ZnS nanopasicieith M-PEOb-PCL-b-PEI (1) ligands.
Confocal microscopes, 4% laser output. 1. cellsiteeihcubation, 2. cells after incubation, 3. Lamlsdan.

Instead CdSe/CdS/ZnS nanoparticles, coated wigrbFPEQG;>-CHO (figure 115), do not
enter the cells. Same results were obtained inieguof cellular uptake of human colonic
adenocarcinoma HT29 cells by Dr. Kersten Peldseliube university hospital of Hamburg.
Hydroxylic and carboxylic functionalized f&4b-PEGy;, coated CdSe/CdS/ZnS quantum dots
were compared with those, which were modified wagllobiose, gentibiose, melibiose and
maltose (disaccharides analoga were synthesizédalthias Wulff from the research group of

professor Vill) (schema 22, see also chapter 2.3.1..
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schema 22illustration of cellobiose, gentibiose, melibioselanaltose modified nanocomposites.
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Neither the disaccharide modified nanocomposites t@ hydroxylic and carboxylic
functionalized nanocomposites let in the space2ohdurs of incubation to a cellular uptake.
Also no agglomeration at the cell membrane wasrobse

figure 115: A549 cells incubated with CdSe/CdS/ZnS nanopasjoldth Pk-b-PEQ,;-CHO ligands. Confocal
microscopes, 4% laser output. 1. cells before iatiah, 2. cells after incubation, 3. Lambda scan.

The surface of the polymer shell has a high eféecbiological environment. By variation of
the terminal group the cell uptake can be conttoli€ertainly the occurrences have to be
analysed in more detail, but they highlight thesegifity of the compounds for biological
applications. It is still unclear if active, passivor membrane dislocating (like endocytose)
transport is the dominant passage for nanoparjuiake and what causes it.

A further observation, which couldn’t be clarifieddetail, is that the quantum dots in the cell
medium first start emitting after 5-10 minutes adér excitation.

The applied Rh-b-PEG;, comprising nanocomposites showed no specific amspecific
uptake. Their biological inert properties in calltare make them an interesting vehicle ifor

vivo application.

2.9.3.1 Biacore technique

The presence of carbohydrateson the surface ofPtHePEO polymer shell, coupled via
Huisgen cycloaddition, was revised by Biacore mesments (schema 23) in cooperation with
Sebastian Kopitzki (research group of Prof. DrThHiem). The grounding of Biacore is the

surface plasmon resonance, which gives informadtwout the occupancy rate of a gold coated
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sensor chip CM5. To this surface carboxymethylalextran is covalently bonded. Via a NHS-
activated carboxylic group R-type lecticinus communisgglutinin | (RCAg was coupled.
This tetrameric hemagglutinin (120 kD protein), gising two ricin-like dimers held together
by non-covalent forc&8°*?Yl bears ap-galactose specificity. Due to its high affinityrfo
glycans containing non-reducing termirggbal residues, RCAq has been widely used as a
versatile tool to detect sugar structures such haset found in complex-type N-linked
glycan$***?¥l The profit of this coating was verified by unbdyhD-galactose.

carboxyl group

dextran

protein

labeled nanoparticles

schema 23principle of biacore.

A dilution series of HEPES buffer containing ditfet amounts of nanoparticles carryiswp-
galactosep-D-glucose and plain quantum dots were preparedetutéd on a CM5-chip, on
which RCA»0 was immobilized. The corresponding adjusted segmaors are shown in figure
116. After 20 s the injection of the QDs was arehgvhereupon an increased response was
observable.

Biomolecular binding events at a sensor surfacesealhanges in an SPR signal which are
expressed in resonance units, RU (one RU is eanivéb one picogram of protein per square
millimetre on the sensor surface).

Upon the abandonment of the nanoparticle contairmiagning buffer after 250 s the
dissociation of the protein-sugar complex is indubg a run of pure running buffer. The blank
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nanoparticles (figure 116) showed hereby already at first sight of the aggisensorgram no
binding behaviour to RCA,, by reason that the response drops instantly to, zehen no

more nanoparticles are present in the buffer.

Adusied sansorg ram
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figure 116: biacore measurements.
Layered SPR-sensorgramsfebD-glucose ), p-D-galactose coated}, and blank nanoparticle€). The
measurements were achieved using an Biacore Tt66hate; the software used was Biacore T100 Evalnati
Software version 1.1.

The sensorgrams depart from an idealized SPR-ggasoy why it was prescind from a kinetic
appraisal. Under the definite concentration depeoeleof the sensorgram a thermodynamic
analysis was made based on the one-side bindinglmbage values, attained in the performed
measurements, of on-rates (ka) and off-rates (kgyatein interactions are directly related to
equilibrium binding affinities (I§ = kd/ka).

For determination of the thermodynamic dissociationstant I§ the steady-state obtained RU
response was plotted against the concentratioheofjiantum dots containing HEPES-buffer

solutions (figure 117).
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figure 117: RU difference response of the quantum dots as&ifimof concentration in the running buffer.
Layered SPR-sensorgramsfebD-glucose coatedd), B-D-galactose nanoparticleB), and of QDs without
monosaccaride<Z). The data points were by dint of the softwaregdradjusted to the one-site binding model.

In the event of the RU difference response as atifium of the quantum dots, offering no
monosaccharides on the PEO surface, in the rurmiffgr a linear correlation was determined.
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Whilst in case of the glycosylated nanoparticleseims of their RU difference response as a
function of the concentration a definite curve, evhiapproaches saturation, was gained.
RCA;20 showed therefore a binding affinity for the glyglased nanoparticles, whereby with
Biacore T100 evaluation software as well as catmra with Origin under consideration of
the one side binding model a higher binding affifiKp = 285 uM), which is expressed by
lower Kp-value, was found for the B-galactose-QDs compared withbglucose-QDs (s =
400 uM) (table 2).

Biacore 450 2125.00
Origin (calculated) 350 1807.40
average value 400 1966.20

Biacore 270 1441.50
Origin (calculated) 300 1537.95
average value 285 1489.73

table 2: comparison of obtained and calculategt Knd R.-values.

An integrated alkyl chain between the sugar mokecamhd the 1,2,3-triazole ring could

diminish the influence of the 1,2,3-triazole ringence assuring an unobstructed binding
behaviour and thus higher binding affinities.

The results comply with the expectation on the $RpPeriment by which the availability of the

saccharide on the quantum dot coating and acchigsiy lectines could be substantiated.
Owing to the high molecular mass of the nano-con@dM > 1000 kD) high RU responses

could be detected, which could permit the detertronaof lesser molecular interactions.

The results reflect the effectual presentation bfydrophilic molecule on the polymer surface.
Certainly the coupling of the molecule doesn’t hagebe accomplished ere the ligand is

assembled in a micelle, depicted subsequent.

2.9.3.2 Cell culture experiments with anti-CEACAM speci8®IONs

The evidence of the achievement of antibody-cogpdind the accessibility and preservation of
the antigen binding site of the antibody was areahigy cell culture experiments in cooperation
with Dr. Kersten Peldschus and Dr. Peter Nollaumfrthe university hospital Hamburg

Eppendorf. As a model for tumour cell targeting thenoclonal antibody T84.1 binding to
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carcinoembryonic antigen related cell adhesion oués (CEACAM) and the CEACAM
expressing human colon carcinoma cell line HT29ewesed. CEACAM are involved in
intercellular adhesion and signal transduction &/ema number of epithelia and are frequently
dysregulated in many carcinoms.

Carboxylic functionalised SPIONs with a hydrodynamadius of 50 nm were coupled to the
antibody T84.1. Resulting from the antibody-couglthe hydrodynamic diameter of the;PI
b-PEG,1-COOH stabilized SPIONs increased from 50 nm tan®0in water (figure 118)
according to DLS measurements (DLS, intensity PSD).
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figure 118: DLS measurements (intensity PSD) of the SPIONsrbedad after coupling to T84.1 antibodies.

Unbound antibody was isolated by using a colummosunded by a magnet. Cell suspensions
of HT29 cells were incubated with purfied anti-CEA@ specific SPIONs and SPIONs
coupled to IgG1l, SPIONs coupled to anti-CEACAM iombination with unbond anti-
CEACAM antibody and PBS as appropriate controlgeAincubation, cells were washed and
pelleted in Eppendorf tubes on a layer of polyaomitle (for more detailed information see
chapter 7.4.1.4). Cellular probes underwent magmesonance imaging on a 3.0T scanner and

a small solenoid coil in a custom made rack of lacgtass containing water (figure 119).
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PBS
sediment cell pellet

polyacrylamide

figure 119: 1.Magnetic resonance imaging of HT29 cells incubatid 50 pL SPION-A (9.
2. MR imaging of HT29 cells incubated with 25 uL SPI@NCc,). 3. Explanation. (see also chapter 7.4.1.4).

The T2*- and T2-weighted images demonstrated ar digmal loss of cell pellets incubated
with anti-CEACAM specific SPIONs and weak signakdofor all controls indicating a

negligible unspecific binding. In the presence obond anti-CEACAM the antigen was
blocked due to the higher concentration of the maantibody.

Coronal and axial images of both sets show darkeoirthe samples treated only with T84.1-
SPION-A and no signal loss of controls with IgG-SRIA and pretreated with mAb T84.1.

figure 120: Quantitative magnetic resonance measurements o9 ld&lP pellets incubated with 50 pL;J@and
25 pL SPIONSs ().
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Quantitative measurements (figure 120) of cell gislltreated with anti-CEACAM specific
SPIONs revealed dose depended relaxation rates oupR:t=0.022 +0.005 $ and
R, = 0.010 + 0.002'5(cy) (R* = 0.015+0.00 ¢ and R = 0.008+0.0025 (c,)). In contrast to
SPIONSs purchaseidter alia from Micromod, unspecific binding was nearly uretgable. The
results are getting corroborated by the cell tedtapter 2.9.3).

These results proved the biological functionality antibody-coupled SPIONs and
demonstrated the preservation of the antibody igffiafter coupling. The weak unspecific
binding promise a low biological interaction andegumably beneficial pharmacokinetic

properties foin vivo experiments.

2.9.4 in vivo applications

To further prove the biological applications antlgecoupled nanoparticles were tested in a
mouse tumour model.

In contrast to other labelling techniques, whem@gins e.g. biotinylated antibodies are getting
immobilized over streptavidii”, directly conjugatddf®, attached to a polymethacrylic acid
sterically complex beneath PEO chains close tom#®particle surfa€€', which are in some
extend applied in biologicah vivo systems, in this work the antibodies were attadbedinal

of a long PEO polymer chain. Thus presenting thetheaoutside of the shell while conserving
the flexibility and accessibility of the full antdy. The new ligand system and
functionalisation strategies were published prestpult has to be emphasized that the
coupling reaction with the functional group is upeded due to the presence at the micelle-
surface, which allows the reaction with an antibdéiyrthermore, the antibody is blocked from

the nanoparticle surface, where it could coordiaaie thereby be denatured.

294.1 Anti-CEACAM specific SPIONs

Based on the results of chapter 2.9.3.2 carcinogmnir antigen related cell adhesion
molecules (CEACAM) were chosen as a targetifiovivo studies. CEACAM molecules are
differentially expressed in epithelial cells orl@ucocytes. In tumours of epithelial origin over-
expression of CEACAM-5 occurs, while CEACAM-1 exgps®n is down-regulated in many

tumours indicating a tumour-suppressive function.
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To verify the results the coupling of anti-CEACAM84.1) antibodies to Btb-PEG:~
COOH coated SPIONs and cell culture experiment®wepeated in cooperation with Dr. K.
Peldschus and Dr. P. Nollau from the university pitaé Hamburg Eppendorf. The new
antibody-nanocomposites had a hydrodynamic dianwét®4 nm according to DLS (intensity
PSD) measurements.

Instead of HT29 cells the human melanoma cell IFEEMX-I expressing the carcino
embryonic antigen related cell adhesion molecUl#sACAM) 1, 5 and 6 were used. This cell
line, originating from a lymplnode metastasis in a patient, uniquely and sekdgtpproduces

extrapulmonary metastases.

figure 121: Magnetic resonance imaging of FEMX-I cells inculdatéth SPION-CEACAM. T2 weighted coronal
(a) and axial (b) turbo spin-echo (TSE) sequen€eslbphantoms incubated with SPIONSs.
1.PBS,2.T84.1-SPIONs3. T84.1 & T84.1-SPIONs4. SPIONs 5. cells without SPIONSs.
Incubation of cells: cells of the human melanoma cell line FEMX-I exgsiag the carcino embryonic antigen
related cell adhesion molecules (CEACAM) 1, 5 andefe trypsinized and washed three times in PB3s Ce
were counted and split onto 11 round bottom tubiés 9 x 10 cells in 500 pL PBS supplemented with 1%
BSA, respectively. Three samples were pre-incubafiéid un-conjugated monoclonal antibody (mAb) T8410
pg/mL) for 15 minutes at 4 °C to block specific diimg sites. Cell suspensions were then supplemeniid
T84.1-conjugated SPIONs and un-conjugated SPIOMNsdatse of 50 pg/mL. Cells were incubated for 1rtaiu
4 ° C. Afterwards, cells were washed twice anduspended in 300 uL PBS.
MR imaging of cell phantoms: Cell phantoms were prepared of 200 pL polyacrylamid0.5 mL Eppendorf
tubes. Cell suspensions were transferred in taEfhgendorf tubes and phantoms were kept 2 hours’@tfér
sedimentation. Cell phantoms were then examined 80 T magnetic resonance scanner (Intera, Phiipst,
The Netherlands) using a small solenoid receivédr Bhantoms were placed in a custom made devigefic
glas contacting that fit into the receiver coil.eTimaging protocol consisted of coronal and axiltiirbo spin
echo (TSE) and T2* gradient echo (GRE) sequences.

Cell suspensions of FEMX-I cells were incubatechvaitirfied anti-CEACAM specific SPIONs
and SPIONs coupled to anti-CEACAM in combinatiorthminbond anti-CEACAM antibody

and PBS as appropriate controls. After incubatietis were washed and pelleted in Eppendorf
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tubes on a layer of polyacrylamide. Cellular probederwent magnetic resonance imaging on
a 3.0 T scanner and a small solenoid coil in actnsiade rack of acrylic glass containing
water. In figure 121 T2-weighted coronal (figurell?) and axial (figure 121 b) turbo spin-
echo (TSE) sequences of cell phantoms incubatddS®IONs are shown (probe 2-4). Probe 1
contained PBS as control. Considerable signal deerédarkening) of the cell pellet in probe 2
demonstrated detection of T84.1-SPIONs by MR imggi@ells pre-incubated by T84.1
followed by incubation with T84.1-SPIONs in probea8 well as cells incubated with un-
conjugated SPIONSs in probe 4 showed no signal deereompared to cells without incubation
of SPIONSs in probe 5 indicating the target spedfitding of T84.1 SPION in probe 2.
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figure 122: MR imaging (T2 weighted) of mice before and 3 leaftdministration of SPIONs
(transverse section in region of the pelvis).

Forin vivo application served ten weeks old male severe aoedbimmunodeficiency (SCID)
mice as clinical relevant xenograft tumour modéf dells of the human melanoma cell line
FEMX-I were subcutaneously inoculated in the flanksheir pelvis. After 21 days of tumour
growth mice showed well palpable tumours at theatipns sites. The tumour tissue had a size
of 2-3 mm. At this size the tumour is vascularisatficiently.

The mice received intravenous administration of CB¥d, whereby T84.1-SPIONs and

unconjugated SPIONs as control were injected atse @f 700 pg Fe respectively. MR images
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(T2 weighted axial turbo spin echo (TSE) sequeméahe tumour bearing mice before and
3 hours after injection are shown in figure 122teffinjection of the contrast material the
mouse treated with T84.1-SPION (lower row) showsignal decrease (darkening) of the
tumour (arrow heads) where as the mouse treatdd wvitonjugated SPIONs (upper row)
reveals no signal change of the tumour. Signal gbann the area of the celiac are due to
changes of the position of the bowels and the amaiuliquid in the bladder. Further mice can
move their testis in and out of the body.

The results indicate a successful tumour-targeting -imaging. Circulation times of up to
12 hours could be detected. In comparison, dextoated SPIONs were just detectable for five
minutes in previousn vivo experiments. This again points out the outstandinglity of the
ligand shell and its facility to be bio-functiornsdd.

29.4.2 Anti-YKL-40 specific SPIONs and QDs

Several types of solid tumour (breast, colon, Iuidney, ovary, prostate, uterine, pancreas,
osteosarcoma, thyroid, oligodendroglioma, glioldast, and germ cell tumours) express YKL-
40, a protein, which belongs to the glycosyl hydsel family 18. This excretory protein is often
found in the blood of cancer patients and maybgspdarole in the growth of different tumours,
inter alia the human melanomic cell line LOX. There are sstgas that YKL-40 plays a role
in the proliferation and differentiation of maligracells, protects the cancer cells from
undergoing apoptosis, stimulates angiogenesis, #&as effect on extracellular tissue
remodelling, and stimulates fibroblasts surroundihg tumour. Nevertheless, the actual

biological function of YKL-40 in cancer is not knott?®.

figure 123: CdSe/CdS/ZnS probe N17, CdSe/CdS/ZnS probe N25;-8egD; coated with Ry-b-PEG;;-COOH
after 80 days of storage in watérunder UV-light,B under daylight.
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For targeting of YKL-40in vivo murine 1gG2bk anti-YKL-40 (146 kD protein), and mouse
IgG2b isotype (146 kD protein) were coupled withSBACdS/ZnS quantum dots and magnetite
nanoparticles. The used nanoparticlerPIPEG:1-COOH stock solutions after 80 days of
storage in water are shown in figure 123.

The proof of the effectual coupling was done byimrvivo experiment in cooperation with
Kersten Peldschus and Johannes Salamon from tbarcesgroup of Prof. Dr. U. Schumacher

in the university hospital Hamburg Eppendorf.
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figure 124: MR images of a mouse exposed to the anti-YKL-40atua dot and —SPION conjugates.
A: T2 weighted measurement before injectior: (top) a&fiter injection (buttom).
B: T2* weighted measurement before injection (tamj after injection (buttom).

10° cells of the YKL-40 expressing human melanoma tirb LOX were subcutaneously
inoculated in the left flank of four female C57BIBCID mice and served as clinical relevant
xenograft tumour model. After 2 weeks of tumourvgito 86 pmol of the constructed anti-
YKL-40-QD conjugates in combination with 300 pmaitiaY KL-40-SPIONs conjugates were
intravenously injected. Magnetic resonance imagihgumour bearing mice was carried out
before and 24 hours after application of the amlybconjugates. In mice treated with the anti.-
YKL-40 antibody conjugates magnetic resonance im@pgevealed a substantial signal loss of
the tumour tissue in T2- and in the T2*-weightecges (figure 124).

As a negative control 170 pmol 1gG2b-isotype-QD jugate along with 170 pmol IgG2b-
isotype- SPION conjugate in 200 puL PBS, pH 7.4,ewjected into another four cancer
bearing mice. At this juncture no signal loss ahtwr tissue was observed, thus no binding
could be identified, whilst the tumour grows unaféal (figure 125). This result is coinciding

with the anticipation, that the antibody-conjugagghibit only negligible unspecific binding.
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Upon administration of the coupled iso-antibodyhet most a light darkening in the liver but
no variance in the tumour tissue was detectables Tésult coincides with expectations

because the mouse 1gG2b isotype shows no spegtiicthe tumour tissue.

Before treatment Before treztiment

&
«

figure 125:MRI pictures of a mouse exposed to the IgG2b-isetypantum dot and -SPION conjugates.
A: T2 weighted measurement before injection (top) after injection (buttom).
B: T2* weighted measurement before injection (tapj after injection (buttom).

Histological analysis of tumours confirmed magneéisonance imaging findings by detection
of anti-YKL-40-QDs (figure 126 A & B) within the taour tissue. Notably high accumulations
of anti-YKL-40-QDs were found in the vicinity ekssels which supports the assumption that
the antibody-conjugates could leave the vasculatumg bound to the extracellular tumour
matrix which contained YKL-40. The absence of Igg&itype-QD conjugates in tumours of
the control group (figure 126 C & D) confirmed thieservation of no unspecific binding.

In spite of the low concentration of nanoparticfgsthe range of pmol) targeting of tumour
tissue could be documented. The dosage of 86 poaitgm dots is remarkable, compared to
other systems, which require quantum dots in tigh mianomolar to micromolar rarge***

4271 The small amount of nanoparticles and their iaoig and organic coatings should
minimize toxic effects, which are mainly attributesl the release of surface cations {Qid
assisted by metallothioneins, and the formationpbétoinitiated radical¥®. These toxic
effects can be observed, when water comes in dowtdcthe nanoparticles. But this is getting
circumvented by the double PI layer, which simwtaumsly can act as a remarkable radical
interceptor. Indeed, no toxic effects were obseriredreated mice. Nevertheless detailed

investigations are pending.
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figure 126: superimposed confocal microscope images of the tutigsues.
A: treated tumour tissue with anti-YKL-40-nanopdetic Normanski-contrast (200x enhanced)
B: treated tumour tissue with anti-YKL-40-nanopdetic Excitation at 365 nm (200x enhanced)
C: treated tumour tissue with the isotype contrariNanski-contrast (200x enhanced)
D: treated tumour tissue with the isotype contrakitation at 365 nm (200x enhanced)

In addition to the observed active targeting, quantiot probes can also be delivered to the
tumour by a mechanism referred to as passive tagfé?. Macromolecules and nanometer-
sized particles accumulate preferentially at tunsites through an enhanced permeability and
retention (EPR) effelf®**? This is due to some peculiarities of tumour ¢elbich can be
harnessed for targeting: some cancerous cells iangbe the synthesis of new blood vessels
(vasculature) by secreting growth factors. Suchvasculature, which perfuse the tumour
tissue, exhibit hyperpermeable tumour-associatdts wss a result, compared to normal blood
capillaries’'wall-leakage most tumours lack an dffex lymphatic drainage system. On that
account nanocomposites preferentially accumulatedariumour interstitial space.

This passive targeting wasn’t observed in our a@rpamt (figure 126 C & D). This could be
due to the low dose and/or the excess negativgebaupplied by free carboxylic acid groups
on the polymer coatif§. Negative charges are known to reduce the rateprobe
extravasation and its subsequent accumulation totoour xenografté®. In contrast,
positively charged amino groups on quantum dot-imotiposomes are suggested to lower the

circulation timé&*.,
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The established auspicious route opens new passiito understand the function of the
protein YKL-40 and shows the circuitousness of mapility of nanoparticles in
biochemistr{?® 43 43¢l

The findings verify the prosperous coupling of Hrgibodies to the nanoparticle coating with
preservation, for the most part, of the bindingatality and accordingly flexibility of the
antigen binding domain of the antibody. Moreovend circulation times were ascertained.
But these deliverables allow additional conclusiahge P§;-b-PEG;-COOH ligand remains
on the nanoparticle and the PEO chain circumvengsactions with the blood serum. Hence
the ligand system allows the use of diverse narigpes, what could not only be proved with
QDs and SPIONSs but also with GdP@anoparticles.

2.9.4.3 GdPQ nanoparticles in comparison with MagneVist

The high relaxivity of the GAPLYCANO09-0026) nanoparticles (see chapter 2.7) wasehson
to examine their applicability in biological envmments.

GdPQ nanoparticles, which were coated by +PEG1-OH in absence of the preligand PI-
N3 and without a radical crosslinkage, were congbanevivo with the clinical approved
contrast agent Magnevfst1.44 pmol GdP@nanoparticles dissolved in 400 pL dgMHand
2.00 umol MagneviStdissolved in 50 uL ddD were intravenously injected in mice and

investigated by magnetic resonance angiography (MRA
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figure 127: magnetic resonance angiography images of Ga@oparticlesA) and Magnevist (B).
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The results are shown in figure 127. In both cdkes/ena cavais contrasted considerably.
Major difference is the renal elimination (over th@&ney) of Magnevist The GdPQ
nanoparticles caused a slight signal in the livarclv could be seen after 7 minutes (figure
128).
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figure 128: magnetic resonance angiography images of GaR@oparticles.
A MRT angiography before contrast agent administer

B MRT angiography 30 seconds after contrast agentrasher

C MRT angiography 2 minutes after contrast agent athtar

D MRT angiography 7 minutes after contrast agent athtar

The nanocomposites had a size of 80 nm (intens& Bpplication) according to dynamic
light scattering (DLS) measurements. The large aimbthe avoidance of a crosslinkage might
be the main reasons for their agglomeration inlittee. However, this effect can be reduced by
reducing the size of the nanocomposites.

This experiment was just a proof of concept and masepeated. The research group of Prof.
U. Schumacher at the university hospital Hamburgefplorf was provided with carboxylic
functionalized, crosslinked GdR@anocomposites of a size <50 nm (intensity PSDjuidher

biochemical uses.
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2.9.5 Drug delivery systems

Occasionally, the nanoparticle-antibody system banexpanded by co-molecules like for
example radioactive markers, further dyes, and elvags. They can be coupled either to the
terminal functional PEO group (chapter 2.3.1.1) ibthey are hydrophobic, ensured by the
hydrophobic PI layer (schema 24). Like AIBN theyndze embedded in the progress of self-
assembly. Further molecules like antibodies antpsgietrating peptides (CPPs) procure the
accumulation of the drug-vehicle at the desiredinason. Pujalset al**”) report the tumour
cell uptake of gold nanoparticles, which were cgajed to amphipathic proline-rich peptides
(sweet arrow peptides, SAP).

The guided and “safe” delivery of these biomolestitesuch a drug delivery system (DBS)

38 provides access to gene therapy as well as prbgsiad therapeutic approaches. Such
systems are known to improve solubility, vivo stability, pharmacokinetics, biodistribution,
and to enhance the efficacy of the attached $ifigThe covalent functionalisation, for
example with doxorubicin (DOX), an anticancer drtigpugh an acid labile hydrazone linker
releases the drug in the cancer ti§§0le

_guiding molecule
~~ such as an antibody

YO Y -

b, o —

E b
<
1 - ™
¥ £

& 8
* 4 Y Y =
I (R, " % S g .
£ b |y il - J e " \
" T i - | 1 - =l
Erf \rrH e s i ‘T—-r" h ¥
. S
e drug etc. VAT
Wt 1y N ’ Y : A"
S Wy M -
L - 4, e ro1
"‘--._._..-"' sl
-

acid labile coupling group

schema 24drug delivery system.

The adjustability of the size allows the formatmfmmultifunctional micelles with sizes smaller
than 40 nm. Promising drug delivery vehicles of inmoliposome-antibody conjugates, which
were loaded with quantum dots, have in contraghdiars of 212 + 32 nm in size distributions

measured by dynamic light scatteffid.
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As an often intravenously applied cytostatic dreigplatin is an effective chemical compound
to treat various types of cancers. Cellular uptedsults from passive diffusion and active
transport by the copper transporter CH4P after which intracellular hydrolysis of the
prodrug occurs. Cisplatin (cisplatinum) inhibits BNsyntheses by chelating two bases, in
preference with the nucleophilic N-7 positions loé fpurine bases adenine and guanine, upon
displacement of the previous ligaHds ***! This leads either to a DNA adduct, if the lesion
affects just one DNA strand, or to a DNA cross-liffiie main adduct is a 1,2 intrastrand-
d(GpG) cross-link*. Also interference with cell division by mitosisaurs. The activation of
apoptosis is procured in turn via the elicitatiol dailure of DNA repair mechanisHig: 44¢!
Side effects are nephrotoxicity (kidney damagelromxicity (nerve damage), ototoxicity
(hearing loss), alopecia (hair loss), electrolytgutbance, nausea, and vomiting. Next to the

mentioned toxic effects cisplatin resistance caergm Proposed mechanisms include changes

in cellular uptake and efflux, as well as increaskedoxification of the drug, inhibition of
447]

apoptosis and increased DNA reffar

figure 129: GAPQ (3-5) and NaY[ (6-8) nanoparticles encapsulated vig,;/-PEQ,;-OH (QD/L 1:300) in the
presence of nile red and hostasol yellow in wagrunder daylightb) under UV excitation).

1. hostasol yellowdissolved in THF2. Nile red dissolved in THF3. GAPQ nanoparticles in Bf-b-PEQ,,,-OH
micelles in waterd. GAPQ nanopatrticles and hostasol yellow in;F-PEQ,;-OH micelles in water5. GAPQ
nanoparticles and nile red ingRb-PEQ,;-OH micelles in waterf. NaYF, nanoparticles in R-b-PEQ,,-OH
micelles in water7. NaYF, nanoparticles and hostasol yellow in;/I-PEQ,;-OH micelles in water8. NaYF,
nanoparticles and nile red ing2b-PEG;;-OH micelles in water.

To evidence lower toxicity and diminishment of ience of cisplatin resistance conditional
upon the exigency of smaller dosages by the adtrtiisn of specific “guided” cisplatitf®, a
diamminoplatinmalonat (a carboplatin-analoga) wagoduced to the R3-PEO ligand
(chapter 2.3.1.1.3). Carboplatin shows a reduadfonephrotoxicity, while the activity of the

mono- and diaqua complexes is comparable with aiisBf®!, and has additional uses as an
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intracavitary chemotherapeutic agent and as a sedagitizef*® “*° The stronger binding of
the leaving group to platin(ll) decreases for @siptanaloga plasma protein binding and
increases renal eliminatif{’.

The thymidine analogue zidovudine (INN), also ahlEzidothymidine (AZT) represents a
nucleoside reverse transcriptase inhibitor (NRThHis type of antiretroviral drug combined
with cisplatin enhances cytotoxicity and oxidatsteess in human head and neck cancer cells
via a thiol-dependent mechanié. Zidovudine could be therefore converted into g-BA
PEQ;rester analogue by DCC/DMAP coupling strategy (¢&@p.3.1.1.3).

Hydrophobic organic molecules are simultaneousierbled in the micelle. This effect can
be visualized with organic dyes, which show no bty and emission in water. GdRO
(CAN08-0040) and NaYF (CAN-BAY-0711) nanoparticles were both embeddedthe
hydropobic segment of 8tb-PEQ;;-OH micelles in combination with the organic comgsn
nile red and hostasol yellow. Such hydrophobic nigdyes are not soluble in water. In figure
129 the solutions shown are the aqueous solutiofse luminescence of the organic
compounds is predicated on the presence of theimdyde hydrophobic segment of the

micelles.
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figure 130: Absorption and emission spectra of GJRO. & 2.)) and NaYR (3. & 4.) encapsulated in Rtb-
PEQ,;1-OH (QD/L 1:300) ) in the presence of nile red dudtasol yellow in water. The absorption and eroissi
spectra of the used dyes in THF are also shown.
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The corresponding absorption and emission spedtréhe nanoparticle and organic dye
containing micelles in water are shown in figureO1& red shift of the emission and

absorption maxima of the organic dyes was detestahtd can be ascribed to the micellar
environment in the presence of the nanoparticles.

The results verify the feasibility to co-encapsel&irther hydrophobic molecules. Hence, on
the one hand drug-delivery systems and on the e multitargeting using other molecules,
such as radiactive compounds, can be established.

2.9.6 Multi-targeting

For in vivo imaging distinct documentation of the locationnaioparticles in spite of a high
background is essential. The parallel detectionnahoparticles, using different analysis
methods, is a chance to provide objective evidetiad a signal can be assigned to
nanoparticles. The co-encapsulation of differemdkof nanoparticles in one micelle like it's
been shown in chapter 2.1 and chapter 2.5 is hdyebgficial. Two different sizes of quantum
dots for example permit fluorescence intensity ipléking**?. The coencapsulation of
nanoparticles like GdPQa T1 contrast agent, and hydrophobic dyes (sapteh2.9.5) is also
an example for a multidiagnostable nancompositesitiBa emission tomography (PET)
isotopes such a8in or ®*Cu, which emit gamma rays from their decay, cowdulsed for
trimodal imaging. Such radioactive compounds oriaetd/e nanoparticles (containing for
example the radioactive isotop&e) can also be co-encapsulated.

Another perspective is the attachment of hydrophitiolecules on the micelle surface.
Functional groups grant the appending of furthealydital compounds like organic
fluorophores, radioactive markers, and drugs. AamgXe is the equipment of SPIONs with the
organic dye Alexa Fluor® 594 by using the ligandg;-B-PEG:1-OH and Pd;-b-PEG~
Alexa Fluor® 594 in a 10 to 1 ratio. The obtainesluson and an illustration of the

nanocomposites are shown in figure 131.
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figure 131: SPIONs with a RI-b-PEG,;-OH and P§;-b-PEG,;-Alexa Fluor® 594 (ratio 10 to 1) coating in
water.A illustration,B under UV excitationC at day light.

In this context, it has to be mentioned that défernanoparticles can also be coupled to each
other. The PEO based polymer ligands offer varfanstional groups to achieve the syntheses
of such substructures. Concerning multimodal imggthe combination of MRI and optical
imaging was achieved by EDC/sulfo-NHS coupling adgmetic Fe@ nanopatrticles, coated
with Plg;-b-PEG12-NH,, to CdSe/CdS/ZnS quantum dots, coated with-IRPEQG:-NHo,
were coupled to CdSe/CdS/ZnS quantum dots, coatbdPly;-b-PEG1-COOH. In figure 132
are TEM images of the obtain QD-Fef@anocomposites shown.

figure 132: QD-FeQ-nanocomposites.

The efficacy of the coupling reaction was clarifiegl coupling gold nanopatrticles to quantum
dots. In cooperation with Dr. Neus Gomez Bastudyameylic functionalized gold nanoparticles

were coupled with amino functionalized CdSe/CdS/ZraBoparticles. Results are shown in
figure 133. In the absence of EDC/sulfo-NHS thedgahd CdSe/CdS/ZnS nanoparticles are
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distributed over the grid. In the process of insieg the amount of EDC/sulfo-NHS from 0/0
over 2 eg/1 eq up to 10 eqg/ 5 eqg an agglomerasiabservable. This is due to the activation of
more than one carboxylic group per gold nanopaeticl
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figure 133: QD-gold-nanocomposites.

The results, in combination of the results of tHREF measurements, (2.4.4 and 2.5.6) are
valuable for the production of FRET based biosest$8r**®! An approach of Chanet al*>*!

is the use of quantum dots bound to gold nanopestida a proteolytically degradable peptide

sequence. Upon enzymatic proteolysis of the pepiidter, the quenching of the quantum dot

is abrogated. Admittedly, for such conceivalite vitro and in vivo applications is the

exploration of the effects of such nanocompositeving organisms required.
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3 Conclusions

This study deals with aspects around the use obpaaticles for biomedical applications.
Herein some of the main results and possible extes®f some of the problems addressed in
the previous chapters are concluded. Although Spemnclusions are presented along the

work, here are a compilation of those presentedgiwére considered to be most relevant.

3.1 Ligand shell

In this doctor thesis, variants of promising, pombased ligand coatings are disclosed,
which show remarkable robustness, versatility, pedpetuation of physical properties of
nanoparticles, opening manifold simultaneous apages for further functionalisation
strategies. The work comprises ligand synthesis exxchange procedures, regarding the
nanoparticle coating, as well as functionalisatisinategies. Multifarious modification
strategies with further functional groups could #emonstrated, which allow manifold
coupling strategies to couple molecules onto tlganid. They effect the arrangement of
multilateral micellar structures up to substructur®ethods for scaling-up of the coating
procedure are been demonstrated by emulsion polyatien all the way to in vitro and in
vivo applications of nanoparticles.

Ligand-systems were evolved based on poly(ethyteage) (PEO), which minimizes non-
specific adsorption and allows conjugation of enegmand other biomolecules with
preservation of their biological activit) ®*. By attachment of a binding motif like a Lewis
base (e.g. amine, thiols) to PEO, the polymer camdinate to the nanoparticle surface and a
ligand is created.

The PEO-NH/-SH ligands suffer from instability. Due to thendinding strength of the
Lewis base and the hydrophilic properties the httent-detachment equilibrium of the
ligand on the nanoparticle surface shifts to thesclenent side by dilution. Changes on the
ligand, which can also be nanoparticle-catalysetgnisify the shift. Consequently the contact
with water occurs, which can minimize the nanog#tproperties and lead to agglomeration.
Ligands with just one amine or thiol group showedespecially low binding affinity to
CdSe/CdS/zZnS quantum dots. It has been presumeththaulphur atoms of the outer ZnS

shell dominate at the surface.
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To stabilize the ligand shell, the detachment ghrid has to be impeded. This can be
achieved by increasing the binding strength of libend to the nanoparticle surface. One
option is the presence of more than one bindingugrper ligand, what allows a multi-
binding. Another possibility is the modification tiie nanoparticle surface. The outer ZnS
shell-thickness was increased to stabilize the wmaryield, and zinc-precursor was added
after S was removed from the CdSe/CdS/ZnS nanoparticieheygis. Therefore the
guantum dots exhibited more atoms, which can coatdiligands with Lewis bases.

The ligand-disposition can be further compounded llgand-ligand interactions. A
hydrophobic ligand-segment allows complex intemctiwith other ligands and the
nanoparticle surface as well as the prior stabgiZeom nanoparticle synthesis. An insertion
of the hydrophobic segment between the ligand sagnesponsible for water-solubility and
binding motif bears the trait to shield the nanstaiy surface from water. Furthermore the
ligand-coating gets more robust, which is refledredhe stabilization of quantum vyield in
buffer solutions and minimisation of the cytotokycof particles. The most stable ligand shell
is accordingly a covalent crosslinked shell, whachieves a cage around the nanoparticle.
Ligands, which consist of a hydrophobic and hydriplblock show amphiphilic character.
The ligand exchange as customary, which involves grecipitation of nanoparticles to
remove the prior ligands from nanoparticle synthesad to be modified. Thus, the ligand-
coating of nanoparticles was achieved by self-abgemf the ligands in the progress of
water-transfer. This “ligand addition” procedurecantrollable and has the advantage that the
process can be up scaled and automatated, becheseaahoparticles stay in solution
continuously. The nanoparticle to ligand ratio, @&@ncentration of the nanoparticle and
ligand solution previous to the water addition, geémperature, and the speed of the water
addition are options to control the micellar assgm8upplemental hydrophobic molecules
can be co-encapsulated.

The formation of micellar structures viaranchedPEIb-PCL-b-PEI triblock polymers
facilitates not only the transfer of hydrophobicnoparticles like TOP/TOPO coated
CdSe/CdS/zn$® in aqueous solution, but also accomplishes higgidity of the
nanocomposite. The multi-dentate poly(ethylene eni{iPEl) binding motif provides higher
binding strength to the nanoparticle surface, wiile hydrophobic polgfcaprolactone)
segment (PCL) leads to hydrophobic interactionskammifogen bonding of the PCL ester with
the amines of PEI (figure 121). Thus a high stabdf the ligand coating is generated. At the
same time, the polymers can bear protected furatigroups for coupling reactions, which

are shielded from nanoparticle surface due to fftrdphobic shielding of the nanopatrticle.
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In addition to the strategy of emulsion polymeriadf®® this method accomplishes a simple
and versatile strategy to achieve water-solubditpanopatrticle.

coordinative binding
Hydrogen bonds

/ van-der-Waals forces
/ Hi——,
s=es Py )
= Jh {
=|.f'l‘| u J) 4 l || ! o
\} :"-'-"ﬂi':: = ey |
. J{f g7 :
I
v L‘:‘ Ao/ : :
i i i |
4 | i i I A s
N e
e . ! 5
S ) o
o ToER ke

figure 134:interaction of PEb-PCL-b-PEO on nanoparticle surface.

A further improvement was the design of a duple@watent crosslinkable ligand-system. The
system combines the coordinative binding of an anfimctionalized poly(isoprene)
preligand (PI-N3), hydrophobic encapsulation in amphiphilic poly(isopreneplock
poly(ethylene oxide) (P-PEO) ligand, and crosslinkage. The interactiomsildustrated in
figure 135. They achieve a stabilization of theatid and extract the ligand from the
equilibrium between attachment and release.

coordinative hinding

covalent
crasslinkage

van-der-YWaals forces

figure 135:interaction of PI-N3 and F§-PEO ligands on nanoparticle surface.
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The large PEO block with a mass of > 6000 g/molieads a high water solubility and

biocompatibility, while the inner, rigid, hydrophicbshell protects the nanoparticles against
contact with the outer medium. Thus, the new ligacodnserve the physical properties of the
nanocrystals, among preservation of flexibility thie outer PEO shell. The use of the
amphiphilic ligand permits not only the encapswolatiof nanoparticles but also the co-
encapsulation of hydrophobic molecules (e.g. drdggher nanoparticles) as well as the

formation of “empty” micelles.

3.2 Emulsionpolymerization

Emulsionpolymerisation allows the upscaling andgification of the ligand exchange. This
technique has attracted interest in a wide varétindustries such as coatings, adhesives,
biomedicine, and biotechnolodg}: *** **° Coming from classical microemulsions using
SDBS as emulsifier it could be demonstrated thah whis technique a dense shell can be
built up, which offers competitive results in compan with classical ligand systems. To
force the properties concerning water stabilityfreers were implemented to make sure that
desorption of emulsifier and therewith loss of wag&ability cannot occur even in highly
diluted systems. For Twe®80 it could be shown exemplarily, that transformatiof the
functional groups can be achieved, fitting for astnevery coupling requirement.

In contrast to other nanoparticles, quantum dasaffected due to the presence of stabilizers
in monomer solutions or due to the contact withenatherefore a high degree of inorganic
passivation is necessary. A further pre-ligandtoastabilize the quantum yield in the process

of polymerization.

3.3 Functionalisation of the ligand shell

For biofunctionalisation of nanopatrticles, funcabgroups are required, which are accessible
from the aqueous phase. Such are e.g. carboxygpgrand amines. Such terminal groups
can lead to an inter- or intraparticular crosslggaHence, a hydrophobic or crosslinked

shielding from the nanoparticle surface is esskntia
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The Plb-PEO block copolymer features just one nucleoplgtimup, by virtue of the lack of
an anchor group, giving a competitive edge forhartfunctionalisation. The hydrophobicity
of the inner crosslinked hinders the binding of tleev functional group (e.g. NHHCOOH) on
the surface of nanoparticles, while the persisten€ythe ligand coating ensures the
disposition of the ligand. This is important, wHerther molecules like antibodies or dyes are

to be attached.

3.4 Integretion and coupling of (bio-)molecules

Due to the assortment of functional groups of tgarids routine coupling procedures can be
used to provide nanoparticles with antibodies, clydrates, DNA- & RNA-fragments, drugs
or other chemical molecules.

Depending on the chemical characteristic of theeauk the coupling can be arranged not
only after the ligand exchange, but also precediing attachment of dye molecules previous
to the ligand exchange with B{PEO and following FRET measurements demonstrédited t
presence of the new molecule at the micelle suréackeverify the density of the shell. FRET
measurements were also conducted to specify thsitdesf the polymer shell induced by
emulsion polymerization. The results correspondhWiEM images and confirm the excellent
quality of the polymer shell. To provide evidentattan attached molecule is accessible,
Biacore measurements were run with nanocomposifesng carbohydrates on the surface.
Results show the accessibility of the presenteceoubd on the micelle surface.

In case of coupling after the formation of the n@mposites, an excess of ligand, which also
offers functional groups has to be avoided or rathi@imized. The ligand systems, presented
in this doctor thesis show the benefit that thay loa used in a ratio of 1 to 50 up to 1 to 400.
Thus, the excess of ligand is low. In case of thepting of molecules which can lead to a
crosslinkage, because they bear more than oneidaatigroup, they have to be used in an
excess. This can be seconded by reducing the anodumnctionalized ligand by using a
mixture of un- and functionalized ligand in the pess of ligand exchange.

For antibody labelling, EDC/sulfo-NHS couplify’ under sterile conditions was adopted,
since the educts and side products of EDC/sulf-Niet8/ation show a low toxicity. But due
to the steric hindrance and the accessibility eflyisine at the antibody surface a low reaction
yield of approximately 20% was observed. The inseeaf EDC/sulf-NHS to > 5 eq. per
nanocomposite can lead to a crosslinkage betweghodies and nanocomposites. This
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entails a far lower blood circulation time in vivo experiments and the agglomeration in
organs such as liver and lung. An approach could ys-taq at the Fc part of the antibody.
The presence of too many uncoupled nanocomposiiesbe avoided by two to threefold
repeat of the activation procedure. Also the phording of the antibody to immobilized
antigen can avoide the peptide coupling to thegantbinding domain of the antibody, which
would have a negative influence on the bindingitghilf the antibody.

An alternative approach could be the conversiotewhinal amines to diazonium ions, which
react in agueous media with tyrosine and histidiiimse amino acids are rare and the simple
attachment of a his-tag to a protein offers a @mf the binding site.

Uncoupled antibody must be removed completely bezanf its higher binding affinity,
which would block antigen binding sites. This candwone via dialysis or in case of SPIONs
via purification using a magnet.

Anti-YKL-40 antibodies, labelled with SPIONs andamium dots, were used in vivo
applications and could be detected in the tuma@sug. Their long circulation time due to low
unspecific interations was remarkable and of higiniBcance for targeting approaches,

where a long disposition in the bloodstream is amdntal.

3.5 invivoapplications

Not only the reduced disposition of ligand, bubdise thick and dense PEO shells reduce the
toxic effects of nanoparticles on cells. Severabtxicity tests indicated a low toxicity of the
nanoparticles, which are securely encapsulated?iB@ shell.

Many research groups found cytotoxicity to be ddspendeft” 33"2*! The ligand systems
presented in this doctor thesis realise the fdégilbtd use low concentration of e.g. antibody-
nanoparticle nanocompositesimvivo applications, contingent upon the preservatiothef
antibody and its specifity. Consequently the cytatity is further diminished.

These satisfying results and the evidence of tlesguvation of antigen-specifity in the
progress of antibody-coupling (anti-CEACAM speci8®IONs) next to the non-appearance
of unspecific interactions marked the cornerstoae ifi vivo applications of antibody
containing nanocomposites. The potential of thands to cluster SPIONs was adjuvant,
since the detectability was higher in case of elsstvith a diameter of >40 nm. Quantum dots

proved to be conducive when they are used in coatibm with other labels e.g. SPIONs. The
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in vivo experiments indicate that they can be appliedmhination with SPIONs. A coupling

or coencapsulation of QDs and SPIONs seems to to@ecessary.

3.6 Properties of nanoparticles

The versatility of the different ligand systems lcblbe asserted with a wide range of different
nanoparticles. In case of quantum dots like Cd$8,eCand InP, a high degree of inorganic
passivation is necessary to gain high and staldatgm yields and to lower the cytotoxicity.

At a thickness of the ZnS shell of more than thagam layers a small reduction of the

guantum yield in case of CdSe is discussed iralitee. However, on such quantum dots THF
has no influence, which serves as solvent forrduester to water.

The ligand systems achieve the stabilization of laygrophobic quantum dot. Thus a wide
bandwith of emission-wavelength can be permittedhychoice of the appropriate quantum
dots (figure 136).
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figure 136: overview of the emission-wavelength of differenagtum dots.

It was also verified with NaYf GdPQ, PbS, Au, FePt, FeQand NiP{ nanoparticles very
satisfying (schema 25, 1.n summary, any hydrophobic nanoparticle can beagsudated
and functionalized by this method. It isn’t consteal by the shape of the nanoparticle. The
transfer from an organic solvent to water is alsggible with rods, dots, tetrapods, tubes
a.s.o..

Quantum dots showed to be applicable especiallyninitro experiments. Alsdn vitro

experiments are fundamental and necessary predmurs vivo applications. Due to the
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universalism of the ligand shell the quantum do#m de changed against any other
nanoparticle like for example SPIONSs. iim vivo experiments the use of quantum dots in

combination with SPIONSs proved to be an intereséipglication.

3.7 Self assembly to multifunctional beads

For in vivo imaging, the simultaneous use of different diageostiethods is beneficial.
Arising from the multitude of ligand-interactiongthkv the nanoparticle and its hydrophobic
ligand shell the developed ligands can coencapsutatre than one nanoparti¢gkchema 25
2.) as well as different nanoparticlescliema 253.) and further hydrophobic molecules
(schema 254.)in one micelle in a controllable manner.

The combination of QDs and SPIONSs results in aideaf the quantum yield. Pre-ligands,
which increase the distance of the clustered natiofgs, are convenient to prevent a loss in

fluorescence.

1 z {l‘ ]
Ce A
< K L‘y»
o |
¢ B & o ni‘:}-,n
o O

schema 25illustration of nanocomposites.
1. nanocomposite containing one nanopartic®; nanocomposite containing clustered nanoparticles;
3. nanocomposite containing different nanoparticksnanocomposite containing nanoparticle and further
hydrophobic molecules5. nanocomposite with attached hydrophilic molecusnanocomposite containing
different nanoparticles and hydrophobic moleculss @tached hydrophilic molecules.

Either via protected functional groups during podymation or later functionalisation
strategies, ligands and emulsion particles weramaed by functional groups, which in turn
allowed a plurality of coupling strategies for thgachment of further molecules (schema 25,
5.). The transferability of the developed ligandsarious nanoparticles opens a potential and

manifold way to implement nanoparticles in bioladicystems. The insertion of diverse
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nanocrystals in one micelle and further modificasiallow the architecture of multifaceted
composites (schema 25, 6.) and the formation obpanicle substructures like diverse linked
nanoparticles. Thus, SPIONs and QDs can be coupittda distance of >10 nm, which
minimizes the loss in quantum yield.

The potential to implement chemical molecules i@ tlydrophobic segment (schema 25, 4.)
or in the hydrophilic PEO segment (schema 25,bgonvey them unaffected from the blood
serum to the target region is feasible. Combinatiasf both approaches achieve

nanocomposites, which merge detection possibilfgesema 25, 6.).
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schema 26 garnishechanocomposite for multi-diagnoses and drug delivery

Multiple diagnostic imaging applications such asltiplexing, PET, MRI and drug delivery
systems, which e.g. can be guided in a magnetid firecase of integrated SPIONs, have a
great potential in medicine. The package and twildransport can be used even for gene

therapy.
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4 Zusammenfassung

Unter dem Begriff Nanoteilchen werden Strukturee wiB. Metallcluster zusammengefasst,
die in der GrofRenordnung von 1 bis 100 nm liegeafgAind ihrer diskreten Anzahl an
Atomen verfliigen sie Uber einzigartige, grol3enabig&ngoptische, magnetische und
elektronische Eigenschaften. lhre geringe GrofRe dasl daraus folgende Volumen zu
Oberflachen Verhdltnis fuhrt allerdings zu einererthodynamischen Instabilitdt. Eine
kinetische Stabilisierung wird durch Liganden €eizidie an die Oberflache der Nanoteilchen
koordinieren und infolge einer Agglomeration entgagirken. In der Synthese von
Nanoteilchen sind sperrige Liganden meist hydrobbeh Charakters fiur ein kontrolliertes
Wachstum verantwortlich.

Zu den Anwendungsbereichen von Nanoteilchen geatiérinedizinische Forschung, in der
Nanoteilchen vielfaltige Ansatze in der Diagnostikd Therapie ermoglichen. Fir solche
Anwendungen mussen Nanoteilchen unter Erhalt ilpteysikalischen Eigenschaften in
wassrige Systeme Uberfiihrt und stabilisiert werd#ase sogenannte Biofunktionalisierung
von Nanoteilchen umfasst auch die Ermdglichung Wopplungsreaktionen von z.B.
Antikorper(fragmenten) und zeigt gewisse Anfordgem auf das dazu dienliche
Ligandensystem.

Hinsichtlich der gewilnschten Bioanwendungen mussbeme der Rigiditdt und
Biokompatibilitdt der Ligandenschale ein hoher Gier Abgrenzung gegen das aul3ere
Milieu gewahrleistet sein. Liganden, die ausschiodi3uber ein hydrophiles Fragment und
eine Lewis Base (,Ankergruppe“), die der Anlagerundes Liganden an der
Nanoteilchenoberflache dient, verfigen, konntenh sigicht zur Stabilisierung von
Nanoteilchen in Wasser bewahren. Das Ligandengjeieitht zwischen dem ungebundenen
und gebundenen Zustand ist anféllig gegeniber Wematigen und wird durch chemische
Prozesse, die teils auch durch Nanoteilchen kagmtysverden, auf die Seite des
ungebundenen Zustandes hin verschoben. Ein soldleglust an Liganden hat die
unmittelbare Agglomeration der Nanoteilchen zurgeol Zwecks der Stabilisierung der
Ligandenschale wurde an einer hoheren Bindungsstartes Liganden zur
Nanoteilchenoberflache und attraktiven Wechselwigan bishin zur kovalenten
Quervernetzung der Liganden geforscht.

Diesbezlglich konnten in der vorliegenden Doktoggrbunterschiedliche amphiphile
Liganden synthetisiert werden. Als gemeinsames k&trmotiv verfligen die hier
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dargestellten Liganden allesamt Uber einen Polyetioxid (PEO) Block, auch unter der
Bezeichnung Polyethylenglycol (PEG) gelaufig, dafgaund seiner Biokompatibilitdt und
Repressionen von unspezifischen Wechselwirkungdmoimgischen Medien gewéhlt wurde.
Die terminale Funktionalisierung der Liganden wurdigrch Wahl eines entsprechenden
Inititators fur die Inititation der Polymerisatiston Ethylenoxid oder durch spatere chemische

Modifikation erzielt (schema 27).

schema 27:lllustration eines Nanoteilchens innerhalb einecetiularen, nach aufRen hin funktionalisierten
Ligandenschale.

Unter den Ankergruppen zeichnete sich verzweigtagefhylenimin (PEI) aus, das je nach
durchschnittlichem Molekulargewicht Gber eine h@reahl an Aminen verfugt. Durch die

Mehrfach-Bindung an die Nanoteilchenoberflache kergine verbesserte Stabilitat erzielt
werden. Die primaren Amine lassen sich zudem d@ahbondisulfid in Dithiocarbamate

Uberfuhren, die als Ankergruppen fungieren konnerd waufgrund der Mesomerie-

Stabiliserung im Vergleich zu einfachen Thiol-Grapp eine hdhere Stabilitat gegen
Oxidation besitzen. Die Oxidation von Thiolgrupdé@hrt zur Bildung von Disulfiden, die bis

auf Goldnanoteilchen keine hohe BindungsstarkeNampoteilchen aufweisen.

Zwecks weitere Interaktionen, die der Stabilisigruter Ligandenschale zutraglich sind, zu
ermdglichen, wurde als weiterer Polymerblock zwesthHPEl und PEO Polycabrolacton
(PCL) gewahlt. Das somit synthetisierte Triblockpoér zeichnet sich durch einen hohen
Grad an Wechselwirkungen aus. Einerseits kommt es vielseitigen hydrophoben

Interaktionen zwischen den hydrophoben PCL Bloakes Triblockpolymer sowie zwischen
den Triblockpolymeren und den aus der Nanoteilcttgge stammenden Liganden,
andererseits treten Wasserstoffbriickenbindungesciwn den Aminen des PEI und den

Estergruppen von PCL auf. Diese Interaktionen werderch eine enge Packung des
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hydrophoben Segments geschirt, welches die Grehefl&Zum wassrigen Millieu zu
verringern trachtet. Die Integration eines hydrdpo Ligandensegments ermdglicht hierbei
nicht nur Stabilisierung der Ligandenschale sondemhindert die Diffusion von Wasser an
die Nanoteilchenoberflache.

Mittels der Kombination eines aminofunktionalisertPolyisopren (PI) Liganden mit einem
amphiphilen Liganden, bestehend aus einem Pl uménei PEO Block, konnte eine
Passivierung der Nanoteilchen und eine kovalenter@unetzung der Ligandenschale
bewirkt werden. Somit konnte die Bestéandigkeitldgandenschale noch gesteigert werden.
Die Ligandenanlagerung wurde durch Selbstorgawisader amphiphilen Liganden erreicht
und bietet die Mdglichkeit der Verkapselung unthisdlichster hydrophoben Komponenten.
Somit konnten nicht nur unterschiedlichste Nanok&ih durch die Liganden verkapselt
werden, sondern auch weitere hydrophobe, organisongponenten miteingebettet werden.

Dazu gehoren Fluoreszenzfarbstoffe, Wirkstoffe taddoaktive Molekile (schema 28).

‘ /,««”' Hydrophobic compounds

e.g. drugs,

radicactive molecules,
dyes,

nanoparticles

w
—
Hydrophilic compounds -

e.qg. drugs,
antibodies,

dyes, e
o

cell penstration molecules, |

watersoluble nanoparticles

schema 28:lllustration eines Nanokomposits, welches hydroghdfiolekille und Nanoteilchen im Inneren
aufweist, wahrend die aul3ere, hydrophile Schalénguitophilen Molekuile versehen ist.

Die vielfaltigen, funktionellen Gruppen der hydrdph, aufReren Schale ermdglichen
unterschiedlichste Kopplungsreaktionen. Es konult@turch nicht nur hydrophile Molekiile
wie Chemotherapeutika, Fluoreszenzfarbstoffe urmmBiekile gekoppelt werden, sondern
auch weitere Nanoteilchen. Aufgrund der Moglichkedass hydrophobe Molekile

miteingekapselt und hydrophile Molekile vor undfodeach der Ligandenanlagerung
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gekoppelt werden koénnen, konnten Nanokomposite eséztit werden, die vielfach
detektierbar sind und zugleich als Vehikel fir M&sihente oder fur die Gentherapie dienen
kénnen (Theragnostik).

Die PIb-PEO Verkapselung von Nanoteilchen wies eine selinge Cytotoxizitat und keine
unspezifische Aufnahme von HT29 Zellen auf. Mithitfer Modifikation der Nanokomposite
durch Antikdper konnte anhand von Zellexperimenten vitro das Ausbleiben von
unspezifischen Wechselwirkungen dokumentiert werduich in der Tumordiagnostikn
vivo bewahrten sich die Nanokomposite mit einem hydnadyischen Durchmesser <60 nm
(entsprechend DLS, Intensity PSD) durch hohe Zatkohszeiten und konnten trotz
Applikation von Mengen <100 pmol im Tumor nachgeseie werden.

In Bezug auf Vereinfachung und Hochskalierung déssBn-transfer von Nanoteilchen
konnte die Emulsionpolymerisation mit dem Emulgafaveer80 entwickelt werden. Auf
diesem Wege kann die Ligandenschale von Nanot@lcheekt in Wasser durch
Polymerisation in Emulsionspartikel erzielt werden.

Somit konnte nicht nur der Medizin die Verwenduran \Wanoteilchen zugénglich gemacht
und Nanokomposite mit vielféaltigen Eigenschaftenageert, sondern auch Moglichkeiten der

Vereinfachung des Phasentransfers aufgezeigt werden
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5 Summary

The term nanoparticle outlines structures such etanslusters, which are in the size-range of
1 to 100 nm. Due to the discrete number of atoney ghossess unique, size-dependent,
optical, magnetic, and electronic properties. Thmirall size and the resulting surface to
volume ratio lead to a thermodynamic instabilitykietic stabilization is gained by ligands,
which coordinate to the surface of the nanoparade in consequence counteract the process
of agglomeration. During the synthesis of nanopkesi bulky ligands of hydrophobic
character are used for a controlled growth.

To the range of applications of nanoparticles bgloredical sciences, in which nanoparticles
offer manifold approaches in diagnostics and therdor such applications nanoparticles
have to be transferred and stabilized in water updeservation of their physical properties.
This so called bio-functionalisation of nanopadglincludes also the activation of coupling
reactions with for example antibody (-fragmentsyl alepicts certain requirements for the
appropriate ligand system.

Regarding the desired bio-application a high degrfeleoundary to the outer milieu next to
rigidity and biocompatibility of the ligand shell ust be assured. Ligands, which solely
consist of a hydrophilic fragment and a Lewis b#aechor group) was not suited as
stabilizers in aqueous systems. The ligand eqiuhibrbetween unbound and bound state is
susceptible to dilution and can be shifted via dleahmprocesses to the unbound state, which
can partly be catalyzed by the nanoparticles. Suldss of ligands implicates instantaneous
agglomeration. For the purpose of stabilizing ilgarid shell a higher binding strength of the
ligand to the nanoparticle surface and attractiweractions up to covalent crosslinkage of the
ligands was quested.

Concerning this matter different amphiphilic ligandould be synthesized in this doctoral
PhD thesis. As common structural motif possessea depicted ligands of a poly(ethylene
oxide) (PEO) block. This polymer is also known adyfethylene glycol) (PEG) and was
chosen, because of the high degree of biocompatiteind repressions of unspecific
interactions in biological media. The terminal ftianalisation of the ligands was attained by
an appropriate initiator for the initiation of th@olymerization of ethylene oxid or by

subsequent chemical modification (schema 29).
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schema 29illustration of a nanoparticle inside of a micakel to the outher sphere functionalied ligand Ishel

Concerning the anchor group poly(ethylene imindgl{Bhows an outstanding performance
due to the high number of amines subject to itgaye molecular weight. As a result of
multi-binding to the nanoparticle surface an enlednstabilization of the ligand shell is
achieved. The primary amines can be convertedariaondisulfid to dithiocarbamates, which
function as anchor groups. Due to the mesomerisiniodarbamates feature a higher stability
against oxidation in opposite to other thiols. Tixédation of thiols leads to the formation of
disulfids, which have no high binding strength tetai nanoparticle surfaces except for gold
nanoparticles.

Concerning further interactions, which are benefiéor the stabilization of the ligand shell,
as further polymer segment palydaprolactone) (PCL) was integrated between PEIREO.
This synthesized triblockpolymer features a higlgrde of interactions with nanoparticle
surfaces. On the one hand versatile hydrophob&rantions occur between the hydrophobic
PCL blocks of the triblockpolymer with further thifwkpolymers and the hydrophobic ligands
from nanoparticle synthesis; on the other hand dyein bonds are formed between the
amines of PEI and the ester groups of PCL. Thdeeaictions are forced by a dense package
of the hydrophobic segments, which strive to mizenihe interface to the aqueous milieu.
The integration of a hydrophobic ligand segmentvedl hereby not only the stabilization of
the ligand shell, but also circumvents the diffusad water to the nanopatrticle surface.

Using the combination of an amino-functionalizedlymwmprene (PI) ligand with an
amphiphilic ligand, consisting of a Pl and PEO Bloa passivation of the nanoparticle and a
covalent crosslinkage of the ligand shell coulddgseduced. Thus the consistency of the

ligand shell was increased considerably.
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The ligand attachment was achieved by self-assewiblize amphiphilic ligands and offers
the possibility to encapsulate different hydroplcobompounds. Thereby not only different
nanoparticles can be encapsulated, but also futigdrophobic, organic compounds co-
encapsulated (schema 30). Among those organic dyegs and/or radioactive molecules can
be.

/,«”' Hydrophobic compounds

e.g. drugs,

radicactive molecules,
dyes,

nanoparticles

Hydrophilic compounds [T

e.qg. drugs,
antibodies,

dyes, e
o

cell penstration molecules, |

watersoluble nanoparticles

schema 30:illustration of a nanocomposite, which possesssglénhydrophobic molecules and nanopatrticles,
while the outer, hydrophilic shell is equipped wlitydrophilic molecules.

The multifaceted, functional groups of the hydrdighiouter shell facilitate various coupling
reactions. Thus not only hydrophilic molecules suah chemotherapeutics, dyes and
biomolecules could be attached, but also furtheroparticles. Because of the option to
coencapsulate hydrophobic compounds and the pligsthat hydrophilic molecules before
and/or after ligand attachment can be coupled, c@nposites could be generated, which are
multiple detectable and can serve simultaneouslywedscles for drugs or gene therapy
(theragnostics)

The Plb-PEO packing of nanoparticles yielded in a very loyotoxicity and no unspecific
uptake by HT29 cells was detectable. Via the modifon of the nanocomposites with
antibodies and their application in the basis dirabation experiments vitro the absence
of unspecific interactions could be documented.oAis tumour-diagnosticsn vivo the
nanocomposites (amount of <100 pmol) with a hydnaalyic diameter <60 nm (according to
DLS, intensity PSD) featured long circulation tinaesl could be detected in the tumour.
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For upscaling and simplification of the ligand eanbe emulsionpolymerisation using

Tweerf80 as emulsifier could be implemented. In this apph the polymer-shell is created

in emulsion particles around the nanoparticlesctliyen water.

Accordingly manifold ways for bio-functionalisatiaf nanoparticles could be demonstrated,
generating nanocomposites with multifaceted progertThereby nanoparticles could be

made accessible for biochemical approaches andappilicableness expanded extensively.
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7 Experimental Section

7.1 Preparation of nanoparticles

Trioctylphosphine oxid (TOPO) and partially triolgtgosphine (TOP) capped CdSe/CdS/ZnS
core/shell/shell nanoparticles were synthesizednieyhods reported previouéf “®! The
nanoparticles were precipitated twice with methaimolemove excess of TOPO and were
stored in chloroform. Size selective precipitatwas also adopted by the stepwise addition of
methanol and following centrifugation. Each pret@Ee was stored separately.

Lanthanide phosphat nanoparticles (G@P®ere prepared in organic solution, containing
diphenyl ether, phosphoric acid, and dihexyl ettzecording to published proceduféd,
The nanopatrticle was washed in an ultrafiltratiell with a 5 kD membrane with methanol.
This purification step was repeated three timeserAthe methanol was evaporated the dry
nanoparticles were stored at room temperature. CBmére of applied nanoparticles (CAN,
Hamburg, Germany) placed tributyl phosphate andctylamine coated nanoparticles
CANO08-0040, -0042, and -0043 with a diameter of 3wl at the disposal.

Fe;04 nanopatrticles, which were coated with sodium oleatre obtained by a ultra-large-
scale synthesi8® and synthesis in high-boiling ether solvéfits The procedure of the
purification involved the same ligand exchange oomiable with the purification of GARO
nanoparticles.

Gold nanoparticles coated with dodecylamine wengtesjzed in a water and toluene two
phase reaction referring Legf al!*>".

7.1.1 General preparation of CdSe/CdS/ZnS core/shell/shabparticles

For the synthesis of the nanoparticles the follgnstock solutions were prepared in a glove
box under nitrogen atmosphere:

a) 1.58 g seleniurf®9.99%, ChemPur) in 20 mL tnoctylphosphine (TOP, 90%, Fluka)

b) 0.80 g cadmium acetate (99.99%, ChemPur) in 20 @B T
In a 50 mL three-necked flask were 8.00 gitoetylphosphine oxide (TOPO, > 98%, Merck)
at 50 °C 12 hours and two hours at 180 °C drieddeghssed under vacuum. After cooling
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TOPO down to 100 °C 5.00 g hexadecylamine (HDA,2%09 Merck) and 0.20 g-tetra-
decylphosphonic acid (TDPA, 99%, Alfa Aesar) wedeed. The drying process was pursued
for one hour at 120 °C under vacuum.

Subsequent 2 mL of the selenium stock solution vigexted under nitrogen flow and the
reaction mixture was heated up to 300 °C. Oncentludeation-temperature has been reached
3 mL of the cadmium stock solution was rapidly atgel using a Hamilton syringe. Nearly
simultaneous the solution was cooled down to 26@itG a wet cloth. At this temperature
the CdSe upgrowth period was maintained for 1-6@uteis, depending on the desired size of
the quantum dots. After the expiration of thisrtehe solution was quickly cooled down to
130 °C, where the temperature was kept constararfother hour.

For the growth of the CdS shell were under inteienite of the nitrogen flow at a temperature
of 220 °C through a diaphragm 10 mk3dgas injected in 2 mL/10 minutes steps. Subsequent
to a further half hour of stirring the nitrogenviavas engaged and the solution kept stirring
for one hour at 130 °C.

For the last shell were either 3 mL of a 0.2 M zatearate/TOP or 3 mL of a 0.2 M zinc
acetate/TOP solution injected. The reaction tenmpegavas increased to 220 °C, the nitrogen
flow suspended and 20 mL,8 gas in 4 mL/10 minute steps injected. The salutA@s
stirred for 17 hours. After 2 hours of stirring @nchitrogen further 1.5 mL of the zinc stock
solution was added to ensure an outer zinc layaghemanoparticle surface. Finally after 3
hours of stirring the reaction temperature was ledebelow 100 °C. Thereon, for
purification 20 mL toluene were injected and sidedoicts as well as educts centrifuged. The
precipitate was discarded and the solution prextgit one to three times with methanol. In
case of the last precipitation addition of methaaot following centrifugation was done
stepwise to achieve a size selective precipitatiBach precipitate was dissolved in
chloroform, filtered through a syringe filter (PTF&2 um) and stored separately in the dark

at room temperature.

7.2 Preparation of ligands

The preparation of ligands was accomplished by h&gis of polymers and further

modification.
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7.2.1 PEObH-PCL-+-PEI based ligands

The hydrophilic PEO block and the hydrophobic PClock were synthesised via

polymerisation, while PEI was purchased and coupi@dDI coupling.

7.21.1 Polymer synthesis

The synthesis of the PEO-PCL back-bone was achidwedcatalytic ring opening

polymerisation (figure 7).

7.21.1.1 Synthesis of poly(ethylene oxide) (PEO)

Under argon atmosphere 2.1 g naphthaline (16.0 jnamal 567.0 mg potassium (14.5 mmol)
were dissolved in 20 mL THF and stirred over nigftie appropriate initiator (16.0 mmol)
was added and the reaction was kept stirring fother two daysAs initiator for the anionic
ring opening polymerisation the following agentsfimdted as initiator: tert-butyl-3-
hydroxypropionatetC-), 3,3-dieethoxy-propanol (DP-), 2-methoxyethaih).

To 500 mL THF and 16 mL, in a three step procequnefied, ethylenoxide in a 1 L flask
14.5 mmol of the initiator was injected and thectma was stirred at 40 °C for three days.
The purification of poly(ethylene oxide) (PEO) washieved by precipitation of the product
in diethyl ether. Analysis involvetH- and **C-NMR, HMBC, HHCosy, HSQC, TOCSY,
Maldi-TOF, SEC, FT-IR and TG measurements.

Additional a vinyl and allyl terminated PEG was ghased from Clariant Functional
Chemicals.
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7.21.1.2 Synthesis of PE®-PCL block copolymers

The diblock copolymers were synthesized by ringrapg polymerization ot-caprolactone
using the polyethylenoxide as a macroinitiéf8t Dried PEO was weighed into a dry flask
and e-caprolactone (different amounts according to diifieé M/l ratios) was subsequently
added. The reaction mixture was heated up to 13BefGre one drop of stannous octanoate
as a catalyst was add@d. The polymerisation was performed for 3 h. Theultésy viscous
solution was rapidly cooled, upon which it soliddi The crude polymer was dissolved in
dichloromethane and precipitated twice into heptakfeerwards the product was dialysed.
Analysis involved'H- and™*C-NMR, HMBC, HHCosy, HSQC, TOCSY, SEC, FT-IR and TG

measurements.

7.2.1.2 Ligand synthesis

The coupling to the amines, which serve as anchaupy was achieved by activation with
1,1’-carbonyldiimidazol (CDI).

7.2.1.2.1 Synthesis of PE®-PCL-b-PEI

The diblock polymer was equipped with poly(ethyléméne) by activation of the hydroxylic
group of PEO-PCL-OH by a fifteen fold excess of’-tdrbonyldiimidazol (CDI) in dry
chloroform. After two hours of stirring at room tperature, the excess of CDI was
hydrolysed by a twofold extraction each with 5 mhater and instant drying over sodium
sulfate. The solid phase was filtered out and bradcpolyethylenimine with a mass of
~700 g/mol (PEO-PCL to PEI ratio 1-3 to 1) was atdéne reaction mixture was stirred for
five hours at a temperature of 55 °C. The produas \precipitated in diethyl ether and
dialysed to remove imidazole, which would prejudicnterfere with the nanoparticle surface.
Finally the product was lyophylized. Analysis inveti *H- and**C-NMR, HMBC, HHCosy,
HSQC, TOCSY, SEC, FT-IR and TG measurements.



Experimental Section 187

Ligands with different block length and terminalogps were applied, which have the
abbreviationM-PEOb-PCL-b-PE| (1-5), tC-PEOb-CL-b-PEI (6-9), DP-PEOb-PCL-b-PEI
(10-13), V-PEO-PCL-b-PEI (14-16), (see 2.3.4 chapter, wherein the average molecula
masses of the polymer blocks are quoted). Eacindidgeears on average two to three PEO-

PCL chains and has a total mass of at least 6006lg/

7.2.1.2.2 Synthesis of PE®-PEI and PEO-N4

One equivalent of tris(2-aminoethyl)amine was redcwith a 1.3 fold excess of CDI
activated poly(ethylene oxide) monomethyl ether €M1100 g/mol, M-PEQ@o, Sigma
Aldrich) in dry chloroform for 12 hours at 55 °Chd product was precipitated three times in
diethyl ether to remove side-products. After dial/sagainst water the product M-PEO-N4

(18) was subsequent lyophylized.

1

a b ¢ a f a g
H:NWHWNH)J\D%’O'E/\D}CH'}
g.f

figure 137: '"H-NMR NMR (400 MHz, CDC}) of M-PEO-N4.

Analogue poly(ethylene oxide) polymers (moleculaveight 500 to 5000 g/mol) were
coupled to polyethylenimine (PEI, 0.3 - 0.6 eq adowy to PEO).



Experimental Section 188

7.2.1.2.3  Binding motif RR*N(-C(S)S)

Ligands comprising an amine group for binding waissolved in pure chloroform in a glove
box. The solution was cooled down in the fridgetted glove box. At a temperature below
10 °C one equivalent carbon disulfide C®as added. After incubation time of 5 minutes
the solution was added to the nanoparticles inmeéspective quantum dot to ligand ratio. The
nanoparticles were transferred into the glove ®a aolid. Therefore the nanoparticles had to
be redissolved in dry chloroform previously. Thdéldwing percedure agrees with chapter
7.2.1.3and 7.2.1.4.

7.2.1.2.4 Binding motif PEI-(DDA)

Poly(ethylene oxide) monomethyl ether (M = 1100 @/nM-PEQ 100 Sigma Aldrich) was
coupled to PEbo in the same procedure described in 7.2.1.2.2.rynctlloroform the (M-
PEO).s-PEI product was added to a 9 fold excess-dbdecylamine, which was activated
with CDI (50 °C, three hours). The solution wasretl for 12 hours at 55 °C. For purification
of the product M-PEO-PEI-DDA17) was precipitated three times in diethyl ether’Cj,

dialysed against water and finally lyophylized.

7.2.1.25 Summary of ligands and abbreviations

Applied ligands are listed in the following tables.

M-PEO-b-PCL-b-PEI-ligands abbreviation
[Methoxy-PEQoogPCL450] PEkqo CP1 (= CP10) 1
[Methoxy-PEQogPCLssg 2-PEkoo CP2 2
[Methoxy-PEQoogPCL450] ~PEbLos CP3 3
[Methoxy-PEQorPCLsgg 2-PEL23 CP4 4
[Methoxy-PEQ,oo(yPC L170d 1-PEkqo CP5 5

table 3: synthesized M-PE®-PCL-b-PEI-ligands.
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tC-PEO-b-PCL-b-PEI-ligands abbreviation

[tert-butylcarboxyl-PE@ooorPCLs7d >-PEkoo CP6 6
[tert-butylcarboxyl-PE@yoorPCLs7dl2-3-PEkoo CP7 7
[tert-butylcarboxyl-PE@oooPCLlgog 2-PE koo CP8 8
[tert-butylcarboxyl-PE@ooorPCLlsod 2-3-PEkoo CP9 9
table 4: synthesizedC-PEOb-PCL-b-PEI-ligands
DP-PEO-b-PCL-b-PEI-ligands abbreviation
[3,3-Dieethoxy-propanyl-PEfgyePClaod 2-PEkoo DPA1 10
[3,3-Dieethoxy-propanyl-PEfgyaPClsod 2-PEkoo DPA2 11
[3,3-Dieethoxy-propanyl-PE£fsPCliod 2-3-PEkoo DPA3 12
[3,3-Dieethoxy-propanyl-PE£fgsPClsod 2-3-PE koo DPA4 13

table 5: synthesized DP-PE®-PCL-b-PEI-ligands

V-PEO-b-PCL-b-PEIl-ligands abbreV|at|on

[VlnyI PEO]_loo-PCL400]2 PEkqo VPAl
[V|nyI PEOlloo-PCL400]2-3-PE|700 VPA2 15
[Viny|-PEO]_100-PCL600]2—PE|700 VPA3 16

table 6: synthesized V-PE®-PCL-b-PEI-ligands.

M-PEO-b-PEI-DDA ligands abbreviation

[Methoxy-PEQ10d 2-3 PEkog[n-dodecylaming]; E14-DDA 17
table 7: synthesized M-PE®-PEI-DDA ligands.

M-PEO-b-PEI ligands abbreviation
[Methoxy-PEQ10d-N4 E15 18
[Methoxy-PEQood 3-PEkqgo El4 19
[Methoxy-PEQood »PEkqgo E12 20
[Methoxy-PEQood PELo3 E1ll 21
[Methoxy-Pquod »PEkqgo E10 22

table 8: synthesized PE®-PEI-ligands.

7.2.1.3 Ligand-addition (“exchange”) with PEGPCL-b-PEI

The concentration of the nanoparticle/chloroforrackt solution was defined by UV-Vis
absorband®?.. A certain amount of nanoparticles, usual amotamge from 0.5 to 10 nmol,
was dehumidified in nitrogen flow and resuspended00 pL of tetrahydrofuran (THF). A
one hundred to five hundred molar excess of ligaad dissolved furthermore in THF and
incubated with the nanoparticles at temperatui@s 20 to 50 °C. The incubation time varied
from one minute up to four hours. After the editafin~ 400 to 1000 pL of water (dropwise to

abruptly injection) using an Eppendorf pipette mjection in water using a syringe the THF
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was evaporated first in nitrogen flow and aftervgand vacuum. A purification step over a
0.2 um syringe filter is feasible. Photos of ob¢girsolutions are shown below in figure 138.

figure 138: Example of CdSe/CdS/ZnS nanoparticles coatedligiimd 8 in water under daylight (A) and UV-
excitation (B).

7.2.1.4 Ligand exchange with PEO-N4 and PBGREI

Ligands PEO-N41() and PEOb-PEI (18-22) were exchanged according to Nikodital??*!.
The nanopaticles were incubated with the respetigaad in a quantum dot to ligand ratio of
1 to 50-400. After precipitation with heptane trenaparticles were dried and redissolved in

water.

7.2.1.5 Functionalisation

The removal of the protecting groups was done vuidi@acleavage (schema 6). Théutyl
esters and DP functionalized PEOs were hydrolizquHal-4°3423® yielding the respective
carboxylate or aldehyde endgroup. Alternativelgyenatic cleavage using porcine liver
esterase (PLE; EC 3.1.1%J! was performed.

Vinyl terminated PEO was oxidized lyiodoxybenzoic acidIBX) after acidic cleavage.
Therefore 900 mg V-PE®-PCL-b-PEI (1.50 - 18 mol) was dissolved in THF and injected
in 5 mL water to achieve micelle formation. 10 mtetnitrile, 120 mg oxone® (1.95 - 40
mol, 1.3 eq), and 11.1 mg 2-iodobenzoic acid (21BAd.50 - 13 mol, 0.6 eq) were added.
The solution was stirred twelve hours at 40 °C andhours at 70 °C. In the process of
cooling the solution in an ice bath the completecmitation occurred of the insoluble

hypervalent iodine by-product, which was then reetb\by filtration. The solvent was
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concentrated at lower pressure to 3 mL. 2 mL clitoro were added, and the product was
precipitate in 7 °C cold diethyl ether, whereon ialy$is against water for three days
followed. Finally the product was lyophylized.

The reaction was repeated with 0.3 eq 2IBAcid andeowith 0.3 eq 2IBAcid at pH 4.5
(presence of acetic acid).

7.2.1.6 Buffer tests

Stock-solutions of CdSe/CdS/ZnS quantum dots ireimaere prepared by using ligand,

6, 7, 8, 9, 12, 13, and17 (quantum dot to ligand ratio of 1 to 200) respesti. In each case 50
pL of the stock-solution was added to 1 mL of buffelution. After 3 hours the fluorescence
intensities were recorded with a multiplate reader.

The following buffer solutions were prepared usitt,O: 1x MOPS SDS, 50 mM Tris HCI
pH 7.4, 0.5 M NaCl, 0.1 M EGTA pH 8.5, 0.1 M EDTA8.5, PBS pH 7.4, and Tris Borate
EDTA 10x pH 8.3. Dulbecco's Phosphate-Bufferedriga{D-PBS) with CaGl& MgCl, and

phosphate buffered saline (PB&3re purchased from Invitrogen.

7.2.1.7 MMA polymerization in the presence of QDs

Methyl methacrylate (MMA) was extracted threefoldtwl M KOH to remove the
stabilizator. After neutalization via threefold vasy with water and drying over calcium
chloride MMA was destilled at 100 °C.

CdSe/CdS/ZnS quantum dots (2.5 nmol) were coatddligands (QD/P 1:500)9, 12 (QD/P
1:200), andi7 (QD/P 1:300). The aqueous solution was lyophyliaad the orange solid in
the presence of 0.5 mg AIBN dissolved in 3 mL MMAdacast into a glass cuevette. To
remove oxygen, which would abord the poylmerisatiargon was conducted through the
solution. Additional the solution was freezed bygihg the cuvettes to the half in liquid
nitrogen. The gas phase was removed by applyingwac After melting of the probe the
procedure was repeated two more times. Finallyptigmerization carried out under nitrogen
at 60 °C for 20 hours.
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7.2.2 Pl-b-PEO based ligands

7.2.2.1 Polymer synthesis

Synthesis of Pl and BI-PEO was done by Steffen Fischer. The synthediseoP| block was
achieved by anionic polymerisation and the PEO {mmie by anionic ring opening
polymerisation, which is an ideal method for thatbgsis of block copolymers with a narrow
molecular weight distribution and well-defined Btostructur&’®.

figure 139: cohesive glass apparatus for anionic polymerisation

7.221.1 Synthesis of poly(isoprene) (PI)

The synthesis of Pl has been applied with dry am®mrover gas. 156 mL isoprene (107 g,
1.57 mol) was purified in two steps in a cohesil@sg apparatus (picture 1), wherein the
siccative in flasks are integrated and the isopisri®een distilled from on flask to the next.
First isoprene was dried with Cakand after distillation in a second flask with rdi-

butylmagnesium. With a final distillation step ias/transferred in a reactor containing 1.3 L
dried THF. As initiator 30.0 mlsecbutyllithium (1.30 mol/L, 39.0 mmol) was used. The
solution reaction was stirred for 6 h at -60 °C.eTpolymerisation was terminated with
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4.00 mL (3.60 g, 82.0 mmol) ethylene oxide to achia hydroxyl end group. After adding
5.00 mL of acetic acid (5.30 g, 87.0 mmol) the podye was purified by precipitation in

methanol.

'H-NMR (400 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-;
2H per unit of 1,2-PI, -C-(CJ-CH,-; 2H of secbutyl, CHs-CH,-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-PIl, G4¢; 3H per unit of 1.4-Pl, -CH(-B3)=), 1.74-
2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
1.4-Pl, -GH,-CH(-CHg)=), 3.76 (t, 2H, -Gi,-OH), 4.51-4.76 (m, 2H per unit of 3,4-PI,
-C=CHj, 2H per unit of 1,2-PI, -HC=4,), 4.76-5.10 (m, 1H per unit of 1,4-Pl, CHQ,
5.57-6.00 (m, 1H per unit of 1,2-PHE=CH,).

7.2.2.1.2 Synthesis of PB-PEO block copolymers

46.0 g PI (11.0 mmol) was solved in 1.3 L dry THBnder argon atmosphere 110 mL
ethylene oxide (98.0 g, 2.22 mol) was purified itheee step procedure. Ethylene oxide was
dried with CaH, sodium mirror anah-butyllithium. Finally it was distilled to the a lsdion of

Pl in THF. 9.00 mL of a solution of diphenylmethgtpssium (~ 1 mol/L. 9.00 mmol) in
cyclohexane was added. The solution was stirred &40 °C and terminated with 4.00 mL

acetic acid (90.0 mmol). The B{PEO was purified by precipitation in cold acetone.

All P1-b-PEO ligands were stored under argon at 4 °C ird#rk.

'H-NMR (400 MHz, CDC})):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHa)-; 2H per unit of 1,2-PI, -C-(853)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(Ck-CHy-; 2H of secbutyl, CH;-CH>-; 2H per unit of 3,4-Pl,
CH-CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4¢; 3H per unit of 1.4-Pl, -CH(-8B3)=),
1.74-2.34 (m, 1H per unit of 3.4-PI1, HZ, 2H per unit of 1.4-Pl, -HC=CHd,-; 2H per unit
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of 1.4-Pl, -GH,-CH(-CHg)=), 3.44-3.84 (m, 4H per unit of PEO; 4H,HECH,-OH; 4.51-
4.76 (m, 2H per unit of 3,4-Pl, -C*{, 2H per unit of 1,2-PI, -HC=4,), 4.76-5.10 (m, 1H
per unit of 1,4-Pl, C=8-), 5.57-6.00 (m, 1H per unit of 1,2-PHE=CH,).

7.2.2.2 Synthesis of PI-DETA (PI-N3)

The poly(isoprene) polymer was equipped with’-8jaminodiethylamine (DETA, -N3) by
activation of the hydroxylic group of Pl by a tweribld excess of 1,1’-carbonyldiimidazol
(CDI) in dry chloroform. After fourteen hours ofirsing at room temperature, the excess of
CDI was hydrolysed by twofold extraction the sapatiwith 5 mL water. Subsequent the
solution was dried with sodium sulfate. A twentydf@xcess of 2,/diaminodiethylamine
(DETA) was added slowly to the solution. The reactmixture was stirred for further twelve

hours at a temperature of 55 °C. The product wesifitated twice in ethanol.
All PI-N3 prepolymer-ligands were stored under argd-10 °C in the dark.

'H-NMR (400 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHa)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(Ck-CHy-; 2H of secbutyl, CH;-CHy>-; 2H per unit of 3,4-Pl,
CH-CHy-), 1.48-1.74 (m, 3H per unit of 3,4-PI, G4¢; 3H per unit of 1.4-Pl, -CH(-8B3)=),
1.74-2.34 (m, 1H per unit of 3.4-PI1, HZ, 2H per unit of 1.4-Pl, -HC=CHd,-; 2H per unit
of 1.4-Pl, -GH,-CH(-CHs)=), 2.62-2.86 (m, 6 H, -B,-NH-CH,-CH,-NH,), 3.18-3.32 (m, 2H,
-O-C(=0)-NH-H,-CHy), 3.80-4.10 (m, 2 H, -B,-0-C(=0)-NH-CH-), 4.51-4.76 (m, 2H
per unit of 3,4-Pl, -C=8,, 2H per unit of 1,2-PI, -HC=4,), 4.76-5.10 (m, 1H per unit of
1,4-Pl, C=@-), 5.57-6.00 (m, 1H per unit of 1,2-PHE=CH,).

7.2.2.3 Ligand exchange

The stock solution of nanoparticles was achievethbybation the nanoparticles with a three

hundred to six hundred excess ofsgfN3 ligand and three fold precipitation of the
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nanoparticles with ethanol out of tetrahydrofurdtiE). The nanoparticles were stored in

toluene or chloroform.

7.2.2.4 Ligandaddition

The concentration of the nanoparticle/chloroforrackt solution was defined by UV-Vis
absorband&®. A certain amount of nanoparticles, usual amouatgie from 0.5 to 2 nmol,
was dehumidified in nitrogen flow and resuspended0 to 300 puL of THF (99+%, A.C.S
reagent, Aldrich), which contained a fifty fold fise hundred fold molar excess of BAPEO
and a 50 to 100 hundred molar excess of azobisigaimnitrile (AIBN). Functional modified
Pl-b-PEO ligands were used together with unmodifiethPEO in a percentage range of one
to one hundred. The incubation time after accumateng varied from one minute up to four
hours, whereby customarily five minutes of incubatiwas performed. Afterwards the
solution was injected very slowly in 1000 pL of watwhich was present in a glass jar of 1
cm in diameter, coeval with stirring (1200 rpm) andteady nitrogen flow from above of the
water surface area, which removes the THF. Nitrogieiers have to be avoided, since it
influences the self-assembly of the micelles. Isecaf amounts of water (> 2 mL) glass jars
with larger diameters were used to take advantaigeh® larger water surface area,
considering the removal of THF.

After the removal of THF the solution was heatedfarp30 minutes to 70 °C to initiate the
crosslinkage. A purification step over a 0.2 pmimgye filter is feasible.

Higher concentrations were achieved by using mdsé& Bnd slowly injection of 100 to
200 pL portions of the quantum dot/THF/ligand/AlBNHution, whereupon between each
portion 10 minutes were waited to secure the remmwest of the THF by the nitrogen flow.
The solution could be easily further concentratedthe progress of crosslinkage by
perpetuation the nitrogen flow. According to thesslinkage ultracentrifugation is a further

simple feasibility to concentrate the probe.
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7.2.2.5 Ligand functionalisation

The field of application is getting expanded by supplement of functional groups. Different
methods were proved to modify the terminal hydraxgroup of the poly(ethylene oxide)
under conserveration of the double bounds of padyfiene). Concerning the accessibility of
the hydroxyl function, which is sterically reducebe reaction times had to be increased to
achieve satisfying reaction yields.

The identification of the respective terminal grotip nuclear spin resonance spectroscopy
(NMR) proves to be difficult, by reason that thélozkpolymer possess a large, average size
of > 13500 g/mol and to some extant are composadhaimogeneous block length. A for
NMR-analysis typical amount of 5 mg/mL of a subswrnwith a molecular weight of
500 mg/mol correlates with 135 mg of the appliecbfEO polymer, which constitutes a
problem of solubility as well as the mass-conceiuna Thence just NMR-active nuclei with
very high isotopic abundancéH| '°F) can be analysed, whered§C-NMR and two
dimensional NMR experiments are inapplicable. Ferrgroblems are lower reaction yields
and the often overlay of characteristic signalstfa terminal functional group by multiplets
of the Plb-PEO polymer.

Similarly problematic proves to be infrared radatibbased analysis, since the ratio between
the large polymer blocks against the functionalugronmense (factor ~450) is. For instance
is the apart from that intense carbonyl vibrati@mdb in IR-spectra of coblock polymers for
the most part weak and difficult identifiable.

All PI-b-PEO ligands as well as the functionalised ligandee stored under argon at 4 °C.

7.2.25.1 Synthesis of an aldehyde

The synthesis of an aldehyde was achieved via thiffsgent reactions.
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7.2.2.5.1.1 Dess-Martin oxidation

200 mg of the ligand B+b-PEG:1-OH (1.48 - 18 mol) dissolved in 6 mL dichlormethan
(DCM) were added to a solution, containing 7.50 Dgss-Martin periodinanéDMP)
(1.78 - 10 mol, 1.2 eq) in 3 mL DCM. After stirring at roorarhperature for 48 hours the
modified PIb-PEO ligand was precipitated in cold acetone atichatied. After a dialysis
against water for 48 hours, the ligand was lyoegi

7.2.2.5.1.20xidation via PDC

Under inert conditions 200 mg deb-PEQ;>OH (1.48 - 10 mol) and 0.1 g activated,
pulverized molecular sieve A4 were dissolved imilodry DCM. At a temperature of -10 °C
under stirring 7.20 mg pyridinium dichromate (PO{T)92 - 1 mol) were added in portions.
The reaction mixture was allowed to reach room tnafpire slowly, whereupon the reaction
kept going for another 60 hours. In a final step teaction mixture was diluted with 5 mL
DCM and purified by filtration over 4 g of silicdhe solvent of the filtrate was evaporated
and the product was precipitated in 40 mL cold hjieether. This purification step was
repeated after redissolving the product in 1 mL DCM

7.2.2.5.1.3Pfitzner-Moffatt oxidation

1.00 g P41-b-PEG:1-OH (7.41 - 18 mol) were dissolved in 5 mL dry DMSO and were
stirred at a temperature of 60 °C until the solutwas clear. After cooling down to room
temperature a solution, containing 1.50 mL acetibydride (15.9 mmol) and 5 mL dry
DMSO, was added and the reaction mixture was keping for 24 hours. In portions
1.50 mL acetic anhydride (15.9 mmol) in 2.5 mL ttridamine were added and the solution
was stirred for another 24 hours. The solution didged with 25 mL diethyl ether and 25
mL ethylacetate. The purification was achieved t®cipitation of the product in diethyl ether
at 4 °C. The residuum was washed three times with diethyl ethef®?.
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IR (KBr):
v [cm] = 3074, 2890, 2741, 2695, 1792, 1970, 1734, 1648811413, 1375, 1361, 1343,
1282, 1243, 1101, 1060, 1004, 962, 906, 886, 842, 7

'H-NMR (400 MHz, CDC})):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHa)-; 2H per unit of 1,2-PI, -C-(853)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(Ck-CH,-; 2H of secbutyl, CH;-CHy>-; 2H per unit of 3,4-Pl,
CH-CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4g3H per unit of 1.4-Pl, -CH(-B3)=),
1.74-2.34 (m, 1H per unit of 3.4-PI1, HZ, 2H per unit of 1.4-Pl, -HC=CH-d,-; 2H per unit
of 1.4-Pl, -GH,-CH(-CHs)=), 3.44-3.84 (m, 4H per unit of PEO; 2H,HECHO; 4.51-4.76
(m, 2H per unit of 3,4-Pl, -C3@,, 2H per unit of 1,2-Pl, HC=K,), 4.76-5.10 (m, 1H per
unit of 1,4-PIl, C=El-), 5.57-6.00 (m, 1H per unit of 1,2-PHE=CH,), 9.73 (t, -GH0O).

7.2.25.2 Synthesis of a terminal epoxid

At a temperature of 0 °C to 7.30 mg sodium hyd(#&% in paraffin) (1.85 - Ibmol, 5 eq)
in 5 mL THF were 510 mg of Rtb-PEG:-OH (3.78 - 10 mol, 1 eq)slowly added. After
one hour stirring at room temperature the tempegatuas decreased again to 0 °C and
17.1 mg epichlorohydrin (1.85 - tGnol, 5 eq) were added dropwise. That followedist
at 40 °C for further 21 hours. Purification embihtiee separation of NaCl and surplus NaH
via centrifugation and the precipitation of the gwot in diethyl ether (5 °C). Subsequent to
the dissolving of the product in a small amountloioroform the precipitation was repeated.

The precipitate was finally dried in vacuum.

'H-NMR (400 MHz, CDC})):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHa)-; 2H per unit of 1,2-PI, -C-(853)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(CH-CH,-; 2H of secbutyl, CH;-CH,-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-PIl, G4¢; 3H per unit of 1.4-Pl, -CH(-83)=), 1.74-
2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
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1.4-Pl, -(H»-CH(-CHs)=; 1H, epoxidic-H) 2.63 (m, 1H, epoxidic-H)3.44-3.84 (m, 4H per
unit of PEO; 4H, El,-epoxid ), 4.51-4.76 (m, 2H per unit of 3,4-Pl, @, 2H per unit of

1,2-Pl, -HC=®,), 4.76-5.10 (m, 1H per unit of 1,4-PIl, CHE, 5.57-6.00 (m, 1H per unit of
1,2-Pl, HC=CH,).

7.2.25.3 Synthesis of a terminal carboxylic acid function

To 1.00 g P-b-PEG:1-OH (7.41 - 10 mol), dissolved in 10 mL chloroform, 0.9 mg of the
nucleophilic Steglich-Hofle catalyst 4-dimethylampyridine (DMAP) (7.41 - 18 mol,
0.1 eq) were added. After the addition of 14.8 mcinic anhydride (1.48 - T0mol, 2 eq),

in 3 mL chloroform dissolved, the reaction mixtunas stirred for 48 hours at room
temperature, concluding with the evaporation of sb&vent, and suspension of the yellow,
viscous pellet in a water and ethanol (3:2, 5 nsbjution. The raw product was dialysed for
two days and lyophilizeé®#®. The reaction was also repeated in an alterngtiveedure in
pyridine, with an 1.7 fold excess of DMEP.

IR (KBr):
v [cm™] = 3074, 2889, 2741, 2695, 1968, 1734, 1645, 1556811413, 1375, 1361, 1343,
1282, 1242, 1150, 1108, 1061, 963, 886, 842.

'H-NMR (500 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(CH-CH,-; 2H of secbutyl, CH;-CH»-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4g3H per unit of 1.4-PIl, -CH(-B3)=), 1.74-
2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
1.4-Pl, -GH,-CH(-CHg)=), 2.58-2.65 (m, 4H, B,-CH,-COOH), 3.44-3.84 (m, 4H per unit of
PEO), 4.18-4.26 (m, 2H, H3-O-C(=0)-) 4.51-4.76 (m, 2H per unit of 3,4-Pl, -C,, 2H
per unit of 1,2-PI, -HC=8,), 4.76-5.10 (m, 1H per unit of 1,4-PI, CHE, 5.57-6.00 (m, 1H
per unit of 1,2-Pl,HC=CH,).
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7.2.25.4 Synthesis of a terminal azide

In 5 mL ethyl acetate were 500 mgsPh-PEQ-OH (3.70 - 16 mol) and 8.30 mg 1,4-
diazabicyclo[2.2.2]octane (DABCO) (7.41 -™lénol, 1 eq) dissolved and cooled to 0 °C.
Slowly 10.6 mg tosylchloride (5.56 - 20nol, 1.5 eq) were added. The reaction mixture was
allowed to warm up to room temperature and wasestifor 48 hours. The solvent was
evaporated and the solid was subsequent to disgolwi 4 mL chloroform precipitated in
20 mL acetone. After centrifugation the solid phase redissolved in 4 mL chloroform and
again precipitated with acetone to isolate theladsyl product.

250 mg tosylated Btb-PEG:;-OH (1.85 - 10 mol), 3.40 mg tetrabutylammoniumiodide
(TBAI) (9.2 - 10° mol), and 15.0 mg sodium azide (2.31 *hdol, 12.5 eq) were dissolved in
10 mL pure DMF. The reaction mixture was stirrelgo2irs at 65 °C and stirring continued for
three days at 50 °C. The raw product was procelsgedpeated precipitation in 20 mL cold
acetone (four times). The precipitate was alwagsalved in chloroform before precipitation,
whereby after the first precipitation, the whitdigdgomainly sodium azide, which was not
soluble in chloroform, was separated by centrifisgatand rejected. The colourless solid

matter, which was obtained by purification, wassdiged in water and lyophylized.

'H-NMR (500 MHz, CDC}) Pls3-b-PEQy - tosylat:

d (ppm) = 0.76-0.88 (m, 3H afecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H o$ecbutyl, -CH(-
CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-; 2H per
unit of 1,2-Pl, -C-(CH)-CH,-; 2H of secbutyl, CH;-CH2-; 2H per unit of 3,4-Pl, CH-B,-),
1.48-1.74 (m, 3H per unit of 3,4-Pl, GG 3H per unit of 1.4-Pl, -CH(-83)=), 1.74-2.34
(m, 1H per unit of 3.4-PIl, 8-; 2H per unit of 1.4-PIl, -HC=CH-d,-; 2H per unit of 1.4-Pl,
-CH,-CH(-CHg)=; 3H, benzene-B3), 3.44-3.84 (m, 4H per unit of PEO, 2HH&O-S), 4.51-
4.76 (m, 2H per unit of 3,4-Pl, -CHG, 2H per unit of 1,2-PI, -HC=4,), 4.76-5.10 (m, 1H
per unit of 1,4-Pl, C=8-), 5.57-6.00 (m, 1H per unit of 1,2-PHE=CH,, 7.80 (m, 4H, H).

IR (KBr) Plﬁ]_'b'PEle-Ngi
v [Cm'l] = 3072, 2888, 2740, 1967, 1643, 1467, 1412, 13380,11343, 1281, 1242, 1148,
1110, 1061, 1004, 963, 907, 887, 843.
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'H-NMR (500 MHz, CDC}) Pls3-b-PEQGy1-N3:

d (ppm) = 0.76-0.88 (m, 3H afecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H o$ecbutyl, -CH(-
CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-; 2H per
unit of 1,2-Pl, -C-(CH)-CH,-; 2H of secbutyl, CH;-CH,-; 2H per unit of 3,4-Pl, CH-B,-;
2H, CH-CH2-N3), 1.48-1.74 (m, 3H per unit of 3,4-PIl, G4¢; 3H per unit of 1.4-PI, -CH(-
CHg3)=), 1.74-2.34 (m, 1H per unit of 3.4-PI,HS 2H per unit of 1.4-PI, -HC=CH{d,-; 2H
per unit of 1.4-Pl, -G,-CH(-CHg)=), 3.44-3.84 (m, 4H per unit of PEO; 2HH&CH,-N3),
4.51-4.76 (m, 2H per unit of 3,4-PI, -CHg 2H per unit of 1,2-PI1, -HC=&>), 4.76-5.10 (m,
1H per unit of 1,4-PI, C=8-), 5.57-6.00 (m, 1H per unit of 1,2-PHCE=CH,).

7.2.2.5.5 Synthesis of a terminal amine

a) 80.0 mg of the B+b-PEG:1-N5 (5.93 - 16 mol) and 6.20 mg triphenylphosphine (2.37 -
10° mol) in 10 mL THF dissolved. The reaction mixtwes stirred for 24 hours at room
temperature. Successive to the addition of 0.5 natewthe reaction mixture was further
stirred for 24 hours, concluding with the evapaatiof the solvent and redissolving the
product in 25 mL water. The precipitated tripheimgpphine oxide was filtered out. By

lyophilisation a colourless, powdery product wataoted.

b) In an additional reaction 120 mgsPh-PEG:1-N3 (8.89 - 16 mol) and 6.7 mdithium
aluminium hydride (1.77 - 10mol) were, after dissolving in 10 mL THF, stirried 24 hours

at room temperature. The surplus lithium aluminibydride was neutralized by the addition
of 20 mL water. The resulting white precipitate adiminium hydroxide was removed by
filtering, whereupon the filtrate was concentrated mL, dialysed over 2 days against water

to remove LiOH and finally lyophylized.

'H-NMR (500 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-;
2H per unit of 1,2-PI, -C-(C§J-CH,-; 2H of secbutyl, CHs-CH,-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4¢; 3H per unit of 1.4-Pl, -CH(-B3)=), 1.74-
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2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
1.4-Pl, -GH»-CH(-CHs)=), 2.82 (M, 2H, CH-CH,-NH,), 3.44-3.84 (m, 4H per unit of PEO;
2H, CH,-CH,-NHy), 4.51-4.76 (m, 2H per unit of 3,4-Pl, -CHg 2H per unit of 1,2-PlI,
-HC=CHy,), 4.76-5.10 (m, 1H per unit of 1,4-PI, CHE, 5.57-6.00 (m, 1H per unit of 1,2-PI,
-HC=CH,).

c) A third variant was achieved by CDI activatiohRi-b-PEO. Therefore at first 2040 mg
Pls:-b-PEGy:-OH (15.11 - 18 mol) were dissolved in 15 mL pure chloroform undfesrt
conditions. The obtained solution was added dragggwinder stirring in a solution, consisting
of 480 mg CDI (14.81 - Tbmol, 20 eq) in 10 mL chloroform. After 24 hourgring at room
temperature the mixture was extracted three timils always 20 mL water to hydrolyse
unreacted CDI. Having dried the solution of sodismifate and removing the solid phase by
filtering, the solvent of the filtrate was evap@a@t The residue was redissolved in 15 mL
chloroform and added to a solution of 178 mg ethgtkamine (2.963 mmol, 0.198 mL,
20 eq) in 5 mL chloroform. The reaction mixture wstgred for further 41 hours at a
temperature of 45 °C. Subsequent to concentrayoevlporation of the solvent the product
was precipitated twice in 60 mL acetone. Accordimg precipitation was repeated three times
in acetone and three times in diethyl ether. Fn#ie product was dissolved in water and

lyophylized.

IR (KBr):
v [cm™] = 3072, 2888, 2741, 2695, 1967, 1785, 1643, 1468211374, 1360, 1343, 1281,
1242, 1120, 1061, 1004, 962, 907, 887, 843.

'H-NMR (400 MHz, CDC})):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHa)-; 2H per unit of 1,2-PI, -C-(853)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(CH-CH,-; 2H of secbutyl, CH;-CH»-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4¢; 3H per unit of 1.4-Pl, -CH(-83)=), 1.74-
2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
1.4-Pl, -GH,-CH(-CHs)=), 2.70 (t, 2H, -G1»-NH,), 3.44-3.84 (m, 4H per unit of PEO), 4.20
(dd, 2H, GH,-O-C(=0)-NH-), 4.51-4.76 (m, 2H per unit of 3,4-PC=CH,, 2H per unit of
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1,2-PI, -HC=C;), 4.76-5.10 (m, 1H per unit of 1,4-PI1, CHE, 5.57-6.00 (m, 1H per unit of
1,2-Pl, HC=CH,).

7.2.2.5.6 Synthesis of a terminal alkine

After dissolving 0.721 dN,N-carbonyldimidazole (CDI) (44.4 - IHmol, 20 eq) in 5 mL of
pure chloroform under inert conditions, the reactimixture was complemented with a
solution of 300 mg RI-b-PEQuzOH (2.22 - 10 mol) in 5 mL pure chloroform. The
reaction mixture was kept stirring for 12 hourg@m temperature. Subsequent the organic
phase was washed twice with 5 mkQHto hydrolyze the excess of CDI. Thereby, imidazol
gets separated in the aqueous phase. The orgaase ptas dried over sodium sulfate and
filtrated. Either 100 mg 2-propin-1-ol (17.84 - “Gmol) or 100 mg propargylamine
(18.16 - 1d mol) were added to the filtrate. The reaction mmi&twas kept stirring at a
temperature of 55 °C for 72 hours. Afterwards tb&tson was concentrated to % of the
primal volume, precipitated in 15 mL cold aceto@€C) and filtered off. The precipitate was
washed twice with 15 mL cold acetone (0 °C). Fother removal of imidazole, the white
solid was dissolved again in 10 mL chloroform ahe frecipitation and washing was

repeated. In a final step the product was dissalvedater and lyophylized.

Via propargylaminetR (KBr):
v [cm™] = 3072, 2888, 2741, 1968, 1763, 1644, 1559, 1467211374, 1360, 1343, 1281,
1242,1148, 1111, 1061, 1004, 963, 887, 843.

Via propargylalcohollR (KBr):
v [cm™] = 3072, 2888, 2741, 2695, 1968, 1763, 1644, 1586711412, 1374, 1360, 1343,
1281, 1242, 1149, 1108, 1061, 1004, 963, 907, 843,

'H-NMR (500 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHa)-; 2H per unit of 1,2-PI, -C-(853)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(CH-CH,-; 2H of secbutyl, CH;-CH,-; 2H per unit of 3,4-PI, CH-
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CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4¢; 3H per unit of 1.4-Pl, -CH(-B3)=), 1.74-
2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
1.4-Pl, -GH,-CH(-CHg)=), 2.71 (t, 1H, alkineH), 3.44-3.84 (m, 4H per unit of PEO), 3.97 (m,
2H, -O-C(=0)-X-MH;-alkine), 4.24 (m, 2H, B,-O-C(=0)-X, X = N or O), 4.51-4.76 (m, 2H
per unit of 3,4-Pl, -C=85; 2H per unit of 1,2-Pl, -HC=8,), 4.76-5.10 (m, 1H per unit of
1,4-Pl, C=@-), 5.57-6.00 (m, 1H per unit of 1,2-PHE=CH,).

71.2.2.5.7 Synthesis of a terminal alkene

Under nitrogen atmosphere 1.01 g:/+PEGy;-OH (7.48 - 10 mol) were dissolved in 5 mL

of pure chloroform, in which 241 mg CDI (1.49 *1®ol, 20 eq) were present. Upon stirring
for 22 hours the mixture was washed three timeh @eéch time 5 mL of water. The organic
phase was dried over sodium sulfate and filtrafdte filtrate was added to a solution of
113 pL allylamine (85.8 mg, 1.50 - iGnol, 20 eq.) in 5 mL chloroform. The reaction
mixture was stirred for 43 hours at a temperatured® °C, whereon the solvent was
evaporated. The residue was dissolved in 60 mLoaeeaind precipitated by cooling to a
temperature of -15 °C. The precipitate was agassalved in 2 mL chloroform and the
precipitation was repeated three times in acetodelaee times in diethyl ether. The product

was finally dissolved in water and lyophylized.

IR (KBr):
v [cm™] = 3072, 2885, 2741, 2695, 1967, 1791, 1643, 1467211374, 1360, 1343, 1281,
1242, 1102, 1061, 1004, 963, 907, 887, 843.

'H-NMR (500 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-;
2H per unit of 1,2-PI, -C-(CH-CH,-; 2H of secbutyl, CH;-CH,-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4¢;3H per unit of 1.4-Pl, -CH(-B3)=), 1.74-
2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
1.4-Pl, -GH,-CH(-CHg)=), 3.44-3.84 (m, 4H per unit of PEO; 2H, O-C(=j-CH,), 4.19
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(dd, 2H, H,-O-C(=0)-NH-), 4.51-4.76 (m, 2H per unit of 3,4-PC=CH,, 2H per unit of
1,2-Pl, -HC=Q,), 4.76-5.10 (m, 1H per unit of 1,4-Pl, CHE 2 H, terminal CH=E,),
5.57-6.00 (m, 1H per unit of 1,2-PHE=CH,; 1 H, terminal G1=CHy).

7.2.2.5.8 Synthesis of a terminal boronic acid ester

23.3 mg phenylacetic acid-4-boronic acid pinacaer$s.89 - 19 mol) were dissolved in

5 mL pure DMF. 22.0 miJ,N'-dicyclohexylcarbodiimide (DCC) (1.07 - ttnol, 1.2 eq) and
2.20 mg 4-(dimethylamino)pyridine (DMAP) (1.8 -énol, 0.17 eq) were added. After ten
minutes of stirring 500 mg Rb-PEGy:-OH (3.70 - 18 mol), dissolved in 5 mL DMF, were
added. The reaction mixture was stirred for 77 s@irroom temperature. Subsequently the
solvent was evaporated, and the remaining filmadiesl in 5 mL water and dialysed against
water for two days. The product was lyophylizedssdived in 5 mL chloroform and
precipitated in 25 mL acetone. After centrifugatithre liquid phase was discarded. This
purification step was repeated twice. Finally tldoarless residue was dissolved in 8 mL

water and lyophylized.

IR (KBr):
v [Cm'l] = 3072, 2889, 2741, 2695, 1967, 1734, 1670, 1688911507, 1467, 1413, 1374,
1360, 1343, 1281, 1242, 1149, 1111, 1061, 1008, 967, 887, 843.

'H-NMR (500 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHa)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(CH-CH,-; 2H of secbutyl, CH;-CH,-; 2H per unit of 3,4-PI, CH-
CHy-; 12H, B-O-C(-GH3)2-C(-CH3)y), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4¢;3H per unit
of 1.4-Pl, -CH(-®H3)=), 1.74-2.34 (m, 1H per unit of 3.4-Pl, HE 2H per unit of 1.4-PI,
-HC=CH-CH>-; 2H per unit of 1.4-PI, -B,-CH(-CHs)=), 3.44-3.84 (m, 4H per unit of PEO;
O-C(=0)-tHy-), 4.25 (dd, 2H, E,-O-C(=0)-), 4.51-4.76 (m, 2H per unit of 3,4-P1=CH,,
2H per unit of 1,2-PI, -HC=R,), 4.76-5.10 (m, 1H per unit of 1,4-Pl, CHQ, 5.57-6.00 (m,
1H per unit of 1,2-PI,HC=CH,), 7.14-7.19 (m, 4H, k).
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7.2.2.5.9 Synthesis of a terminal halogen

a) In 10 mL THF 34.1 mg:-bromoisobutyryl bromide (18.0 pL, 1.48 -“L@nol) were
dissolved and cautious mixed with a solution of 50§ Pk:-b-PEGy:-OH (3.70 - 18 mol, 1

eq) in 5 mL THF. The reaction mixture was stirrddrk@m temperature for 18 hours and
afterwards in 30 mL cold diethyl ether converteu.the process the ester precipitated as a
colourless, floccose deposit. After secession effilirate and redissolving the pellet in 2 mL
chloroform a threefold precipitation in acetone vmasomplished; closing with the dissolving

of the halogenated product in water and lyophilisat

IR (KBr):
v [cm] = 3072, 2888, 2741, 2695, 1967, 1740, 1643, 1467211374, 1360, 1343, 1281,
1242, 1111, 1061, 1004, 963, 907, 887, 843.

'H-NMR (400 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHa)-; 2H per unit of 1,2-PI, -C-(853)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-;
2H per unit of 1,2-PI, -C-(C§J-CH,-; 2H of secbutyl, CHs-CH,-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-PIl, G4¢; 3H per unit of 1.4-Pl, -CH(-83)=), 1.74-
2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
1.4-Pl, -(H,-CH(-CHg)=; 6H, -C(-Br)(-tHy3),), 3.44-3.84 (m, 4H per unit of PEO), 4.32 (dd,
2H, CH,-0O-C(=0)-), 4.51-4.76 (m, 2H per unit of 3,4-P1,=CH,, 2H per unit of 1,2-PI,
-HC=CHy,), 4.76-5.10 (m, 1H per unit of 1,4-PI, CHE, 5.57-6.00 (m, 1H per unit of 1,2-PI,
-HC=CH,).

b) Under nitrogen atmosphere 1.00 g:PEQ,;>OH (7.48 - 18 mol) were dissolved in

5 mL of pure chloroform, in which 241 mg CDI (1.420° mol, 20 eq) were present. Upon
stirring for 48 hours the mixture was washed thmeees with each time 5 mL of water. The
organic phase was dried over sodium sulfate atrdtild. The filtrate was added to a solution
of 48.9 mg 2,4,6-tribromoaniline (1.48 -™@nol, 2 eq.) in 5 mL chloroform. The reaction
mixture was stirred for 43 hours at a temperatures® °C, whereon the solvent was

evaporated. The residue was dissolved in 60 mLoaeeaind precipitated by cooling to a
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temperature of -15 °C. The precipitate was agassalved in 2 mL chloroform and the
precipitation was repeated three times in acetodetlaree times in diethyl ether. The product

was finally dissolved in water and lyophylized.

'H-NMR (500 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(Ck-CHy-; 2H of secbutyl, CH;-CH>-; 2H per unit of 3,4-Pl,
CH-CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4¢; 3H per unit of 1.4-Pl, -CH(-B3)=),
1.74-2.34 (m, 1H per unit of 3.4-PIl, HZ, 2H per unit of 1.4-Pl, -HC=CH-d,-; 2H per unit
of 1.4-Pl, -GH-CH(-CHg)=), 3.44-3.84 (m, 4H per unit of PEO), 4.28 (dd{,2
CH»-O-C(=0)-), 4.51-4.76 (m, 2H per unit of 3,4-PIl,=CH,, 2H per unit of 1,2-PI,
-HC=CH,), 4.76-5.10 (m, 1H per unit of 1,4-PI, CHE, 5.57-6.00 (m, 1H per unit of 1,2-PI,
-HC=CH,), 7.51 (m, 2H, H).

c) 1.00 g Ph-b-PEG:;-OH (7.48 - 18 mol) were dissolved under nitrogen atmosphere in
5 mL of pure chloroform, in which beforehand 241 @B (1.49 - 13 mol, 20 eq) were
dissolved. Upon stirring for 48 hours the mixturasamvashed three times with each time 5
mL of water. The organic phase was dried over sodiulfate and filtrated. The filtrate was
added to a solution of 24.0 mg 2,4-dichloroaniljhe!8 - 1 mol, 2 eq.) in 5 mL chloroform.
The reaction mixture was stirred for 43 hours sgraperature of 55 °C, whereon the solvent
was evaporated. The residue was dissolved in 6@eetone and precipitated by cooling to a
temperature of -15 °C. The precipitate was agassalved in 2 mL chloroform and the
precipitation was repeated three times in acetonelaee times in diethyl ether. The product

was finally dissolved in water and lyophylized.

'H-NMR (500 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-;
2H per unit of 1,2-Pl, -C-(Cg-CHy-; 2H of secbutyl, CHs-CH,-; 2H per unit of 3,4-PI,
CH-CHy-), 1.48-1.74 (m, 3H per unit of 3,4-PI, G4¢; 3H per unit of 1.4-Pl, -CH(-83)=),
1.74-2.34 (m, 1H per unit of 3.4-PIl, HZ, 2H per unit of 1.4-Pl, -HC=CH-d,-; 2H per unit



Experimental Section 208

of 1.4-Pl, -GH,-CH(-CHs)=), 3.44-3.84 (m, 4H per unit of PEO), 4.28 (ddH,2
CH,-O-C(=0)-), 4.51-4.76 (m, 2H per unit of 3,4-Pl,=CH,, 2H per unit of 1,2-PI,
-HC=CHy,), 4.76-5.10 (m, 1H per unit of 1,4-PI, CHE, 5.57-6.00 (m, 1H per unit of 1,2-PI,
-HC=CHy)).

7.2.2.5.10 Synthesis of a terminal thiol

Under nitrogen atmosphere 1.01 g:/+PEGy;-OH (7.48 - 10 mol) were dissolved in 5 mL
chloroform, in which 241 mg CDI (1.49 - #amol, 20 eq) were present. Upon stirring for
22 hours the mixture was washed three times witlh éeme 5 mL of water. The organic
phase was dried over sodium sulfate and filtralidee filtrate was added to a solution of
126 pL 1,2-ethandithiol (142 mg, 1.50 *1fol, 20 eq.) in 5 mL chloroform. The reaction
mixture was stirred for 43 hours at a temperature4® °C, whereon the solvent was
evaporated. The residue was dissolved in 60 mLoaeeaind precipitated by cooling to a
temperature of -15 °C. The precipitate was agassalved in 2 mL chloroform and the
precipitation was repeated three times in acetodetlaree times in diethyl ether. The product

was finally dissolved in water and lyophylized.

'H-NMR (500 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHg)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-;
2H per unit of 1,2-PI, -C-(CJ-CH,-; 2H of secbutyl, CHs-CH,-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-Pl, G4¢; 3H per unit of 1.4-Pl, -CH(-B3)=), 1.74-
2.34 (m, 1H per unit of 3.4-Pl, ¥&; 2H per unit of 1.4-Pl, -HC=CH4g,-; 2H per unit of
1.4-Pl, -QH,-CH(-CHg)=), 2.72 (m, 2H, -@i,-CH,-SH), 3.44-3.84 (m, 4H per unit of PEO),
4.10 (dd, 2H, E,-O-C(=0)-S-), 4.51-4.76 (m, 2H per unit of 3,4-RI=CH,, 2H per unit of
1,2-PI1, -HC=C,), 4.76-5.10 (m, 1H per unit of 1,4-PIl, CHE, 5.57-6.00 (m, 1H per unit of
1,2-Pl, HC=CH,).
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7.2.2.5.11 Synthesis of a terminal pentafluorophenyl ester

1.00 g P4;-b-PEG,1-COOH (7.41 - 18 mol) were dissolved in 10 mL of a pyridine/DMF
(1:10) solution. To this solution were added in 1L nDMF dissolved 298 mg

pentafluorophenyl! trifluoroacetate (7.41 -“1fnol). The reaction mixture was stirred for
20 hours at room temperature. After evaporatiothefsolvent the residue was dissolved in
1 mL chloroform and precipitated in acetone. Thecjpitate was dissolved again in 1 mL
chloroform and the precipitation was repeated thiems in acetone and three times in

diethyl ether. The product was finally dissolvediater and lyophylized.

YF-NMR (470MHz, CDCL):
8 (ppm) = -162.4, -157.8, -152.5.

'H-NMR (400 MHz, CDC}):

d (ppm) = 0.76-0.88 (m, 3H afecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H o$ecbutyl, -CH(-
CHy)-; 2H per unit of 1,2-PI, -C-(83)-), 1.06-1.48 (m, 3H ofecbutyl, -CH(-CH3)-; 2H per
unit of 1,2-PI, -C-(CH)-CH,-; 2H of secbutyl, CH;-CH2>-; 2H per unit of 3,4-Pl, CH-B,-),
1.48-1.74 (m, 3H per unit of 3,4-Pl, GG, 3H per unit of 1.4-Pl, -CH(-83)=), 1.74-2.34
(m, 1H per unit of 3.4-Pl, -B; 2H per unit of 1.4-PIl, -HC=CH-d,-; 2H per unit of 1.4-PI,
-CH,-CH(-CHg)=), 2.79 (t, 2H2J = 6.8 Hz, -GH,-CH»-COOGFs), 2.98 (t, 2H2J = 6.8 Hz, -
CH,-CH,-COOGFs), 3.44-3.84 (m, 4H pro per unit of PEO; 4H,HECH,-OH; 4.51-4.76
(m, 2H per unit of 3,4-PIl, -C3d,, 2H per unit of 1,2-PI, -HCHdy), 3.80 (t, 2H, -O-El,-
CH,-OC(O)R, %] = 4.8 Hz), 4.27 (t, 2H, -O-CHCH,-OC(O)R,3J = 4.8 Hz), 4.76-5.10 (m,
1H per unit of 1,4-PI, C=8-), 5.57-6.00 (m, 1H per unit of 1,2-PHC=CH,).

7.2.2.5.12  Maodification of carbohydrates

The synthesis of glycosyl azides was performed byH2rwig Berthold from the research
group of professor J. Thiem in the organic chemistepartment of the university of

Hamburg, Germany.
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Peracetylated azides of glucose and galactosenn (schema 31) were synthesized via
triazole-coupling in a subsequent 1,3-dipolar-cgdidition reaction as described in the

: 461, 462
literaturé !
OH OA
R, R, OAc R, C R, OAC
R; o) i o o ii. R o iii. R o
HO ACO — AL ACO Ny +
OH "OH OAc "OAc OAgl OAC NSy
' I v Vil
I WV Vi il
I
' IV
1_ 2
Gle )t R'=-OAc R*=-H Gal yy [ R'=-H R=-OhAc
Vi Vil

schema 31:Synthesis of peracetylated azides of glucdseand galactos¥lll : i.) Py., AgO, r.t., 24 h, 99%;
ii.) 33% HBI/HOAC, r.t., 17 h, 65%°% “4 jii ) DMF, NaN,, 50 °C, 2 h, 85%'%

7.2.2.6 Coupling strategies

The coupling strategies were focused on synthesagjieous media.

7.2.2.6.1 Biofunctionalisation with carbohydrates

Mono- and disaccharides were provided by the rebegioup of professor J. Thiem and the
research group of professor V. Vill, both belongingthe department of organic chemistry,

Hamburg, Germany.

7.2.2.6.1.1Huisgen cycloaddition (“click-chemistry”)

After dissolving the Rh-b-PEG:;-alkine in DMF/MeOH, 0.2 M Cul and 1 &q of the azid
compound were added. The solution was stirred tngerature of 45 °C for two days
(schema 32). For purification a dialysis againstewavas performed over a time period of

three days.
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OAc OH OH

Ry R, Rz R
(@]
B 0. B B
NS N =
oA Ny - N on N
N \N'
VI X Nl
Vil X XIV
OAc
R, i 4’
C
) R: o] ,—<_ d)
AcO N\ 4N
OAc N
XI
XII
Vil V>'(”
1_ 2
GICI;I R!= -OAc, R%= -H Gal gy [ R="H R'=-OAc
XIll XV

schema 32Performed synthesis route for couplingtPREO-G=CH with 2,3,4,6-tetra@-acetyl-D-gluco- &
galactopyranosyl azide. The abbreviation R staadthe PI-PEO segment of the alkine functionaliRég-b-
PEQ,-OH.

a+d) Upon dissolving 100 mg 2,3,4,6-te@aacetyl#-D-gluco- & galactopyranosyl azidei(

& v ) (6.68 - 1d mol), and 2,3,4,6-tetr@-acetyl$-D-gluco- & galactopyranosyl-triazolyl-
Pls1-b-PEG12 (X1 & Xi1') respectively, in 10 mL dry methanol under argtmasphere a small
amount of 50 mg sodium ethoxide was added. Ther@ustaeaction mixture was stirred for
48 hours, whereupon the solution was neutralizecduing the ion exchanger Amberfite
IR 120 (H). Subsequent the ion exchanger was filtered odtthe solvent evaporated. The
brown, amorphous product was without further poafion used in the next reaction step. In

case of the terminal modifiedd2b-PEQ1» (d) a dialysis was carried out.

OH OH

oH OH
HO 0 e) -0

HO

R
HO O\/\/\ HO O\/\/\ R{
N3 N
N

No=N

XV XVI

schema 33Performed synthesis route for couplingtPREO-G=CH with 1-O-(4'-azidbutyl)-D-
glucopyranose. This was provided by Sebastian Kkipitom the research group of professor J. Thiem
(department of organic chemistry, Hamburg, Germany)
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b+c+e) 300 mg RI-b-PEG;-alkine (2.22 - 18 mol), 10.0 mg 2,3,4,6-teti@-acetyl$-D-
galactopyranosyl azidex() (2.68 - 10 mol, 1.2 &q) (equimolar amounts of 2,3,4,6-t€¥a-
acetyl$-D-glucopyranosyl azidex(), f-D-glucopyranosyl azideix), p-D-galactopyranosyl
azide &), and 10O-(4’-azidbutyl)-D-glucopyranose x{v) respectively), and 0.85 mg
copper(l) iodide (4.44 - 10mol, 0.2 4q) were dissolved in 5 mL pure DMF/mathig(1:1).
The solution was stirred at a temperature of 4%0tGwo days. The product was dissolved in
5 mL water and one drop of methanol. For purifimata dialysis against water was performed

over a time period of three days.

Further disaccharide with an azide function, predidrom M. Wulf of the research group of
professor V. Vill was (12"azido-dodecyl)-@-(B-D-galactopyranosylp-D-glucopyranoside

(xvin).

OH
OH OH
Q HO O/\/\/\/\/\/\/ N3
HO @) o

OH OH
XVII

(12"Azido-dodecyl)-40-(B-p-galactopyranosylB-o-glucopyranoside

(Lactose-G>N3)

C24Ha7NO1y

525.64
Probe MW51

7.2.2.6.1.2EDC & sulfo-NHS coupling

Regarding biological applications coupling of aminactionalised disaccharides cellobiose-
Ci1-NH2 (xvi ), maltose-G-NH, (xix), melibiose-G>-NH, (xx), and gentibiose-z-NH,
(xx1) was achieved via in biochemistry well-establisBERC and sulfo-NHS activation of PI-
b-PEO-COOH. It has been reported that the EDC/NHS igero-length’ cross-linker, and
does not generate any toxic by-product in the nd&tfi.
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OH OH
HO ) o

OH OH

(12"Amino-dodecyl)-40-(3-p-glucopyranosylB-o-glucopyranoside
(Cellobiose-G>NHy)

CoaH47NO1 1
525.64
Probe MW61
OH
HO Q
H o OH
A
@)
HO. O P N N N g NH,
OH
XIX
(12"Amino-dodecyl)-40-(a-p-glucopyranosylB-o-glucopyranoside
(Maltose-GNHy)
CogH47NO1 1
525.64
Probe MW163
OH  oh
o
HO
OH
Ho&/
O
HO D P P e Fa g NH
OH
XX
(16"Amino-hexadecyl)-®-(a-p-galactopyranosylp-o-glucopyranoside
(Melibiose-GgNH))
Ca2gHs55NO11
581.74
Probe MW426
OH o
o
H @)
OH
O
HO. N TN TN TSN TN TS T NH,

OH XXI
(16"Amino-hexadecyl)-&-(3-p-glucopyranosyl)B-o- glucopyranoside
(Gentibiose-Gg-NH,)
CagHssNO11
581.74
Probe MW422

Per reaction 200 mg &{b-PEQ,1-COOH (1.48 - 18 mol) were dissolved in 8 mL ddB.
In each flask were added 3.97 yg(3-dimethylaminopropyIN’-ethylcarbodiimide hydro-
chloride (EDC) (2.07 - I0mol, 1.4 eq) and 4.50 miy-hydroxysulfosuccinimide (sulfo-
NHS) (2.07 - 10 mol, 1.4 eq). After stirring at room temperatuge 10 minutes 8.57 mg
(12"amino-dodecyl)-49-(B-D-glucopyranosyl)B-p-glucopyranoside i ) (1.63 - 10 mol,
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1.1 eq), 8.57 mg (12"amino-dodecyl)&Ha-D-glucopyranosylB-D-glucopyranoside xix)
(1.63 - 1¢ mol, 1.1 eq), 9.48 mg (16"amino-hexadecylPge-D-galactopyranosylp-p-
glucopyranosidex) (1.63 - 16 mol, 1.1 eq), and 9.48 mg (16"amino-hexadecy()-63-D-
galactopyranosylp-b-glucopyranosidexi) (1.63 - 16 mol, 1.1 eq) respectively were added
per synthesis. The reaction mixture was kept sgrfor 96 hours at room temperature at high
shear forces, regarding the accessibility of thenasmdue to the micelle formation of the
saccharide educts. The purification of the produas achieved by dialysis against water and

closing lyophilisation.

'H-NMR (400 MHz, methanol-4):

Denotation of signals shown exemplarily for the ilmieke derivate:

(12”amino-dodecyl)-40-(B-D-glucopyranosyl)B-D-glucopyranosidexvii )

d (ppm) = 1.28-1.44 (m, 16H, alkyl), 1.46-1.58 (m, 2HA-CHy), 1.60-1.72 (m, 2Hp-
CH,), 2.48-2.58 (m, 2H, O-C(O)44»-CH,-C(O)-N), 2.59-2.69 (m, 2H, O-C(O)-GHCH,-
C(O)-N), 2.84 (dd, 2H, p-8,-NH-C(0)), 3.12-3.88 (m, 9H, H-2, H-2’, H-3, H-3-4, H-4’,
H-5, H-5’, H-6b’, H-ub; 4H per EO unit), 3.88-3.96 (m, 4H, H-6a, H-6b6dl, H-ua), 4.24
(dd, 2H, GH,-O-C(O)-CH-CH,-C(0)-N), 4.30 (d, 1H3 3.1 h.2= 8.1 Hz, H-1), 4.44 (d, 1H,
331 m2 = 8.1 Hz, H-1'), 4.88 (PI).

(12”amino-dodecyl)-49-(a-D-glucopyranosylB-D-glucopyranosidexx )

8 (ppm) = 1.27-1.47 (m, 18H, alkyl¥@), 1.47-1.56 (m, 2HA-CH,), 1.56-1.64 (m, 2Hp-
CH,), 2.47-2.57 (m, 2H, O-C(O)4»-CH,-C(O)-N), 2.58-2.70 (m, 2H, O-C(O)-GHCH,-
C(0)-N), 2.84 (dd, 2H, p-8,), 3.12-3.88 (m, H-2, H-2', H-3, H-3', H-4, H-4’, -8, H-5’, H-
6b’, H-ob; 4H per EO unit), 3.88-3.97 (m, 4H, H-6a, H-6bp#l, H-ua), 4.21-4.27 (m, 2H,
CH,-O-C(0)-CH-CH»-C(O)-N), 4.29 (d, 1H3Jy.1 1= 7.6 Hz, H-1), 4.88 (PI), 5.19 (d, 1H,
31 p2 = 3.4 Hz, H-1)).

(16”amino-hexadecyl)-&®-(o-D-galactopyranosylp-D-glucopyranosidexg)
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o (ppm) = 1.26-1.46 (m, 24H, alkyl#G), 1.51-1.77 (m, 4HB-CH,, 0-CHy), 2.42-2.54 (m,
2H, O-C(0)-GH,-CH,-C(0)-N), 2.57-2.65 (m, 2H, O-C(O)-GFCH,-C(0)-N), 2.90-296 (m,
2H, n-CHy), 3.16 (dd, 1H3J.1 o= 8.4 HZ, o n= 8.4 Hz, H-2), 3.26-3.88 (m, H-3, H-3',
H-4, H-4', H-5, H-6b, H-6'a, H-6'b, Hzb; 4H per EO unit), 3.88-3.95 (m, 3H, H-2", H-5"; H
0a), 3.98 (dd, 1H3J45 .6a= 4.5 Hz,*Jh-an-65= 10.7 Hz, H-6a), 4.24 (dd, 2H Hz-O-C(0)-
CH,-CH,-C(0)-N), 4.31 (d, 1H3Jy.1 o= 7.6 Hz, H-1), 4.88 (PI, H-1").

(16”amino-hexadecyl)-®-(B-D-galactopyranosylp-D-glucopyranosidexgi )

o (ppm) = 1.26-1.46 (m, 24H, alkyl#), 1.58-1.78 (m, 4HB-CH,, 0-CHy), 2.49-2.56 (m,
2H, O-C(0)-@H,-CH,-C(0)-N), 2.58-2.68 (m, 2H, O-C(0)-GHCH,-C(0)-N), 2.93 (dd, 2H,
3= 7.0 Hz,n-CHy), 3.17 (dd, 1H3J4.1 o= 7.8 HZ 2342 5= 9.0 Hz, H-2), 3.23 (dd, 1H,
31 b2 = 7.8 HZ3Jho 3= 9.0 Hz, H-2Y), 3.28-3.87 (m, H-3, H-3", H-4, H-41-5, H-5', H-
6b, H-6'a, H-6'b, G,-ab; 4H per EO unit), 3.87-3.95 (m, 1HHGwa), 4.17 (dd, 1H3J4.5 -
6a= 1.6 HZ,*Jh6an-e 11.5 Hz, H-6a), 4.24 (dd, 2HH3-O-C(O)-CH-CH,-C(0)-N), 4.28
(d, 1H,3J4.1 2= 8.0 Hz, H-1), 4.41 (d, 1H 4.1 1= 8.0 Hz, H-1"), 4.88 (PI).

71.2.2.6.2 Dyes accoutrement

a) In 8 mL ddHO 50.0 mg R$-b-PEG:>COOH (3.70 - 18 mol) were dissolved. The
addition of 781 pgN-(3-dimethylaminopropylN'-ethylcarbodiimide hydrochloride (EDC)
(4.07 - 10 mol, 1.1 eq) and 643 pg-hydroxysulfosuccinimide (sulfo-NHS) (2.96 -4fnol,
0.8 eq) was followed by a reaction time of ten nsu After the addition of 1.48 mg cresyl
violet (3.70 - 1§ mol, 1.0 eq), purchased from Radiant Dyes (articlenber 095), the
reaction mixture was kept stirring for 48 hourseTgurification of the product was achieved

by dialysis against water and lyophilisation.

b) 82.9 mg PI-PEO-NK(6.10 - 16 mol) and 0.50 mg (6.10 - 10mol, 0.1 eq) of the
succinimidyl active ester Alexa Fluor®594 were diged in 6 mL pure DMF. After stirring
the reaction mixture 44 hours at room temperathreesolvent was evaporated and the residue
dissolved in 1 mL KHO. The product was dialysed for 4 days, subseqglyephylized, and
stored under argon atmosphere and exclusion df ligh
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c) In 10 mL pure chloroform were under nitrogen @sphere 121 mg Rtb-PEG;-epoxid
(8.96 - 10 mol) reacted with 329 pg rhodamine 110 chlorid®§8 10 mol, 0.1 eq) at
55 °C. After 14 hours of stirring the solvent wasgorated und the product purified by

dialysis against water. Finally the product wasplygized.

7.2.2.6.3 Coupling of chemotherapeutics

The synthesis of &-(4'-(cis-diaminoplatin(ll)malonat)-butyl}/p-galactopyranose was
performed by Janina Moker from the research grouprofessor J. Thiem in the organic

chemistry department of the university of Hamb@grmany.

7.2.2.6.3.1Coupling of cis-platin

Under inert conditions were 150 mg;P-PEQGy;-COOH (1.11 - 1® mol, 1 eq) dissolved in
10 mL pure DMF and exposed to 2.72 mg DCC (1.38>rhol, 1.2 eq) and 271 pg DMAP
(2.22-1F¢ mol, 0.2 eq). After ten minutes of stirring 7.50 g m6-O-(4"-(cis-
diaminoplatin(ll)malonat)-butyl}¢/p-galactopyranose (1.33 - 10nol, 1.2 eq), dissolved in
5 mL DMF, were added. The reaction mixture wasedifor 48 hours at room temperature.
Subsequently the solvent was evaporated, and thmaimeng film dissolved in 3 mL
chloroform, whereupon precipitation twice in colettlyl ether followed. The white residue

was finally dissolved in 2 mL of water and lyopkéd.

'H-NMR (400 MHz, BO):

8 (ppm) = 1.42-1.38 (m, 2H, H-3), 1.60-1.67 (m, 2H2’), 2.43-2.48 (m, 2H, H-4"), 2.54-
2.58 (m, 4H, C(=0)-B,-CH,-C0O0), 3.41 (dd, 1HJyz.13 = 11.6 Hz, H-2), 3.57-3.90 (m, 4H
per unit of PEO, H-1', H-5", H-3, H-4, H-5, H-6a,-6b), 4.19-4.23 (m, 2H, I@,-O-C(=0)-
CH,), 4.13-4.16 (m, CHO-C(=0)-CHga), 4.51 (d, 1H. Jnzpnz = 7.9 Hz, H-B), 4.64-4.66
(m, P1), 4.70 (s, BD), 5.19 (d, 1H3J10.2 = 3.5 Hz, H-).

'H-NMR cis-platin edukt (400 MHz, fD):
8 (ppm) = 1.33-1.41 (m, 2H, ¢3-3), 1.57-1.64 (m, 2H, i-2), 2.38-2.48 (m, 2H, ki-4),
3.37-3.41 (dd3Juons = 9.9 Hz, 1H, H-2), 3.48-3.64 (m, 6H, H-3, H-5, H;Hg,-1, CH),
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3.73 (dd,?Jusanen = 10.4 Hz, 1H, H-6a), 3.85 (ddJusans = 1.3 Hz, 1H, H-4), 4.48 (d,
SJnaprz= 7.7 Hz,1H, H-1B), 5.16 (d.*Jn1e-2= 3.8 Hz, 1 H, H-&).

7.2.2.6.3.2Coupling of azidothymidine (AZT)

In 19 mL pure DMF were 300 mg db-PEG;-COOH (2.22 - 18 mol, 1 eq) dissolved and
exposed to 8.16 mg DCC (3.99 “2@ol, 1.8 eq) and 2.71 mg DMAP (2.22 1ol 1 eq)
under inert conditions. After ten minutes of stigi7.12 mg azidothymidine (2.66 - fnol,
1.2 eq), dissolved in 1 mL DMF, were added. Thetiea mixture was stirred for 48 hours at
room temperature. Subsequently the solvent wasoeatgul, and the remaining film dissolved
in 3 mL chloroform, whereupon precipitation twicedold diethyl ether followed. The white

residue was finally dissolved in 2 mL of water dyaphilised.

'H-NMR (500 MHz, CDC})):

d (ppm) = 0.76-0.88 (m, 3H o$ecbutyl, CH3-CH,-), 0.88-1.06 (m, 1H ofsecbutyl,
-CH(-CHs)-; 2H per unit of 1,2-PI, -C-(853)-), 1.06-1.48 (m, 3H o$ecbutyl, -CH(-CH3)-;
2H per unit of 1,2-PI, -C-(CJ-CH,-; 2H of secbutyl, CHs-CH,-; 2H per unit of 3,4-PI, CH-
CHy-), 1.48-1.74 (m, 3H per unit of 3,4-PI, G4 per unit of 1.4-Pl, -CH(-83)=), 1.74-2.34
(m, 3H, thymine-C5-E3, 1H per unit of 3.4-PI, -B; 2H per unit of 1.4-Pl, -HC=CH{d,-;
2H per unit of 1.4-Pl, -B,-CH(-CHs)=), 2.45 (t, 2H2J = 5.95 Hz, C-2'H), 2.67 (t, 2HJ =
6.5 Hz, -(H,-CH,-COO-AZT), 2.77 (t, 2H%J= 6.5 Hz, -CH-CH,-COO0O-AZT), 3.44-3.84 (m,
4H per unit of PEO), 4.08-4.13 (m, 1H, C-3'H), 4(42 2H,%J = 3.83 Hz, C-5'H), 4.51-4.76
(m, 2H per unit of 3,4-PI, -C3d,, 2H per unit of 1,2-PI, -HC=a,), 4.24 (t, 2H3J= 4.8 Hz,
-O-CH,-CH,-OC(O)R), 4.28-4.34 (m, 1H, C-4'H), 4.76-5.10 (i per unit of 1,4-PI,
C=CH-), 5.57-6.00 (m, 1H per unit of 1,2-PHE=CH,), 6.13 (t, 1H2J = 6.49 Hz, C-1'H),
7.24 (m, 1H, C-6H).

7.2.2.6.3.3Coupling of 5-fluorouracil (5-Fu)

6.78 mg 5-Fu (5.21 - TOmol), 3.88 mg formaldehyde (37 wt.%, aq., 4.76° inol) and
0.75 mL water were added to a round-bottom flagie $olution was stirred at 60 °C for six
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hours. The product solution was concentrated umdduced pressure to give an white
residue. The oil was dissolved in 1 mL dry acetdaitand 300 mg R{-b-PEG:;-COOH
(2.22 - 16 mol), 5.07 mg DMAP (4.15 - 10mol) and 6.53 pIN,N-diisopropylcarbodiimide
(DIC, 4.15 - 10 mol) were added and the mixture was stirred amrdemperature for
72 hours. The white precipitate was filtered oftlahe solvent was removed by evaporation.
The residue was dissolved in 5 mL water, dialygglrest water and finally lyophilised.

'H-NMR (500 MHz, CDC}):
Significant peaksd (ppm) = 5.55 (s, 2H, 5Fui;0), 8.10 (m, 1H, E=CF),

7.2.2.6.3.4Coupling of doxorubicin (DXR, Adriamycfh

To a solution, containing 100 mg ¢Rb-PEG:;>COOH (7.41 - 18 mol) in 3 mL water,

2.30 mg EDC (1.48 - T0mol) and 1.70 mg NHS-sulfo (1.48 -Aol) were added. . The
solution was stirred for 10 minutes. After the aidei of 1 mg doxorubicin hydrochlorid
(Sigma 44583, 1.85 - amol) the solution was stirred for 72 hours. Fipahe solution was
dialysed and lyophilised.

7.2.2.6.4 Coupling of bio-molecules

7.2.2.6.4.1Coupling of antibodies (-fragments) via a termiaetive ester

Prior all vessels, solutions, and materials likgpp&porf pipette tip were autoclaved. To one
equivalent of in ligand embedded nanoparticles atewy pH 6, was added two equivalent of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDClnd five equivalent of N-
hydroxysulfosuccinimide (Sulfo-NHS). After one hoaf stirring the nanoparticles were
dialysed against water, pH 6, for half hour. Aftards the dialysis chamber was placed in
phosphate buffered saline (PBS) buffer or gdHespectively, pH 7.4. The solution was
transferred into vessels and subjected with thgegvalent of antibodies (-fragements). After

ten hours of stirring at room temperature the smtuivas again dialysed against PBS or
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ddH,O respectively, pH 7.4. Depending on the antibddy eaction was achieved at 4 °C.
The final nanoparticle solutions had an antibodycemtration between 0.2 to 0.4 mg/mL.

7.2.2.6.4.2Coupling of FMOC-glycine

Under nitrogen atmosphere 18.1 mg FMOC-gylcineQ6.10° mol, 1 eq), dissolved in 2 mL
pure DMF, were converted with 16.5 mg DCC (8.00" fnol, 1.3 eq) and 9.76 mg DMAP
(8.00 - 1C¢ mol, 1.3 eq) into an active ester. After ten mésuil83 mg RB}-b-PEQ:-OH

(3.05 - 10 mol, 0.5 eq) were added. The reaction mixture staged for 48 hours at room
temperature. Subsequently the solvent was evapratel the remaining film dissolved in
3 mL chloroform, whereupon precipitation twice ialat diethyl ether followed. The white

residue was finally dissolved in 2 mL of water dyaphilised.

7.2.2.6.4.3Coupling of biotin

In 2 mL of pure DMF 19.2 mg biotin (approx 99% (TNQ7.84 - 10 mol, 1 eq) were
dissolved under nitrogen atmosphere. To this smiui6.5 mg DCC (8.00 - Tomol, 1 eq)
and 9.76 mg DMAP (8.00 - Famol, 1 eq) was added. After ten minutes of stiy285 mg
PL~b-PEQ;;-OH (3.92 - 10 mol, 0.5 eq) were added. The reaction mixture stased for

48 hours at room temperature. Subsequently theesblwas evaporated, and the remaining
film dissolved in 3 mL chloroform, whereupon pratagion twice in cold diethyl ether

followed. The white residue was finally dissolved2 mL of water and lyophilised.

7.2.2.6.4.4Coupling of (+)e-lipoic acid

12.4 mg (+)e-lipoic acid (99%) (6.02 - I0mol, 1 eq) were dissolved in 2 mL of pure DMF
under nitrogen atmosphere. To this solution 16.5B@C (8.00 - 10 mol, 1.3 eq) and
9.76 mg DMAP (8.00 - I0mol, 1.3 eq) was added. After ten minutes ofistrB801 mg Pi-
b-PEQy;-OH (5.02 - 18 mol, 0.8 eq) were added. The reaction mixture stased for 48

hours at room temperature. Subsequently the soWwastevaporated, and the remaining film
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dissolved in 3 mL chloroform, whereupon precipagatiwice in cold diethyl ether followed.
The white residue was finally dissolved in 2 mlwadter and lyophilised.

7.2.2.6.4.5Coupling of arabinogalactan

In 5 mL pure DMF and 3 mL pure DMSO were 200 mgBIPEQG;-COOH (1.48 - 18
mol, 1 eq) dissolved and exposed to 3.37 My -diisopropylcarbodiimide (DIC, 4.18 L,
2.67 - 10 mol, 1.8 eq) and 2.35 mg DMAP (1.92 >1@ol, 1.3 eq) under inert conditions.
After ten minutes of stirring 1.24 g arabinogalac(eEMA 3254, fromlarix occidentalis—
Western Larch (~ 60 kD), 2.08 - 1énol, 1.4 eq), dissolved in 1 mL DMF, were addebe T
reaction mixture was stirred for 48 hours at ro@mperature. Subsequently the solvent was
evaporated, and the remaining film dissolved in 13 ¢hloroform, whereupon precipitation
twice in cold diethyl ether followed. The white idise was finally dissolved in 2 mL of water

and lyophilised.

7.2.3 Emulsion polymerization

7.2.3.1 Materials

The predominant number was performed by using s¢y®lerck), divinyloenzene (DVB,
Merck) as a crosslinker, acrylic acid (Merck) onyliterminated polyethylene glycol (V1100
PEG, DEGE139780, Clariant GmbH) as hydrophilic moacs, and sodium dodecyl benzene
sulfonate (SDBS, Aldich) as emulsifier. In othest®yms methyl methacrylate (Aldrich), and
squalene (Fluka) were used. The reactions weratit by using sodium persulfate (Aldrich)
for reactions at 80 °C, 2,2'-Azobis[2-(2-imidazelryl)propane]dihydrochloride (VA044,
WAKO) for reactions at 45 °C and Azo-bis-(isobutyital) (AIBN, Fluka). As surfmers were
established Ralumer (BASF), Lutensol TO7 (BASF)telngsol (BASF), Pluronic (BASF),
nonyl phenol ethoxylate (NP10, Aldrich) and Twégd (Merck).
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7.2.3.2 Polymerization

Concerning the emulsifiers it was distinguishedaeein ones, which don’t take part at the
polymerization (2.1.1) and ones which are bondednduthe polymerization, the so called

surfmeres (2.1.2).

7.2.3.2.1 Emulsifier approach

The emulsions were typically prepared as showhenfollowing section. First emulsifier was
dissolved in water and-pentanol was added. Than nanoparticles were driedcuum and
dissolved in the hydrophobic monomers. The typmamnber of nanoparticles applied was
variated between 6 and 9 -®fol. While stirring the aqueous solution (1200 rpting
hydrophobic monomers were added dropwise. Aftero@Vization via nitrogen flow, the
mixture was heated up to a temperature of 44 -BQAfter reaching a constant temperature
the initiator, dissolved in some droplets of watarcase of hydrophobic initiators dissolved
in the hydrophobic monomers, was injected after 30- minutes. Finally hydrophilic
monomers were added after a time period of 10 métutes. Typically the reaction period

was 24 h. The amount of substances used is shotablm 9.
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number solvens hydrophobic monomers hydrophilic monomers emulsifier alcohol initiator Nanos
water [g] styrene [g] DVB [g] squalene [g] MMA [g] V110RPEG [g] acrylic acid [g] SDBS [g] 1-pentanol [g] NaRf§ VA 044
1 12.1 1.11 0.09 0.14 1.5 0.08 0.010 CdSe|
2| 115 1.11 0.09 0.47 1.5 0.08 0.010 CdSe|
3 121 1.08 0.16 0.14 1.7 0.08 0.016 CdSe
4 121 1.15 0.05 0.14 1.3 0.09 0.016 CdSe
5 20.1 1.05 0.16 0.60 1.7 0.08 0.016 CdSe|
6| 40.1 1.05 0.16 1.00 1.7 0.09 0.016 CdSe|
7 11.0 0.74 0.11 0.90 1.2 0.06 0.016 CdSe|
8 15.0 0.75 0.11 1.40 0.095 1.2 0.00 0.016 CdSd
9 14.0 0.65 0.11 0.057 1.2 0.08 0.016 CdSe
1C 14.C 0.5t 0.11 0.04¢ 1.2 0.2C 0.01€ Cdse/CdS/zns
11 14.C 0.2¢ 0.0¢€ 0.02¢ 1.2 0.0¢ 0.01¢ Cdse/CdS/znS
12 20.1 1.05 0.16 0.057 1.7 0.09 0.016 CdSe
13| 20.1 0.90 0.15 0.095 1.7 0.09 0.016 CdSe
14 98.3 4.55 0.74 0.400 1.7 0.57 0.110 CdSe
15 20.1 1.05 0.16 0.057 1.7 0.09 0.016 Gold
16| 14.0 0.65 0.11 0.057 1.2 0.08 0.016 Gold
17 20.1 0.81 0.13 0.057 1.7 0.09 0.016 Fe&0,
18| 20.1 0.81 0.13 0.057 1.7 0.09 0.016 Fes0,
19 20.2 1.05 0.17 0.057 1.7 0.09 0.017 Gold
20| 20.2 1.05 0.17 0.057 1.7 0.09 0.017 Gold
21 20.1 0.70 0.13 0.057 1.2 0.09 0.016 Fe0,
22 25.2 1.05 0.16 0.057 1.7 0.09 0.017 Gold
23 20.1 0.91 0.13 0.057 1.8 0.09 0.016 Fe0,
24 10.0 0.45 0.80 0.029 0.9 0.05 0.008 Fe0,
25 10.0 0.35 0.70 0.029 0.9 0.05 0.008 Fe0,
26 10.0 0.45 0.80 0.029 1.4 0.05 0.008 Fe0,
27 10.0 0.45 0.80 0.029 0.9 0.09 0.008 Fe&0,
28 20.0 0.45 0.80 0.029 0.9 0.05 0.008 Fe0,
29| 10.0 0.45 0.80 0.048 0.9 0.05 0.008 Fe0,
30 25.2 1.05 0.16 0.057 1.7 0.09 0.017 CdSe
31 20.0 1.05 0.16 0.057 1.7 0.09 0.017 Gold
32 12.6 0.5¢ 0.08 0.029 0.¢ 0.05 0.017 Fe&0O,
33 12.€ 0.3C 0.3C 0.048 0.c 0.0t 0.017 Fes0,
34| 20.1 0.81 0.12 0.057 1.7 0.0¢ 0.01¢ Fe0,
35 20.1 0.81 0.12 0.057 1.7 0.0¢ 0.01€ Giga-FgO,
36 20.1 0.81 0.12 0.095 1.7 0.0¢ 0.01€ Giga-Fe0,
37 20.1 1.07 0.095 1.7 0.09 0.016 CdSe
38 20.1 1.20 0.067 1.7 0.09 0.016 CdSe
39 25.2 1.03 0.057 1.8 0.09 0.017 CdSe
40 25.2 0.16 1.03 0.057 1.8 0.09 0.017 CdSe|
41 6.3 0.04 0.2¢ 0.014 0.4 0.02 0.004 Fe0,

table 9: amount of substance used for the reactions.

7.2.3.2.2 Surfmer approach

The emulsions using surfmeres were typically preghaas standard emulsions with use of
VAO44 as initiator. The amount of substance usedhiswn in table 10. The surfmer was
partial to fully present in the monomer solutioronddition to the aqueous phase.
A comparison between NP10 and TwB8® was performed according to Manealal!*?%
Tweerf80 was used as a 4 wt% aqueous solution. Someiaesiavith NP10, NP10 and
Tweerf80 (1:1) and Tween®80 were performed with and witralding initiator to examine

the effect of polymerisation on the micelles.
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number | styrene[g] DVB]g] surfmer [g] 1-pentanol [g] water [g] teempture [°C] initiator [g]

42 0.75 0.12 1.2 Ralumer 0.07 14 45 0.p16
43 1.05 0.16 1.0 Lutensol TO7 0.09 25 45 0.p17
44 1.05 0.16 0.5 Lutensol TO7 0.09 25 45 0.p17
45 1.05 0.16 1.0 Lutensol 0.09 25 45 0.017
46 1.05 0.16 1.0 Pluronic 0.09 25 45 0.017
47] 0.56 0.12 0.3 oleic acid 0.15 28 50 0.032
48 0.56 0.12 1.0 oleic acid 0.15 28 50 0.032
49 0.56 0.12 0.6 oleic acid 0.15 28 50 0.032
50] 0.56 0.12 1.0 Tween 80 0.15 28 45 0.p32
51 0.56 0.12 1.5 Tween 80 0.15 28 45 0.p32
52 0.56 0.12 0.5 Tween 80 0.15 28 45 0.p32
53 0.56 0.12 1.0 Tween 80 0.15 28 45 0.p32
54 0.56 0.12 1.0 Tween 80 0.15 28 45 0.p32
55 0.56 0.20 1.0 Tween 80 0.15 28 45 0.p32
56 0.56 0.30 1.0 Tween 80 0.15 28 45 0.p32
57| 0.56 0.12 0.5 Tween 80 0.15 28 60 0.p32
58 0.56 0.12 0.5 Tween 80 0.15 28 60 0.p32
59 0.56 0.12 0.5 Tween 80 0.15 28 55 0.p32
60] 0.56 0.12 0.5 Tween 80 0.15 28 50 0.p32
61] 0.56 0.12 0.5 Tween 80 0.15 28 65 0.p32
62) 0.56 0.12 2.0 Tween 80 0.15 28 65 0.p32
63 0.56 0.12 0.5 Tween 80 0.15 28 52 0.p32
64 0.56 0.12 0.5 Tween 80 0.15 28 58 0.p32
65 0.56 0.12 0.5 Tween 80 0.15 28 70 0.p32
66 0.56 0.12 1.3 Tween 80 0.15 28 45 0.p32
67] 0.56 0.12 0.8 Tween 80 0.15 28 45 0.p32
68 0.53 0.16 0.5 Tween 80 0.15 28 45 0.p32
69 0.50 0.20 0.5 Tween 80 0.15 28 45 0.p32
70 0.56 0.12 0.5 Tween 80 0.15 28 TDO32(AIBN)

table 10: amount of substance used for the reactions witimsus.

7.2.3.2.3 Purification of emulsion particles

Purification of the polymer / nanoparticles compesi if necessary, was performed by means
of syringe filters (450 nm, Roth) to cut off agglerates and dialysis to separate emulsifier.
Magnetic particles were picked out by magneticdsrc

Separation of polymer/nanoparticles composites flostymer particles was achieved by

addition of heptane. After mixing and centrifugatithe polymer particles are located in the

organic phase, while the nanopatrticle containingpasites are present in the aqueous phase.

7.2.3.3 Functionalisation of emulsifier

A further functionalization of the particles (efgr biolabelling) requires functional groups on
the surface of the particles. Tw&&0 offers a terminated hydroxylic groups which ¢an
used for such reactions. In favour this reactiooutth take place in water, to allow

functionalization even after the polymerizationniany cases the hydroxylic group might not
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be the “ideal” functional group. Thus it is necegda find ways to transform the hydroxylic
group into functional groups required (figure 140).

The analytic was based on nuclear magnetic resenspectroscopy (NMRYH-NMR, **C-
NMR, and two-dimensional NMR spectra (H,H-COSY, H5@nd HMBC) were recorded in
CDCl; using tetramethylsilane as the internal standard B,0 using the solvent peak as the
internal standard. An AMX400 spectrometer with att&equency of 400 MHz and a
DRX500 Avance spectrometer with a test frequencyQtf MHz, both fabricated by Bruker,

were used. The spectra were evaluated using tm\&pks software version 2.5.5.
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figure 140: Modification of functional group of Twe&80 .

7.2.3.3.1 Synthesis ofv-carboxyl-polyoxyethylenesorbitan monooleate

To 2.00 g Twee®B0 (1.53 mmol), dissolved in 10 mL chloroform, 37mg of the
nucleophilic Steglich-Hofle catalyst 4-dimethylampyridine (DMAP) (306 pumol, 0.2 eq)
were added. After the addition of 764 mg succimbyalride (7.64 mmol, 5 eq), in 3 mL
chloroform dissolved, the reaction mixture wasrstrfor 48 hours at room temperature,
concluding with the evaporation of the solvent, aeglispension of the yellow, viscous pellet
in a water and ethanol solution. The raw produtWEEN®80-COOH) was dialysed for two
days and lyophilizeef®.
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'H-NMR (500 MHz, CDC}):

§ (ppm) = 0.88 (t, 3 H3Jye, 127 = 7.3 Hz, Me), 1.20-1.22 (m, 20 H, GH6-19 und Ch-22-
27), 1.62 (quin., 2 H3Ju1s, 114 = 7.8 Hz,*Jh1s a6 = 6.9 Hz, CH-15), 2.0 (q, 4 H3Jy 1 =
6.3 Hz, CH-20-21), 2.32 (t, 2 HJ4.14, h-15= 7.8 Hz, CH-14), 2.63 (m, 10 H, C-CHCH,-
COOH), 3.56-3.76 (m, 65, PEO, G8-9), 4.22 (dd, 2 H, CH13,3%), 1 = 5.2 Hz), 5.30-5.39
(m, 2 H, CH-28-29).

13C-NMR (126 MHz, CDC}):

8 (ppm) = 14.00 (Me), 24.90 (C-15), 27.18, 27.222@21), 29.11 - 29.76 (C-16-19 und C-
22-27), 31.90 (QzH,-CH,-COOH), 34.20 (C-14), 63.36 (C-1), 63.81 (C-13),089 69.20,
70.52 (PEO und C-5-9), 129.75, 130.00 (C-28 un®L-2

7.2.3.3.2 Implementation of aldehyde terminated Twég0

1.16 g dimethyaminopyridine (DMP, 2.7510° mol, 1.2 eq.) were dissolved in 5 mL
dichlormethane. To this solution 1 g (7.620* mol) of Tweeff80 in 10 mL dichlromethane
were added. The reaction mixture was stirred foh4&an centrifugated and the dissolved
aldehyd precipitate from aceton. After evaporatibe product (TWEERB0-CHO) was
dissolved in water and lyophilised.

'H-NMR (500 MHz, CDC})):

8 (ppm) = 0.88 (t, 3 H3ye, 1.27= 7.3 Hz, Me), 1.20-1.22 (m, 20 H, GH6-19 und Ch-22-
27), 1.62 (quin., 2 H3Ju.15 114 = 7.8 Hz,*Jh15 116 = 6.9 Hz, CH-15), 2.0 (q, 4 H3Jy 1 =
6.3 Hz, CH-20-21), 2.32 (t, 2 H3Jy.14 v1s= 7.8 Hz ,CH-14), 3.56-3.76 (m, 65, PEO, GH
5-9), 4.15 (m, 2 H, CHCHO), 4.22 (dd, 2 H3J,; 1y = 5.2 Hz, CH-13), 5.30-5.39 (m, 2 H,
CH-28-29), 9.72 (s, 1 H, CHO).

13C-NMR (126 MHz, CDC}):

8 (ppm) = 14.08 (Me), 22.64 (C-27), 24.88 (C15),157.27.20, (C-20, C-21), 29.74 — 29.09
(C-16-19, C-22-25), 31.87 (C-26), 34.18 (C-14),383(C-13), 69.19 —71.23 (PEO, C-5-9),
76.84 CH,-CHO), 129.72, 129.98 (C-28, C-29), 173.00 (COQRE.00 (CHO).
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7.2.3.3.3 Implementation of epoxid terminated Tw&8&n

76.6 mg (1.91 mmol) (5 eqg.) sodium hydride (60%paraffin) were dissolved in 5 mL
tetrahydrofuran (THF). To this solution 500 mg Tw&&0 (3.82- 10 mol, 1 eq.) in 5 mL
THF was injected at 0°C. After stirring 1 h at robemperature the mixture was cooled down
again to 0°C and 177 mg (1.91 mmol) (5 eq.) epidtigdrine was added. Further 48 h
stirring at 40 °C results again in two times préeijon from diethylether.

The product could not be isolated. Instead, asntermediate the reaction could be achieved

with a primary amine.

7.2.3.3.4 Implementing of an alkine group into Twé&0

To 7.429 g (45.81 mmol) X;tarbonyldiimidazole (CDI) (60 eq.) dissolved in 1oL
dichlormethane 1 g (7.6410% mol) Tweelf80 dissolved in 10 mL dichlormethane was
added. After stirring 48 h the organic solution wasshed three times with water to hydrolyse
the excess of CDI. The organic phase was dried sathum sulphate, and concentrated up to
a volume of 20 mL.

To 1.262 g imidazole-activated Twé&@® (22.91 mmol) propargylamine was added and
stirred 48 h at 55 °C. The crude product (TWEBBFC=CH) was precipitated three times
from aceton, and than lyophillised.

'H-NMR (500 MHz, CDC}):

§ (ppm) = 0.88 (t, 3 H3Jye, 127 = 7.3 Hz, Me), 1.20-1.22 (m, 20 H, GH6-19 und Ch-22-

27), 1.62 (quin., 2 H3Ju.15 114 = 7.8 Hz,*Jh15 116 = 6.9 Hz, CH-15), 2.0 (q, 4 H3Jy 1 =

6.3 Hz, CH-20-21), 2.24 (m, 1 H, NH ), 2.32 (t, 2 Bliy.14, 115= 7.8 Hz, CH-14), 3.56-3.76
(m, 65, PEO, Ch5-9), 3.95-4.00 (m, 4 H, Gihlkine), 4.22 (dd, 2 HJ4 11 = 5.2 Hz, CH-

13), 5.30-5.39 (m, 2 H, CH-28-29).
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3C-NMR (126 MHz, CDC}):
8 (ppm) = 27.45 (C-20-21), 28.78 — 29.62 (C-16-19 @22-27), 62.43 (C-13), 69.31 —
70,52 (PEO und C-5-9), 129.24, 129.86 (C-28 un®-2

7.2.3.35 Implementing of an bromide into Twe0

To 1.05g (0.550 mL, 4.86 mmol) 2-Bromopropionylbide (6 eq.) dissolved in 5 mL
tetrahydrofuran (THF) 1.00 g (7.64L0* mol) Tweef¥80 in 5 mL THF were added slowly.
Further 18 h stirring at room temperature resultthe try of precipitation from diethylether.

However the product could not be isolated.

7.2.3.4 Calorimetric Measurements

The calorimetric measurements were performed bynmed an isoperibolic calorimeter
(Mettler). Experiment a): 45 °C, 280.3 g water, ¢.3-pentanol, 5.6 g styrene, 1.2 g DVB,
5.0 g Tweefi80 ; b): 45°C, 280.4 g water, 1.5 g 1-pentanol,pByrene, 1.2 g DVB, 1.1 g
sodium dodecyl sulfate (SDS).

7.2.3.5 (Forster-) fluorescence resonance energy tranSRIET)

The probes for fluorescence resonance energy &a(lSRET) measurements were prepared
as listed in table 11. To assure the presencesbbjue nanoparticle per micelle a quantum dot
to ligand ratio of 1:573 was used, abandoning astitkage to avoid a thermal degradation of
the dye. The ratio of quantum dot to dye (Alexaofi 594) was 1.0, 2:1, and 1:1. In each
case 1.08 10° mol CdSe/CdS/ZnS nanoparticles with an absorpti@ximum of 540 nm

and an emission maximum of 553 nm were applied.
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8.14 mg,

L 603 nmol - 350 1000
8.14 mg, 73.0 pg, 5.4 nmol

2. 603 nmol | (10% coupled with dye 350 1000
8.14 mg, 146 pg, 10.8 umol

3. 603 nmol | (10% coupled with dye 350 1000

table 11:parameter of ligand-addition.

7.3 Vesicle formation

A solution of 1-3 nmol nanoparticles coated by HPEG;,-OH in 1 mL water was heated
to 60 °C. Under stirring 10 mg £4b-PEGy, dissolved in 100 uL THF, was injected quickly
via a 1 mL syringe. After the evaporation of THFe tholution was analysed using a light
microscope.

To remove nanoparticle micelles, which were notited inside of the vesicle, the solution
was cleaned by a syringe filter 1.2 um (FP 30 kRulose acetate (CA), Schleicher &
Schuell, Dassel, Germany).

To 20 pL of the vesicle solution was 20 pL liqudfienicrowave) agarose added. Fixed on a
glas plate confocal microscopy was arranged.

7.4 Biological applications

7.4.1 Cell culture

Tumour cells HT29 and LOX were cultivated in vent280 mL (75 cm? growth space)
culture-bottles (Sarstedt AG & Co Numbrecht, Dehlsnd) at standard conditions (37 °C,
100% relative air moisture, 5% G@5% air) in a hera cell cellculture-cupboard (Hem
Instruments GMBH, Hanau, Germany). The culture-mediconsists of GIBC® RPMI-
medium 1640 1x (+) L-glutamine (invitrogEh corporation / Carlsbad, CA, U.S.), which
were added with 10% fetal bovine serum (50 mL, GIBG-CS, invitrogefll corporation /
Carlsbad, CA, U.S.) plus penicillin and streptomy¢b mL, 10.000 U/mL penicillin G-
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sodium + 10000 pg/mL streptomycin-sulfate in 0.89%&CI, GIBCQl, invitrogen
corporation / Carlsbad, CA, U.S.). For detachinghef adherend growing cells the cells were
brood-conditions for 5 minutes trypsinized (0.5%p&in-EDTA Gibco, invitrogeh’
corporation / Carlsbad, CA, U.S.).

74.1.1 Determination of the cell count

The cell count was determined using a NeubaueriahamberMarienfeld GmbH Lauda-
Kdnigshofen, Germany) with 0.1 mm depth and 0.002&? plane. After resuspension of the
cell suspension 10 puL were pipetted on the objetddr. Under a Axiovert 35 microscope
(Carl Zeiss AG, Germany) were four large-quadrdessch 16 small-quadrates with each
0.1 pL volume) counted out.

counted cells / & dilution factorx 10000 = cells/mL

In case of more than 40 cells per large-quadratiludion with PBS of a factor of 10
conducted tp achieve a cell count of 20-40 celsrge-quadrate. By means of dilution or
concentration of the stock solution the requirdtla®int / volume ratio was regulated.

7.4.1.2 Laboratory animals

SCID (severe combined immunodeficiency disordergemivere exhibit subcutaneous with
10° cells in 200 pL serum-free medium (GIBE®PMI-medium 1640 1x (+) L-glutamine
invitrogen™ corporation / Carlsbad, CA, U.S.) upside of thytiflank. For injection were 26
G cannula (Microlance 0.45 x 13 mm Becton DickinggmbH, Heidelberg, Germany) and
1000 pL plastic-insunlin-syringes (Becton Dickins@mbH, Heidelberg, Germany) used.
HT29 was fourteen, LOX seven days let adhere, thaexperiment accomplished.
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7.4.1.3 Application

Intravenous application of the antibodies-nanopkrtconstructs was carried out employing
30 G expendable-injection-cannula (Sterican, B. uBraMelsungen AG, Melsungen,
Germany) and 250 pL Hamilton glass-syringes (HamiltBonaduz AG, Bonaduz,
Switzerland). The antibody-labelled nanoparticldssolved in 100 pL PBS (Dulbeccos
Phosphat Buffer Saline, Gibtife Technologies Ltd., Pasley, Scotland), weréhie caudal-
vein injected. As a control were equivalent amouwrftsanoparticles, coupled with 1gG1 iso-

antibodies, appliqued.

7.4.1.4 Cellincubation experiments

74.14.1 Incubation of cells

HT29 cells were trypsinized and washed three timéxBS. Cells were counted and split into
round bottom tubes resulting in twelve samples.6fx110 cells, each in a volume of 500 pL
PBS supplemented with 30 pL human AB-serum to blackpecific binding (Biotest AG,
Dreieich, Germany). The cell suspensions were sumpghted with unconjugated, 1gG-
conjugated or T84.1-conjugated equal mixtures ofmetite and quantum dot particles at
different amounts of 10 pL {; 25 pL (¢) and 50 pL (g). In addition, three aliquots were
pre-treated with unconjugated mAb T84.1 (40 pg/nfid) 15 minutes to block specific
binding sites (T84.1-magnetite nanoparticles). £ellere incubated for 1 hour at room
temperature on a rolling device to prevent cellaadhce and aggregation. Subsequently, cells
were washed three times in PBS and re-suspend@dnuL PBS. Flow cytometry was
performed with 20 pL of the cell suspension (appmately 1 x 16 cells) and phantoms for

MR imaging were prepared from the remaining suspens
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7.4.1.4.2 Incubation of cells with anti-CEACAM specific SPIGN

HT29 cells were trypsinized and washed three timéxBS. Cells were counted and split into
round bottom tubes as nine samples of 1.5 X cHls, each in a volume of 500 uL PBS
supplemented with 30 puL human AB-serum to block pecdic binding (Biotest AG,
Dreieich, Germany). Cell suspensions were supplézdewith 1gG-conjugated and T84.1-
conjugated patrticles at two sets with different ante of 25 pL (¢ and 50 pL (g SPION-

A.

One sample of each set was pre-treated with ungatgd mAb T84.1 (40 pg/mL) for
15 minutes to block specific binding sites. Cellerev incubated for 1 hour at room
temperature on a rolling device. Afterwards, c&lisre washed twice and re-suspended in
300 puL PBS for preparation of MR imaging phantor@s (mL Eppendorf tubes). These
consist of a layer of polyacrylamid at the bottoovered by the cell pellet and PBS.

Results from MR imaging and MR relaxometry areelisbelow. Considerable darkening of
cell pellets indicates a positive detection of SRIGy MR imaging. MR relaxometry
indicates T2* and T2 relaxation times. The reciptocalues R* and R, are quantitative

measures of SPION accumulation.

7.4.1.4.3 Magnetic resonance imaging (MRI)

Imaging phantoms of cells were prepared in 0.5 mppdhdorf tubes on a layer of 200 pL of
10% polyacrylamide gel. The tubes were filled uphv@80 L of cell suspension and samples
were kept for 2 hours at 4 °C for sedimentation.

MR imaging was performed on a whole-body 3.0T MBnser (Philips, Best, Netherlands)
equipped with a gradient system providing a maxiamplitude of 30 mT/m and a slew rate
of 150 T/m/s. All measurements were conducted @wigmall animal solenoid coil of 10 cm
length and 7 cm inner diameter. The tubes weretipnsd in the coil using a custom made
rack of acrylic glass containing water at room teragure.

A T,-weighted multi-echo spin-echo sequence was usedMfid relaxometry. Imaging
parameters were as follows: TR 1307 ms, first TE s, echoes 22, echo spacing 7.8 ms,
NSA 1, FOV 100 mm, matrix 192 x 134, slice thick®i@s7 mm, slices 3, effective voxel size
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0.52 x 0.52 x 0.7 mi acquisition time 6:03 minutes. Image data weralyaed using a
specific software tool (RelaxFit, Philips Reseakeloratories, Hamburg, Germany) based on
the interactive data language (IDL). The programpleyed a mono-exponential fit to
estimate 7} relaxations times in a region of interest (n =pbl) within the cell pellets and to
calculate reciprocal Relaxation rates. Results were also presented, and R parametric

maps.

74144 Cell experiments in cooperation with CAN

Each 10 nmol CdSe/CdS/ZnS nanoparticles were diredl in 1 mL THF, in which the
respective ligand (QD/P 1:256), listed in table Was previously been dissolved. To 200 pL
of this stock solution 1 mL water was injected &lyc whereby instantly the solution was
vortexed and the THF amount was removed in nitratmu. With the next (4 x) 200 pL

stock solution it was proceeded accordingly tofitst step.

samples
23 mg M-PEOb-PCL-b-PEI CP10 (2.56 pmol)
23 mgtC-PEOb-PCL-b-PEI CP8 (2.56 pmol)

15 mg DP-PEQs-PCL-b-PEI DPA3 (2.56 umol)
table 12:amount of used ligands.

7.4.1.5 Fluorescence activated cell sorting (FACS)

The required concentration of the QD-antibody sohg was 400 pg/mL (4 - fomol/mL).
Accordant 10 nmol CdSe/CdS/ZnS nanoparticles, doatigh Pl;-N3, were subsequent to
drying dissolved in 800 pL THF, in which 240 ug ANE1.46 - 1¢ mol) and 75.0 m@ls:-b-
PEG;-COOH (5.56 - 18 mol) were present, which is consistent with a dquiandot to
ligand ratio of 1:556, gaining micelles with an eage of one particle embedded. From this
stock solution stepwise 200 pL were very slowheatged in 2.5 mL of water under stirring
(800 rpm) and a nitrogen flow unto the water swefarea.

For half an hour the solution was heated up to ®0uhder continuing nitrogen flow to

concentrate the solution to 2 mL. This clear, oearglution was dialysed against water for
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24 hours using a membrane with a MWCO of 5000. Sdlation was diluted to 2.4 mL and
partitioned to twelve 200 pL samples, containing p&ol QD-micelles.

The attachment of the antibodies anti CEA T84.1 IABNnd IgG2b-isotype (AB2) was
carried out like it is specified in table 13. Alj@valents shown in table 1 are in reference to
833 pmol QD-micelles.

Following the addition of EDC and sulfo-NHS at pHn7erms of sample 1-4 the addition of
the respective antibody was done after 5 minutestiofing. In case of the activation of the
carboxylic function at pH 6 the samples 5-12 weiayded for half an hour against gbl
(MWCO 5000), pH 6, transferred in glass jars, whenhe activation of the carboxylic
groups was performed. After 15 minutes of stirrthg EDC/sulfo-NHS activated micelles
were dialysed for 10 minutes against,@-pH 6, and subsequent against@HpH 7, for 10
minutes. The respective antibody was added in géass A final dialysis to remove reacted

sulfo-NHS and EDC couldn’t be achieved, since tin@ants of the samples were to low.

1 155ng, 1.2 eq, | 90.4 ng, 0.5 eq, 7 i 117 ug, 1.4 eq,
' 1.00 nmol 417 pmol 1.17 nmol

) 155ng, 1.2 eq, | 90.4 ng, 0.5 eq, 7 i 117 pug, 1.4 eq,
' 1.00 nmol 417 pmol 1.17 nmol

3 155ng,1.2eq, | 181 ng, 1.0 eq, 7 i 117 ug, 1.4 eq,
' 1.00 nmol 833 pmol 1.17 nmol

4 155ng,1.2eq, | 181 ng, 1.0 eq, 7 i 117 g, 1.4 eq,
' 1.00 nmol 833 pmol 1.17 nmol

5 155ng, 1.2 eq, | 90.4 ng, 0.5 eq, 6 + 117 ug, 1.4 eq,
' 1.00 nmol 417 pmol 1.17 nmol

6 155ng, 1.2 eq, | 90.4 ng, 0.5 eq, 6 + 117 g, 1.4 eq,
' 1.00 nmol 417 pmol 1.17 nmol

7 155ng,1.2eq, | 181 ng, 1.0 eq, 6 + 117 ug, 1.4 eq,
' 1.00 nmol 833 pmol 1.17 nmol

3 155ng,1.2eq, | 181 ng, 1.0 eq, 6 + 117 g, 1.4 eq,
' 1.00 nmol 833 pmol 1.17 nmol

9 155ng, 1.2 eq, | 90.4 ng, 0.5 eq, 6 + 100 ug, 1.2 eq,
' 1.00 nmol 417 pmol 1.00 nmol

10 155ng, 1.2 eq, | 90.4 ng, 0.5 eq, 6 + 100 ug, 1.2 eq,
' 1.00 nmol 417 pmol 1.00 nmol

11 155ng,1.2eq, | 181 ng, 1.0 eq, 6 + 100 ug, 1.2 eq,
' 1.00 nmol 833 pmol 1.00 nmol

12 155ng,1.2eq, | 181 ng, 1.0 eq, 6 + 100 ug, 1.2 eq,
' 1.00 nmol 833 pmol 1.00 nmol

table 13: parameter of ligand-addition.
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Finally, following the reaction time of one houngtsolutions of the IgG-conjugated quantum
dots and T84.1-conjugated equals stored at 4 °€findge. The final concentrations of the

solutions are listed in table 14.

833 pmol QDs, 1.17 nmol ABs, 375 dH,0, 312 pg/mL ABs| 222 pg/mL QD-ABs
833 pmol QDs, 1.17 nmol ABs, 361 dH,0, 324 pg/mL ABs| 231 pug/mL QD-ABs
833 pmol QDs, 1.17 nmol ABs, 375 dH,0, 312 pg/mL ABs| 222 pg/mL QD-ABs
833 pmol QDs, 1.17 nmol ABs, 362 jdH,0, 323 pg/mL ABs| 230 pg/mL QD-ABs
833 pmol QDs, 1.17 nmol ABs, 375 dH,0, 312 pg/mL ABs| 222 pg/mL QD-ABs
833 pmol QDs, 1.17 nmol ABs, 361 dH,0, 324 pg/mL ABs| 231 pg/mL QD-ABs
833 pmol QDs, 1.17 nmol ABs, 375 dH,0, 312 pg/mL ABs| 222 ug/mL QD-ABs
833 pmol QDs, 1.17 nmol ABs, 362 dH,0, 323 pg/mL ABs| 230 pg/mL QD-ABs
833 pmol QDs, 1.00 nmol ABs, 365 dH,0, 274 pg/mL ABs| 228 pug/mL QD-ABs
833 pmol QDs, 1.00 nmol ABs, 352 dH,0, 284 pg/mL ABs| 237 pg/mL QD-ABs
833 pmol QDs, 1.00 nmol ABs, 363 dH,0O, 275 pg/mL ABs| 229 pug/mL QD-ABs

833 pmol QDs, 1.00 nmol ABs, 353 jdiH,0, 283 pg/mL ABs| 236 pg/mL QD-ABs
table 14:concentration of samples.

=
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7.4.1.6 Biacore technique

For the surface plasmon resonance measurementamwasmobilization buffer (acetate
buffer) and a running buffer (HEPES buffer) weresfily prepared, sterile filtered and
degassed.

A measuring cell and a reference cell were paralelrged with the same reagents with the
exemption that in the reference flow cell no anéttin) was immobilized.

For immobilization of the lectrin RCA; a CM5 chip with carboxylated dextran matrix was
applied. The carboxylat groups of the dextran cggatvas via EDC/NHS (4:1) transformed in
an active ester. For this purpose at flow rate®fiL/min a solution of 0.4 M EDC and 0.1
NHS in ddHO was run over the chip.

After 10-minute activation for washing the runnibgffer was let at the same flow rate for
two minutes over the dextran surface. The chip sudssequent incubated with a solution of
50 uM lectin RCAy in acetate buffer at a flow rate of 5 pL/min f@& @inutes. After further
wash steps capping was achieved with 200 pL ethemog, which was injected over a time
period of 20 minutes.
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Nanoparticle-containing solutions in HEPES buffethvascending concentration (0 pM, 9.38
MM, 18.75 pM, 37.5 puM, 75 pM, and 150 uM) were nwer the chip at a flow rate of

20 uL/min 3 minutes respectively. Following eacaentration was the conditioning with

running buffer for regeneration.

7.4.1.6.1 Coating of nanoparticles

PI-N3 featuring CdSe/CdS/ZnS-nanopatrticles werdetbavith Plb-PEO-OH at a quantum
dot / polymer ratio of 1:142. In case of sugar-mmrtcles 20% of the ligand featured
galactose or glucose respectively. The parametaredigand addition are shown in table 15.

approach PI-b-PEO-OH Pl-b-PEO- AIBN  THF H.O PI-N3 coated

saccharide [mg] [uL] [pL] QDs [mol]

L Lo m. 0 7 | 800 | 10000 6-10
8.52 pmol
92 mg, 23 mg, 1.7 umo |
> 6.8 umol (galactoside) | ' 800 | 10000 6- 10
3 92 mg, 23 mg, 1.? umo| . 900 10000 s
6.8 pmol (glucoside)

table 15: parameter of ligand-addition.

The nanoparticles were purified and concentratedultsafiltration and finally dialysed
against HEPES-buffer.
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7.5 Analytic

7.5.1 Nuclear magnetic resonance spectroscopy (NMR)

'H-NMR, BC-NMR, **F-NMR, and two-dimensional NMR spectra were recdriteCDCl

using tetramethylsilane as the internal standardnobD,O using the solvent peak as the
internal standard. An AMX400 spectrometer with att&equency of 400 MHz and a
DRX500 Avance spectrometer with a test frequencyQtf MHz, both fabricated by Bruker,

were used. The spectra were evaluated using tm\&pks software version 2.5.5.

7.5.2 Fourier transformed infrared spectroscopy (FTIR)

FTIR spectroscopy was carried out on a Bruker Riated spectrometer type Equinox 55,
using the geometry for attenuated total reflectamemsurements (ATR). A solution of the
sample was dropped onto the crystal surface amdvedl to dry before the measurement.
Otherwise KBr pellets were prepared.

7.5.3 UV-Vis- and fluorescence spectroscopy

The absorption spectra were recorded on Cary 50y €@0 or Cary 500 spectrometers
(Varian). The data obtained from the absorptiorcBpewere used to calculate the size and
extinction coefficients of nanoparticles using psitéd calibration curv&8®.

The luminescence measurements were performed otu@oMax-2 or a FluoroLog-3
spectrometer (Instruments SA) or an Eclipse spewter (Varian). Except for the quantum
yield measurements, the fluorescence spectra weogded between 470 and 800 nm at room
temperature using an excitation wavelength of 460 Estimates of quantum yield were
obtained by comparing the integrated emission fRimndamine 6G (Fluka, 83697) in ethanol
with that of the nanoparticles. The sample and Rhode 6G were excited at the wavelength
obtained at the cross-over of the absorption speaiftiooth samples. Literature data for the

luminescence efficiency of the dye was used. Theiokd values for the quantum yield were
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not corrected for the refractive indices of theveats. However, the error was smaller than
5%.

7.5.4 Transmission electron microscopy (TEM)

A Philips CM-300 microscope operating at 300 kV waed for the TEM measurements.
Samples were prepared by placing a drop of a ditteroform or water solution on a
carbon-coated copper grid. The excess solutionrem®ved with filter paper and the grids

were dried in air.

7.5.5 Powder X-ray diffraction measurements (XRD)

XRD measurements were performed on a Philips X'Eéftactometer (Cu kK-radiation,
variable entrance slit). The samples for these areasents were prepared by dropping a
toluene solution of the nanoparticles on a standargle crystal Si support and evaporating

the solvent.

7.5.6 Dynamic light scattering (DLS)

Dynamic light scattering analysis was performedaoMalvern Zetasizer Nano ZS system
equipped with a single angle 173° backscatter systsing He-Ne laser illumination at 633
nm. For each measurement, the autocorrelationibmuetas the average of three runs of 30 s,
and for each sample three measurements were pedorAll the solutions were filtered
through 0.2um PTFE membrane filter. The hydrodynamic radii weratained using

Dispersion Technology Software (DTS) Version 4. Blzern Instruments).
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7.5.7 Matrix assisted laser desorption/ionisation timdlight mass
spectrometry (MALDI-TOF)

Sample preparation was done as follows. 10 pL sblation of 2 mg/mL ligand in THF,
10 pL of the matrix solution (10 mg/mL dithranolTiF), and 1 pL of a solution, consisting
of 1-2 mg/mL silver trifluoroacetate in THF, weraxed and applied on the MALDI disk.
MALDI-TOF measurements were performed using a M@ldspektrometer, produced by
Micromass Ltd.(now Waters), equipped with a nitrogen lasér=(337 nir). The source
voltage was 15000 V and pulse-tension 2000 V. jpm&tation was done using the software
MassLynx 4.0.

7.5.8 (Forster-) fluorescence resonance energy tranSRET)

FRET measurements were measured using a pulseé thedr PDL 800-D (Pico Quant
GmbH) with a wavelength of 438 nm and a pulserdté3s78 ps. Next to a single photon
counter (EG&G ORTEC) a photomultiplier tube R2658Rmamatsu) was utilized.

7.5.9 Biacore

The SPR-measurements were proceeded using a Beaddi@0 apparatus. Interpretation of
the corresponding sensorgram was achieved via €t@luation software and parallel with

origin software.

7.5.10Light microscopy

For light microscopy an Axiovert S100 with an Axia@ HRc camera (Zeiss) was used.
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7.5.11 Biological applications

The biological experiments were done in the resegnoup of Prof. Schumacher in the
university hospital Eppendorf, Hamburg.

7.5.11.1 Magnetic resonance imaging (MRI)

The measurements were performed with a solenoigeshamall animal reception coil and a
3.0 tesla apparate (Philipps, Hamburg, Germany\alin figure 141.

The therefore necessary anaesthesia of the micecammed out weight-adopted with a
mixture of 1.2 mL Ketasol-100 (agent: ketamine, @@x&Bern, Switzerland), 0.8 mL Rompun
(agent: xylazine, Bayer HealthCare AG, Berlin, Gany) and 8.0 mL 0.9% NaCl (Bayer
HealthCare AG, Berlin, Germany).

figure 141: cohesive glass apparatus for anionic polymerisation
3.0 Tesla MRT, Philips Medizin Systeme GmbH, Hangb@ermany

7.5.11.2 Cryo-transection-technique

After sacrification of the animals the tumours wéaken out and embedded in tissue-Tek
(polyvenyl alcohol < 11%, carbowax < 5%, nonreaetingredients > 85% Sakura Finetek
Germany GmbH, Heppenheim, Germany). This was froaeoy liquid nitrogen cooled 2-
methyl butane (Merk KGaA, Darmstadt, Germany).
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Of the tissue-blocks were in each case four 7 piok tiransaction established (Leica
Microsystems GmbH Wetzlar, Germany) and idisto Bond’ (75x25x1 mm, Marienfeld,
Marienfeld GmbH Lauda - Koénigshofen, Germany) fagid (figure 142). Following the
examination under the microscope were the cuttim@s2 molar phosphate buffer, containing
four-percent paraformaldehyde, for 20 minutes fixin

For this 14.2 ]NaaHPO, x 2 H,O and 2.76 g NajPO, x 1 HO (Merk, Darmstadt, Germany)
were dissolved in 500 mL dB, adjusting in the 0.2 molar phosphate buffer avahie of
7.2 — 7.4. Secondary, 4 @nfluoroalkoxy (PFAMerk, Darmstadt, Germany) in 45 mL ¢bi
were heated up to a temperature of 80 °C and @sdalnder stirring and slowly addition of
1 N NaOH. Finally 50 mL of the 0.2 molar phospHhatdfer were added.

Concerning the sealing of the of the probes weteop Dako Fluorescent Mounting Medium
(Dako, Glostrup, Denmark) put on the tissue andhwi21x 26 mm cover-glass (Marienfeld

GmbH Lauda-Konigshofen, Germany) obturated.

figure 142: A Leica Cryostat Microsystems GmbH Wetzlar, Germany
B Axio Phot2, AxioCamMRc5 Carl Zeiss Microlmaging GhbGottingen, Germany

7.5.11.3 Fluorescence microscopy

The transections were unfixed after excitation @ 8m as well as under transmitted light
with Nomarski-contrast with a two hundred fold ent@ment examined under the
microscope and photographed (Axio Phot2, AxioCamBbiRarl Zeiss Microlmaging GmbH,

Gottingen, Germany).



Experimental Section 241

7.5.11.4 Fluorescence activated cell sorting (FACS)

Flow cytometry was performed on a FACScan Calilsing CellQuest Pro software (Becton
Dickinson, Franklin Lakes, NJ, USA). The twelvel @&iquots were washed and resuspended
in flow cytometry buffer. Results of fluorescenceeasurements were given as geometric

mean of 10000 events for each probe and plottelibgsams.

7.5.11.5 Confocal fluorescence microscopy

Point-scanning, point-detection, and confocal |asanning were achieved using an Olympus
FluoView™ FV1000 confocal microscope with an IX81 inverteitnmscope.



Literature 242

[1]
[2]

[3]

[4]

[5]
[6]

[7]

[8]
[9]

[10]
[11]
[12]

[13]
[14]

[15]

[16]
[17]

[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

[26]

8 Literature

P. Alivisatos,Nature Biotechnolog2004 22, 47.

N. L. Rosi, C. A. Mirkin,Chemical Reviews (Washington, DC, United Sta288h
105 1547.

X. Michalet, F. F. Pinaud, L. A. Bentolila, M. Tsay, S. Doose, J. J. Li, G.
Sundaresan, A. M. Wu, S. S. Gambhir, S. Wessence (Washington, DC, United
StatesP005 307, 538.

l. L. Medintz, H. T. Uyeda, E. R. Goldman, H.alloussi,Nature Materials2005 4,
435.

M. Han, X. Gao, J. Z. Su, S. Nidature Biotechnolog001, 19, 631.

D. E. Gomez, M. Califano, P. Mulvaneyhysical Chemistry Chemical Phys806
8, 49809.

X. Peng, M. C. Schlamp, A. V. Kadavanich, A.Aivisatos,Journal of the American
Chemical Societ§997 119 7019.

P. S. Chowdhury, A. Patr®hysical Chemistry Chemical PhysR306 8, 1329.

C. Burda, S. Link, M. B. Mohamed, M. El-Sayelburnal of Chemical PhysicZ002
116, 3828.

L. Qu, X. PengJournal of the American Chemical Soci2602 124, 2049.

A. P. Alivisatos Journal of Physical Chemist4096 100, 13226.

A. L. Rogach, A. Kornowski, M. Gao, A. Eychniieg, H. Weller,Journal of Physical
Chemistry BL999 103 3065.

X. Peng, J. Thessintructure and Bonding (Berlin, Germar)05 118, 79.

C. B. Murray, C. R. Kagan, M. G. Bawendinnual Review of Materials Science
200Q 30, 545.

N. Pradhan, D. Reifsnyder, R. Xie, J. Aldada, Peng,Journal of the American
Chemical Societ2007, 129, 9500.

F. Wang, R. Tang, W. E. Buhridano Letter22008 8, 3521.

A. M. Smith, H. Duan, M. N. Rhyner, G. Ruan, e, Physical Chemistry Chemical
Physics2006 8, 3895.

M.-Q. Zhu, E. Chang, J. Sun, R. A. Drezé&urnal of Materials Chemistr007, 17,
800.

W. P. Faulk, G. M. Tayloimmunochemistr§971 8, 1081.

E. L. Romano, C. Stolinski, N. C. Hughes-Jomesnunochemistr§974 11, 521.

X. Wu, H. Liu, J. Liu, K. N. Haley, J. A. Treavay, J. P. Larson, N. Ge, F. Peale, M.
P. BruchezNature Biotechnologg003 21, 41.

B. Dubertret, P. Skourides, D. J. Norris, \Wifaux, A. H. Brivanlou, A. Libchaber,
Science (Washington, DC, United Sta3)2 298 1759.

R. C. Doty, T. R. Tshikhudo, M. Brust, D. Geraig,Chemistry of Material2005 17,
4630.

C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J. Storhoff Nature (London)L996 382,
607.

R. Elghanian, J. J. Storhoff, R. C. Mucic,IR Letsinger, C. A. Mirkin Sciencel997,
277, 1078.

W. C. W. Chan, S. Nil&ciencel998 281, 2016.



Literature 243

[27]
[28]
[29]

[30]
[31]

[32]
[33]

[34]
[35]

[36]

[37]

[38]
[39]

[40]

[41]
[42]

[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]

[51]
[52]

[53]

F. Patolsky, R. Gill, Y. Weizmann, T. Mokati. Banin, I. Willner,Journal of the
American Chemical SocieR003 125, 13918.

C. Xu, K. Xu, H. Gu, R. Zheng, H. Liu, X. ZhgnZ. Guo, B. Xu,Journal of the
American Chemical Socie}004 126, 9938.

J. Xie, C. Xu, Z. Xu, Y. Hou, K. L. Young, X. Wang, N. Pourmond, S. Sun,
Chemistry of Material2006 18, 5401.

V. RamamurthyQrganic Photochemistry, Vol, CRC Press]997.

C. F. Landes, M. Braun, M. A. El-Sayelhurnal of Physical Chemistry 2001, 105
10554.

G. Kalyuzhny, R. W. Murrayjournal of Physical Chemistry 2005 109, 7012.

C. Landes, C. Burda, M. Braun, M. A. El-Sayddurnal of Physical Chemistry B
2001 105, 2981.

V. V. Breus, C. D. Heyes, G. U. Nienhaudsurnal of Physical Chemistry €007,
111, 18589.

A. M. Munro, I. J.-L. Plante, M. S. Ng, D. &inger,Journal of Physical Chemistry C
2007, 111, 6220.

W. R. Algar, J. Krull Ulrich, Chemphyschem FIELD Full Journal
Title:Chemphyschem : a European journal of chemptaisics and physical chemistry
2007, 8, 561.

C. A. Leatherdale, M. G. BawendiPhysical Review B: Condensed Matter and
Materials Physic£001, 63, 165315/1.

P. Suppan, N. GhoneirSplvatochromisnl997.

H. Fan, E. W. Leve, C. Scullin, J. Gabaldon, Tallant, S. Bunge, T. Boyle, M. C.
Wilson, C. J. BrinkerNano Letter22005 5, 645.

W. W. Yu, E. Chang, J. C. Falkner, J. ZhangMA Al-Somali, C. M. Sayes, J. Johns,
R. Drezek, V. L. ColvinJournal of the American Chemical Soci2g07, 129 2871.

Z. Gao, A. N. Lukyanov, A. Singhal, V. P. Tarkn, Nano Letter2002 2, 979.

V. P. Torchilin, A. N. Lukyanov, Z. Gao, B. pahadjopoulos-Sternbergroceedings
of the National Academy of Sciences of the Unitate$ of Americ2003 100, 6039.

T. K. Jain, M. A. Morales, S. K. Sahoo, D. Leslie-Pelecky, V. Labhasetwar,
Molecular Pharmaceutic2005 2, 194.

H. Ai, C. Flask, B. Weinberg, X. Shuai, M. Pagel, D. Farrell, J. Duerk, J. Gao,
Advanced Material2005 17, 1949.

N. Nasongkla, E. Bey, J. Ren, H. Ai, C. KhendpJ. S. Guthi, S.-F. Chin, A. D.
Sherry, D. A. Boothman, J. Gadano Letter22006 6, 2427.

Z. Liu, W. Cai, L. He, N. Nakayama, K. Chen, ®un, X. Chen, H. DaiNature
Nanotechnology007, 2, 47.

Y. Tu, X. Wan, D. Zhang, Q. Zhou, C. Wigurnal of the American Chemical Society
200Q 122, 10201.

M. Svensson, P. Alexandridis, P. Linsé&acromoleculed4999 32, 637.

V. Buetuen, S. P. Armes, N. C. BillinghamMacromolecule2001, 34, 1148.

S. Liu, N. C. Billingham, S. P. Armeg&ngewandte Chemie, International Edition
2001 40, 2328.

J.-F. Gohy, S. Antoun, R. JeronMacromolecule®001, 34, 7435.

C. Wu, A. Niu, L. M. Leung, T. S. Landournal of the American Chemical Society
1999 121, 1954.

A. Harada, K. Kataokadviacromolecule4995 28, 5294.



Literature 244

[54]
[55]

[56]
[57]

[58]

[59]
[60]

[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]

[69]

[70]
[71]
[72]
[73]

[74]

[75]

[76]
[77]
[78]

[79]
[80]

A. V. Kabanov, T. K. Bronich, V. A. Kabanov,.Ku, A. EisenbergMacromolecules
1996 29, 6797.

H. Duan, D. Chen, M. Jiang, W. Gan, S. Li, Mlang, J. GongJournal of the
American Chemical Socie}001, 123 12097.

M. Wang, G. Zhang, D. Chen, M. Jiang, S. IMacromolecule®2001, 34, 7172.

W. Liu, M. Howarth, A. B. Greytak, Y. Zheng,.05. Nocera, A. Y. Ting, M. G.
Bawendi,Journal of the American Chemical Soci2808 130, 1274.

H. Wu, H. Zhu, J. Zhuang, S. Yang, C. Liu, €. Cao, Angewandte Chemie,
International Edition2008 47, 3730.

D. Chen, H. Peng, M. Jianglacromolecule2003 36, 2576.

V. Buetuen, X. S. Wang, M. V. d. P. Banez,lK.Robinson, N. C. Billingham, S. P.
Armes, Z. TuzarMacromolecule200Q 33, 1.

Q. Zhang, E. E. Remsen, K. L. Woolelgurnal of the American Chemical Society
200Q 122, 3642.

V. Buetuen, N. C. Billingham, S. P. Arme&surnal of the American Chemical Society
1998 120, 12135.

Y. Kakizawa, A. Harada, K. Kataokdpurnal of the American Chemical Society
1999 121, 11247.

J. Tao, G. Liu, J. Ding, M. Yan@lacromolecule4997, 30, 4084.

A. Guo, G. Liu, J. Tadlacromoleculed.996 29, 2487.

F. Checot, S. Lecommandoux, Y. Gnanou, H.-AlokK Angewandte Chemie,
International Edition2002 41, 1339.

J. P. Ryman-Rasmussen, J. E. Riviere, N. A.ntdioo-Riviere, Journal of
Investigative Dermatolog®007, 127, 143.

B. Ballou, B. C. Lagerholm, L. A. Ernst, M. PBruchez, A. S. Waggoner,
Bioconjugate Chemistr004 15, 79.

M. E. Akerman, W. C. W. Chan, P. Laakkonen, I&. Bhatia, E. Ruoslahti,
Proceedings of the National Academy of SciencethefUnited States of America
2002 99, 12617.

C. Allen, D. Maysinger, A. Eisenber@olloids and Surfaces, B: Biointerfac&999
16, 3.

G. S. Kwon, K. Kataokadvanced Drug Delivery Revie@w895 16, 295.

A. V. Kabanov, V. A. Kabano\Advanced Drug Delivery RevieWw898 30, 49.

P. Kingshott, H. J. GriesseZurrent Opinion in Solid State & Materials Scierk®99

4, 403.

K. Holmberg, J. M. Harris,International Congress on Adhesion Science and
Technology, Invited Papers, Festschrift in HonoDof K. L. Mittal on the Occasion
of his 50th Birthday, 1st, Amsterdam, Oct. 16-28511998 443.

J. M. Harris, S. Zalipsky, Editorfolyethylene glycol: Chemistry and Biological
Applications. (Proceedings of a Symposium at thatt2National Meeting of the
American Chemical Society, held 13-17 April 199V San Francisco, California.)
[In: ACS Symp. Ser., 1997; 680]997.

F. M. VeroneseBiomaterials2001 22, 405.

S. Zalipsky Advanced Drug Delivery RevieWw895 16, 157.

C. Foa, M. Soler, A. M. Benoliel, P. Bongrandburnal of Materials Science:
Materials in Medicinel996 7, 141.

J. D. Andrade, V. Hlady, S. I. Jedhdvances in Chemistry Seri#396 248 51.

S. I. Jeon, J. D. Andrad&gurnal of Colloid and Interface Scient891 142, 159.



Literature 245

[81]

[82]
[83]

[84]
[85]

[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]

[97]
[98]

[99]

[100]
[101]

[102]
[103]
[104]
[105]
[106]

[107]
[108]

[109]

[110]
[111]

S. I. Jeon, J. H. Lee, J. D. Andrade, P. GA2anesJournal of Colloid and Interface
Sciencel99] 142, 149.

J. H. Lee, H. B. Lee, J. D. Andrad&rogress in Polymer Scien@995 20, 1043.

|. Szleifer, Physica A: Statistical and Theoretical Physics (ferdam) 1997 244,
370.

T. McPherson, A. Kidane, I. Szleifer, K. Paklangmuir1998 14, 176.

S. Dreborg, E. B. AakerblonGritical Reviews in Therapeutic Drug Carrier Sysgem
199Q 6, 315.

M. C. Woodle, D. D. LasidBiochimica et biophysica acte992 1113 171.

E. W. Merrill, Springer Verlagl992 199.

P. Ghosh, G. Han, M. De, C. K. Kim, V. M. Ribte Advanced Drug Delivery
Review2008 60, 1307.

B. J. Jordan, R. Hong, B. Gider, J. Hill, TmEck, V. M. Rotello,Soft Matter2006 2,
558.

M. Malmsten, B. Lassen, K. Holmberg, V. Thom@&s QuashJournal of Colloid and
Interface Scienc&996 177, 70.

J. A. Neff, K. D. Caldwell, P. A. Trescdpurnal of Biomedical Materials Research
1998 40, 511.

X. Gao, Y. Cui, R. M. Levenson, L. W. K. Churfg) Nie,Nature Biotechnologg2004
22, 969.

X. L. Xu, Z. C. Zhang, X. W. Ge, M. W. ZhanGplloid and Polymer SciencE998
276, 534.

W. D. Harkins, R. S. Stearn®urnal of Chemical Physid946 14, 215.

W. D. Harkins Journal of the American Chemical Soci&8A47 69, 1428.

M. Nomura,Journal of Industrial and Engineering Chemistry ¢8k Republic of
Korea)2004 10, 1182.

W. D. HarkinsJournal of Chemical Physid945 13, 381.

N. Yanase, H. Noguchi, H. Asakura, T. SuzuJtarnal of Applied Polymer Science
1993 50, 765.

G. Xie, Q. Zhang, Z. Luo, M. Wu, T. Ljournal of Applied Polymer Scien2803
87, 1733.

K. Wormuth,Journal of Colloid and Interface Sciengé01, 241, 366.

Y. Deng, L. Wang, W. Yang, S. Fu, A. Elaissdournal of Magnetism and Magnetic
Materials 2003 257, 69.

L. Shen, P. E. Laibinis, T. A. Hattdoangmuir1999 15, 447.

L. P. Ramirez, K. Landfestdvlacromolecular Chemistry and Physi2803 204, 22.

R. G. GilbertEmulsion Polymerizatiqri995

D. Crespy, K. Landfestekjacromolecule2005 38, 6882.

N. Naderi, N. Sharifi-Sanjani, B. Khayyat-Nag R. Faridi-Majidi, Journal of
Applied Polymer Scienc006 99, 2943.

M. Zhang, G. Gao, C.-Q. Li, F.-Q. Libangmuir2004 20, 1420.

A. J. P. Van Zyl, R. F. P. Bosch, J. B. MctgaR. D. Sanderson, B. Klumperman,
Polymer2005 46, 3607.

K. Ouzineb, C. Graillat, T. F. McKennagurnal of Applied Polymer Scien@€05
97, 745.

L. Lopez de Arbina, J. M. AsuBplymer1992 33, 4832.

C. Wang, F. Chu, C. Gralillat, A. Guyot, C.u&aer, J. P. ChapeRolymer2005 46,
1113.



Literature 246

[112]

[113]
[114]

[115]
[116]

[117]
[118]

[119]
[120]
[121]
[122]
[123]

[124]
[125]

[126]

[127]
[128]

[129]
[130]
[131]

[132]
[133]
[134]
[135]

[136]
[137]

[138]
[139]
[140]

[141]
[142]

N. Bechthold, F. Tiarks, M. Willert, K. Laneter, M. AntoniettiMacromolecular
Symposi&00Q 151, 549.

H. T. Ham, Y. S. Choi, N. Jeong, I. J. ChuRglymer2005 46, 6308.

Z.Z. Xu, C. C. Wang, W. L. Yang, Y. H. Deng, K. Fu,Journal of Magnetism and
Magnetic Material2004 277, 136.

W. Zheng, F. Gao, H. Gudpurnal of Magnetism and Magnetic Materi@605 288
403.

R. Faridi-Majidi, N. Sharifi-Sanjanijournal of Applied Polymer Scien@€07, 105
1244,

X. Liu, Y. Guan, Z. Ma, H. Liul.angmuir2004 20, 10278.

B. Erdem, E. D. Sudol, V. L. Dimonie, M. Sl-Easser,Journal of Polymer Science,
Part A: Polymer Chemistr00Q 38, 4431.

B. Erdem, E. D. Sudol, V. L. Dimonie, M. Sl-Easser,Journal of Polymer Science,
Part A: Polymer Chemistr200Q 38, 4441.

B. Erdem, E. D. Sudol, V. L. Dimonie, M. Sl-Easser,Journal of Polymer Science,
Part A: Polymer Chemistr200Q 38, 44109.

S.-W. Zhang, S.-X. Zhou, Y.-M. Weng, L.-M. \Muangmuir2005 21, 2124.

F. Tiarks, K. Landfester, M. Antoniettiangmuir2001 17, 5775.

M. Peres, L. C. Costa, A. Neves, M. J. SaafeMonteiro, A. C. Esteves, A. Barros-
Timmons, T. Trindade, A. Kholkin, E. Alvellanotechnologg005 16, 1969.

M. F. CunninghanmProgress in Polymer Scien@€02 27, 1039.

I. M. Lifshits, V. V. SlezovZhurnal Eksperimental'noi i Teoreticheskoi Fizlld58
35, 479.

A. S. Kabalnov, A. V. Pertsov, E. D. Shchukilournal of Colloid and Interface
Sciencel987, 118 590.

K. TauerPolymer2005 46, 1385.

C. D. Anderson, E. D. Sudol, M. S. El-aassernal of Applied Polymer Science
2003 90, 3987.

J. A. Alduncin, J. M. Asu&olymer1994 35, 3758.

C. S. Chern, T. J. Chen, Y. C. LidRglymer1998 39, 3767.

K. LandfesterAbstracts of Papers, 224th ACS National Meetingt@&no MA, United
States, August 18-22, 200202 PMSE.

G. W. PoehleinRolymer Reaction Engineerirp03 11, 955.

N. Bechthold, K. Landfestekjacromolecule200Q 33, 4682.

R. Faridi-Majidi, N. Sharifi-Sanjani, F. AgdnThin Solid Films2006 515, 368.

T. Tanrisever, O. Okay, I. C. Sonmezoglaurnal of Applied Polymer Sciend896
61, 485.

R. StreyColloid and Polymer Sciend®94 272, 1005.

J. S. Guo, E. D. Sudol, J. W. Vanderhoff, $. El-AasserACS Symposium Series
1992 492 99.

B. J. Chamberlain, D. H. Napper, R. G. Gitbdournal of the Chemical Society,
Faraday Transactions 1: Physical Chemistry in Camsbel Phase$982 78, 591.

J. M. Asua, M. E. Adams, E. D. Suddgurnal of Applied Polymer Scient89Q 39,
1183.

C. Larpent, T. F. Tadro§olloid and Polymer Sciend®91, 269 1171.

C. Holtzscherer, F. Candabolloids and Surface$988 29, 411.

P. R. Gil, W. J. ParalhCS Nan®00§ 2, 2200.



Literature 247

[143] Y. T. Lim, S. Kim, A. Nakayama, N. E. Stott). G. Bawendi, J. V. Frangioni,
Molecular Imaging2003 2, 50.

[144] T. Thepen, S. Barth, Frauenhofer Institut, |Idkalarbiologie und Angewandte
Oekologie, LUNA Verbundtreffen in Disseldo?009

[145] V. Ntziachristos, C. Bremer, R. Weissledeuyopean radiolog003 13, 195.

[146] S. Heer, K. Koempe, H.-U. Guedel, M. Haagelvanced Materials (Weinheim,
Germany)2004 16, 2102.

[147] F. Auzel,Chemical Reviews (Washington, DC, United St&864 104, 139.

[148] D. R. Gamelin, H. U. GudeTopics in Current Chemist3001, 214, 1.

[149] S.S. Chang, V. E. Reuter, W. D. Heston, PFGBudin,Urology 2001, 57, 801.

[150] M. Yang, E. Baranov, J.-W. Wang, P. JiangWang, F.-X. Sun, M. Bouvet, A. R.
Moossa, S. Penman, R. M. HoffmaRroceedings of the National Academy of
Sciences of the United States of Amegigé@2 99, 3824.

[151] W. C. W. Chan, D. J. Maxwell, X. Gao, R. EaiBy, M. Han, S. NieCurrent
Opinion in Biotechnolog2002 13, 40.

[152] M. Bruchez, Jr., M. Moronne, P. Gin, S. Weis P. Alivisatos,Sciencel99§ 281,
2013.

[153] D. R. Larson, W. R. Zipfel, R. M. Williams, 8. Clark, M. P. Bruchez, F. W. Wise,
W. W. Webb,Science2003 300, 1434.

[154] J. Mertz, C. Xu, W. W. Webl@ptics Letters 995 20, 2532.

[155] P. Schwille, U. Haupts, S. Maiti, W. W. Weliipphysical Journall999 77, 2251.

[156] J. L. Swift, R. Heuff, D. T. CramiBiophysical JournaR006 90, 1396.

[157] T. P. Thomas, M. T. Myaing, J. Y. Ye, K. Cahal A. Kotlyar, J. Beals, P. Cao, B.
Keszler, A. K. Patri, T. B. Norris, J. R. Baker,, Biophysical JournaR004 86, 3959.

[158] M. Stroh, J. P. Zimmer, D. G. Duda, T. S. tlkenko, K. S. Cohen, E. B. Brown, D.
T. Scadden, V. P. Torchilin, M. G. Bawendi, D. Faolwa, R. K. JainNature
Medicine (New York, NY, United Stat2ép5 11, 678.

[159] X. Yu, L. Chen, Y. Deng, K. Li, Q. Wang, Yi,LS. Xiao, L. Zhou, X. Luo, J. Liu, D.
Pang,Journal of Fluorescenc2007, 17, 243.

[160] C. M. NiemeyerAngewandte Chemie, International Editid@01, 40, 4128.

[161] M. Sastry, M. Rao, K. N. Ganegkgcounts of Chemical Resear2®02, 35, 847.

[162] E. Katz, I. WillnerAngewandte Chemie, International Editidd04 43, 6042.

[163] T. Pellegrino, S. Kudera, T. Liedl, A. M. Jai L. Manna, W. J. Paramall2005 1,
48.

[164] A. Verma, V. M. RotelloChemical Communications (Cambridge, United Kingdom)
2005 303.

[165] O. Minet, C. Dressler, J. Beuthaournal of Fluorescenc2004 14, 241.

[166] J. J. Storhoff, A. D. Lucas, V. Garimella, Y. Bao, U. R. MuellerNature
Biotechnology2004 22, 883.

[167] R. A. Reynolds, Ill, C. A. Mirkin, R. L. Letsger,Journal of the American Chemical
Society200Q 122 3795.

[168] K. E. Sapsford, L. Berti, I. L. MedintAngewandte Chemie, International Edition
2006 45, 4562.

[169] L. Dyadyusha, H. Yin, S. Jaiswal, T. Brown,JJ Baumberg, F. P. Booy, T. Melvin,
Chemical Communicatior005 3201.

[170] R. L. Phillips, O. R. Miranda, C.-C. You, Wl. Rotello, U. H. F. BunzAngewandte
Chemie, International EditioB008 47, 2590.

[171] E. Katz, I. Willner, J. Wandlectroanalysi2004 16, 19.



Literature 248

[172]
[173]

[174]
[175]
[176]
[177]

[178]

[179]
[180]

[181]
[182]

[183]
[184]
[185]
[186]
[187]
[188]
[189]
[190]
[191]
[192]

[193]
[194]

[195]
[196]

[197]

S.-J. Park, T. A. Taton, C. A. Mirkirscience2002 295 1503.

R. F. Aroca, R. A. Alvarez-Puebla, N. PieckanS. Sanchez-Cortez, J. V. Garcia-
RamosAdvances in Colloid and Interface Scier2@95 116, 45.

W. B. Tan, S. Jiang, Y. ZhanBiomaterials2007, 28, 1565.

S. Kim, Y. T. Lim, E. G. Soltesz, A. M. De &1d, J. Lee, A. Nakayama, J. A. Parker,
T. Mihaljevic, R. G. Laurence, D. M. Dor, L. H. GohM. G. Bawendi, J. V.
Frangioni,Nature Biotechnolog2004 22, 93.

M. Dahan, S. Levi, C. Luccardini, P. Rostaify Riveau, A. Triller,Science2003
302 442.

D. S. Lidke, P. Nagy, R. Heintzmann, D. Jné&Jovin, J. N. Post, H. E. Grecco, E.
A. Jares-Erijman, T. M. JovilNature Biotechnolog2004 22, 198.

G. Soltesz Edward, S. Kim, G. Laurence Rifla,DeGrand Alec, P. Parungo Cherie,
M. Dor Delphine, H. Cohn Lawrence, G. Bawendi Moung Frangioni John, T.
Mihaljevic, The Annals of thoracic surgeB005 79, 269.

S. Pathak, S.-K. Choi, N. Arnheim, M. E. Thmson, Journal of the American
Chemical Societ001 123 4103.

E. L. Bentzen, I. D. Tomlinson, J. Mason@esch, M. R. Warnement, D. Wright, E.
Sanders-Bush, R. Blakely, S. J. RosentBadconjugate Chemistr005 16, 1488.

J. W. M. Bulte, D. L. KraitchmamMR in Biomedicin@004 17, 484.

C. Corot, P. Robert, J.-M. Idee, M. Patvanced Drug Delivery Reviewg06 58,
1471.

L. J. Thorek Daniel, K. Chen Antony, J. Czyma, A. TsourkasAnnals of biomedical
engineering200§ 34, 23.

A. K. Gupta, R. R. Naregalkar, V. D. Vaidysl. Gupta, Nanomedicine (London,
United KingdomR007, 2, 23.

P. Wunderbaldinger, L. Josephson, R. Weiss|gdtademic radiology002 9 Suppl

2, S304.

P. Wunderbaldinger, L. Josephson, R. Weissldioconjugate Chemistr002 13,
264.

J. Ugelstad, A. Berge, T. Ellingsen, R. SathTi. N. Nilsen, P. C. Moerk, P. Stenstad,
E. Hornes, O. Olsvikrogress in Polymer Sciend@®92 17, 87.

R. S. Molday, S. P. Yen, A. Rembauxgature1977, 268 437.

A. Rembaum, W. J. DreyeBciencel98(Q 208 364.

Y. Haik, V. Pai, C.-J. Chedpurnal of Magnetism and Magnetic Materidl899 194,
254.

K. Sugibayashi, Y. Morimoto, T. Nadai, Y. KatChemical & Pharmaceutical
Bulletin 1977, 25, 3433.

D. C. F. Chan, D. B. Kirpotin, a. P. A. Bunlr,,Journal of Magnetism and Magnetic
Materials 1993 122 374.

C. C. Berry, A. S. G. Curtig\pplied Physic2003 36, R198.

P. Tartaj, M. d. P. Morales, S. Veintemildsrdaguer, T. Gonzalez-Carreno, C. J.
SernaJournal of Physics D: Applied Physiz803 36, R182.

Q. A. Pankhurst, J. Connolly, S. K. JonedDdbson,Journal of Physics D: Applied
Physics2003 36, R167.

Z. P. Xu, N. D. Kurniawan, P. F. Bartlett, Q. Lu, Chemistry--A European Journal
2007, 13, 2824.

A. M. Derfus, G. von Maltzahn, T. J. Harrig, Duza, K. S. Vecchio, E. Ruoslahti, S.
N. Bhatia,Advanced Material2007, 19, 3932.



Literature 249

[198]

[199]
[200]

[201]
[202]

[203]
[204]
[205]
[206]
[207]
[208]
[209]
[210]
[211]
[212]
[213]
[214]
[215]
[216]
[217]
[218]
[219]
[220]
[221]
[222]
[223]
[224]
[225]
[226]
[227]

[228]
[229]

E. Viroonchatapan, M. Ueno, H. Sato, |. Ada¢h Nagae, K. Tazawa, |. Horikoshi,
Pharmaceutical Researd995 12, 1176.

P. K. Gupta, C. T. Hung.ife Science4989 44, 175.

D. K. Kim, Y. Zhang, W. Voit, K. V. Rao, J.dfr, B. Bjelke, M. Muhammedcripta
Materialia 2001, 44, 1713.

M. Uhlen,Nature (London, United Kingdom89 340, 733.

A. Elaissari, M. Rodrigue, F. Meunier, C. MeyrJournal of Magnetism and Magnetic
Materials2001 225 127.

T. Kubo, T. Sugita, S. Shimose, Y. Nitta, uta, T. Murakami,International
Journal of Oncology00Q 17, 309.

T. Kubo, T. Sugita, S. Shimose, Y. Nitta, uta, T. Murakami,International
Journal of Oncology001, 18, 121.

R. Jurgons, C. Seliger, A. Hilpert, L. Trahn® Odenbach, C. Alexioudournal of
Physics: Condensed Matt200g 18, S2893.

C. Alexiou, W. Arnold, R. J. Klein, F. G. R, P. Hulin, C. Bergemann, W. Erhardt,
S. Wagenpfeil, A. S. Lubb&ancer ResearcB00Q 60, 6641.

A. K. Gupta, A. S. G. Curti®iomaterials2004 25, 3029.

A. K. Gupta, M. GuptaBiomaterials2005 26, 3995.

K. Gupta Ajay, M. GuptaBiomaterials2005 26, 1565.

Y. Zhang, N. Kohler, M. Zhan@iomaterials2002 23, 1553.

C. C. Berry, S. Wells, S. Charles, A. S. Girt3, Biomaterials2003 24, 4551.

P. K. Jain, K. S. Lee, I. H. EI-Sayed, M.A-SayedJournal of Physical Chemistry B
2006 110, 7238.

K. H. Su, Q. H. Wei, X. Zhang, J. J. Mock, R. Smith, S. SchultaNano Letters
2003 3, 1087.

X. Huang, I. H. El-Sayed, W. Qian, M. A. E&ged, Journal of the American
Chemical Societ006 128 2115.

M. A. Polizzi, N. A. Stasko, M. H. Schoenfigt.angmuir2007, 23, 4938.

M. Tsoli, H. Kuhn, W. Brandau, H. Esche, Gh&id,Small2005 1, 841.

W. Stoeber, A. Fink, E. Bohdpurnal of Colloid and Interface Scient868 26, 62.

F. J. Arriagada, K. Osseo-Assateurnal of Colloid and Interface Scient895 170,
8.

Z. Grabarek, J. Gergelgnalytical Biochemistryt99Q 185, 131.

B. Akerstrom, L. BjorckThe Journal of biological chemist@986 261, 10240.

H. Petersen, P. M. Fechner, D. Fischer, BskiMacromolecule2002 35, 6867.

K. Kunath, A. von Harpe, H. Petersen, D. Reg K. Voigt, T. Kissel, U. Bickel,
Pharmaceutical Resear@002 19, 810.

E. Kleemann, M. Neu, N. Jekel, L. Fink, Th&eehl, T. Gessler, W. Seeger, T. Kissel,
Journal of Controlled Releas2005 109, 299.

S. Nikolic Marija, M. Krack, V. Aleksandrovi@. Kornowski, S. Forster, H. Weller,
Angewandte Chemie (International ed. in EnglBd0§g 45, 6577.

X.-B. Xiong, A. Mahmud, H. Uludag, A. Lavastar, Biomacromolecule2007, 8,
874.

M. A. R. Meier, S. N. H. Aerts, B. B. P. StaaM. Rasa, U. S. Schubert,
Macromolecular Rapid CommunicatioB805 26, 1918.

F. Meng, C. Hiemstra, G. H. M. Engbers, Jjdfe Macromolecule2003 36, 3004.

C. Allen, A. Eisenberg, J. Mrsic, D. MaysimgBrug Delivery200Q 7, 139.

C. Allen, Y. Yu, D. Maysinger, A. Eisenbefjioconjugate Chemistr{998 9, 564.



Literature 250

[230] C.-S. Hwang, I.-H. Chdulletin of the Korean Chemical Soci@§05 26, 1776.

[231] H. Ai, C. Flask, B. Weinberg, X. Shuai, M. Pagel, D. Farrell, J. Duerk, J. Gao,
Advanced Materials (Weinheim, Germag@p5 17, 1949.

[232] Y. Nagasaki, T. Okada, C. Scholz, M. lijimd, Kato, K. KataokaMacromolecules
1998 31, 1473.

[233] S. M. Moghimi, A. C. Hunter, J. C. Murray, &zewczyk Science (Washington, DC,
United States2004 303, 626.

[234] S. Chandrasekaran, A. F. Kluge, J. A. Edwaldsirnal of Organic Chemistr§977,
42, 3972.

[235] D. B. Bryan, R. F. Hall, K. G. Holden, W. Ruffman, J. G. Gleasodpurnal of the
American Chemical Societyp77, 99, 2353.

[236] G. M. Makara, G. R. Marshalletrahedron Letter$997 38, 5069.

[237] K. A. Stein, P. L. Toogoodpurnal of Organic Chemistr{995 60, 8110.

[238] M. Schultz, P. Hermann, H. Kur@ynlett1992 37.

[239] B. S. Bal, W. E. Childers, Jr., H. W. Pinnidletrahedronl 981, 37, 2091.

[240] J. D. More, N. S. Finnerganic Letter2002 4, 3001.

[241] A. P. Thottumkara, M. S. Bowsher, T. K. Vind@fganic Letter2005 7, 2933.

[242] M. Hesse, H. Meier, B. ZeeBpektroskopische Methoden in der organischen Chemie
Vol. 4. Uberarbeitete Auflag&tuttgart, 1991

[243] T. NannChemical Communications (Cambridge, United Kingd2695 1735.

[244] T. Azzam, A. Eisenberg,angmuir2007, 23, 2126.

[245] X. Shuai, T. Merdan, F. Unger, M. Wittmar, Kissel, Macromolecules2003 36,
5751.

[246] Y. He, J. Li, X. Shuai, Y. InoudJacromolecule2001, 34, 8166.

[247] L. Shen, R. Soong, M. Wang, A. Lee, C. Wu,BG Scholes, P. M. Macdonald, M. A.
Winnik, Journal of Physical Chemistry 208 112 1626.

[248] A. G. Young, N. Al-Salim, D. P. Green, A.McQuillan,Langmuir, ACS ASAP.

[249] D. V. Talapin, A. L. Rogach, A. Kornowski, NHaase, H. WelleMNano Letter001],
1, 207.

[250] M. S. Nikolic, C. Olsson, A. Salcher, A. Kawski, A. Rank, R. Schubert, A.
Froemsdorf, H. Weller, S. Foerstdngewandte Chem009 48, 2752.

[251] G. Schabas, H. Yusuf, M. G. Moffitt, D. Sintd.angmuir2008 24, 637.

[252] J. Ge, Y. Hu, M. Biasini, W. P. Beyermann, Yin, Angewandte Chemie,
International Edition2007, 46, 4342.

[253] S. Mornet, S. Vasseur, F. Grasset, E. Dugimirnal of Materials Chemistr2004
14, 2161.

[254] H. Gu, K. Xu, C. Xu, B. Xu,Chemical Communications (Cambridge, United
Kingdom)2006 941.

[255] F. Hu, L. Wei, Z. Zhou, Y. Ran, Z. Li, M. Gaédvanced Materials (Weinheim,
Germany)2006 18, 2553.

[256] J.-H. Lee, Y.-w. Jun, S.-l. Yeon, J.-S. Shih, Cheon,Angewandte Chemie,
International Edition2006 45, 8160.

[257] S. A. Corr, A. O'Byrne, Y. K. Gun'ko, S. GipdD. F. Brougham, S. Mitchell, Y.
Volkov, A. Prina-Mello, Chemical Communications (Cambridge, United Kingdom)
2006 4474.

[258] J.-H. Park, G. von Maltzahn, E. Ruoslahti, Bhatia Sangeeta, J. Sailor Michael,
Angewandte Chemie (International ed. in EnglBd08 47, 7284.

[259] D. Wang, J. He, N. Rosenzweig, Z. Rosenzweayo Letter004 4, 409.



Literature 251

[260]
[261]
[262]
[263]
[264]
[265]
[266]
[267]
[268]
[269]
[270]
[271]
[272]
[273]
[274]
[275]
[276]
[277]
[278]
[279]
[280]
[281]
[282]
[283]
[284]
[285]

[286]

D. K. Yi, S. T. Selvan, S. S. Lee, G. C. Raffaymiou, D. Kundaliya, J. Y. Ying,
Journal of the American Chemical Soci2g805 127, 4990.

J. Kim, E. Lee Ji, J. Lee, H. Yu Jung, C. KByoung, K. An, Y. Hwang, C.-H. Shin,
J.-G. Park, J. Kim, T. Hyeodournal of the American Chemical Soci@0g 128,
688.

T. R. Sathe, A. Agrawal, S. Ni@nalytical Chemistr2006 78, 5627.

B.-S. Kim, T. A. TatonlL.angmuir2007, 23, 2198.

E.-Q. Song, G.-P. Wang, H.-Y. Xie, Z.-L. Zlmpd. Hu, J. Peng, D.-C. Wu, Y.-B. Shi,
D.-W. PangClinical Chemistry (Washington, DC, United Stat28)7, 53, 2177.

T. J. Harris, G. von Maltzahn, A. M. Derfus, Ruoslahti, S. N. Bhati?®dngewandte
Chemie, International EditioB006 45, 3161.

J. Kim, S. Park, J. E. Lee, S. M. Jin, JLEe, I. S. Lee, |. Yang, J.-S. Kim, S. K. Kim,
M.-H. Cho, T. HyeonAngewandte Chemie, International Editidd0§ 45, 7754.

W. J. M. Mulder, R. Koole, R. J. Brandwijk, Gtorm, P. T. K. Chin, G. J. Strijkers,
C. de Donega, K. Nicolay, A. W. GriffioeNano Letter22006 6, 1.

C. Xu, J. Xie, D. Ho, C. Wang, N. Kohler, & Walsh, J. R. Morgan, Y. E. Chin, S.
Sun,Angewandte Chemie, International Editidd08 47, 173.

X. Zhang, M. Brynda, R. D. Britt, E. C. CallrdD. S. Larsen, A. Y. Louie, S. M.
Kauzlarich,Journal of the American Chemical Socig807, 129, 10668.

Y.-M. Huh, E.-S. Lee, J.-H. Lee, Y.-w. Jun;H. Kim, C.-O. Yun, J.-H. Kim, J.-S.
Suh, J. CheorAdvanced Material2007, 19, 3109.

J. H. Choi, F. T. Nguyen, P. W. Barone, D. Heller, A. E. Moll, D. Patel, S. A.
Boppart, M. S. Strandjyano Letter007, 7, 861.

B. Zebli, A. S. Susha, G. B. Sukhorukov, A.Rogach, W. J. Parakangmuir2005
21, 4262.

G. Beaune, B. Dubertret, O. Clement, C. Vaites, V. Cabuil, C. Menager,
Angewandte Chemie, International Editidd07, 46, 5421.

F. Dubois, B. Mahler, B. Dubertret, E. Do, Mioskowski,Journal of the American
Chemical Societ007, 129 482.

C. Querner, P. Reiss, J. Bleuse, A. Ptmurnal of the American Chemical Society
2004 126, 11574.

C. Querner, A. Benedetto, R. Demadrille, BnRou, P. Reis§hemistry of Materials
2006 18, 4817.

J. Aldana, Y. A. Wang, X. Pendgournal of the American Chemical Soci@f0J,
123 8844.

J. Allgaier, A. Poppe, L. Willner, D. RichteMacromolecule4997 30, 1582.

P. AlexandridisCurrent Opinion in Colloid & Interface Sciend®9§ 1, 490.

B. Chu,Langmuir1995 11, 414.

Z. Tuzar, P. KratochvilSurface and Colloid Sciend®93 15, 1.

K. Meguro, M. Ueno, K. Esum§urfactant Science Seri#887 23, 109.

S. FoerstefTopics in Current Chemistr3003 226, 1.

S. Foerster, M. Zisenis, E. Wenz, M. Antotijelournal of Chemical Physick996
104, 9956.

A. Qin, M. Tian, C. Ramireddy, S. E. WebbBr, Munk, Z. TuzarMacromolecules
1994 27, 120.

S. Zalipsky,Bioconjugate Chem. FIELD Full Journal Title:Biocogjate Chemistry
1995 6, 150.



Literature 252

[287] M. S. Thompson, T. P. Vadala, M. L. Vadala, ¥n, J. S. Riffle,Polymer FIELD
Full Journal Title:Polymer2008 49, 345.

[288] M. Adinolfi, G. Barone, L. De Napoli, A. laddsi, G. Piccialli, Tetrahedron Letters
1996 37, 5007.

[289] D. L. Boger, R. A. Lerner, B. F. Cravaftlpurnal of Organic Chemistr{994 59,
5078.

[290] A. P. PnhillipsJournal of the American Chemical Soci&8b3 75, 4725.

[291] H. Rosemeyer, M. Ahlers, B. Schmidt, F. Sealsgewandte Chemi985 97, 500.

[292] D. B. Dess, J. C. Martidpurnal of Organic Chemistr§983 48, 4155.

[293] S. D. Meyer, S. L. Schreibelpurnal of Organic Chemistry994 59, 7549.

[294] K. E. Pfitzner, J. G. Moffattjournal of the American Chemical Socidi§63 85,
3027.

[295] B. Waengler, Johannes Gutenberg-universitgi(id, Germany)2004

[296] R. Huisgen, R. Grashey, H. Knupfer, R. Kukk, Seidel,Chemische Bericht2964
97, 1085.

[297] G. Zemplen, A. KuntBritish [Patent Document] 923 56B, 1705.

[298] M. Moore, P. NorrisTetrahedron Letter4998 39, 7027.

[299] K. Banert, M. Hagedorm®Angewandte Chemi989 101, 1710.

[300] J. Moker, university of Hamburg (researchugr@f Prof. Thiem)2009Q

[301] D. Cunningham, R. D. Jamé&sjropean Journal of Canc@001, 37, 826.

[302] Z.-Y. Tian, G.-J. Du, S.-Q. Xie, J. Zhao, W.-Gao, C.-J. Wangylolecules2007, 12,
2450.

[303] H. S. Yoo, T. G. ParlJournal of Controlled Releas#001, 70, 63.

[304] K. K. Karukstis, E. H. Z. Thompson, J. A. W4g, R. J. RosenfeldBiophys. Chem.
FIELD Full Journal Title:Biophysical ChemistrdQ98 73, 249.

[305] J. K. Wegrzyn, T. Stephan, R. Lau, R. B. Gxsidournal of Polymer Science, Part A:
Polymer Chemistrg005 43, 2977.

[306] H. Huang, E. E. Remsen, T. Kowalewski, K.Wooley, Journal of the American
Chemical Societ$999 121, 3805.

[307] Y. Kang, T. A. TatonJournal of the American Chemical Socig803 125, 5650.

[308] Y. Kang, T. A. TatonAngewandte Chemie (International ed. in Engli2ap5 44,
4009.

[309] F.E. Bailey, Jr., J. V. KoleskBply(ethylene oxide1976

[310] K.-J. Liu, J. L. Parsons/acromoleculed969 2, 529.

[311] R. Kjellander, E. FlorinJournal of the Chemical Society, Faraday Transawid.:
Physical Chemistry in Condensed Phas@81, 77, 2053.

[312] N. V. Sastry, H. HoffmannColloids and Surfaces, A: Physicochemical and
Engineering Aspect®004 250, 247.

[313] T. De Vringer, J. G. H. Joosten, H. E. JugginColloid and Polymer SciencE986
264, 623.

[314] P. CarstenseMakromolekulare Chemi#97Q 135 219.

[315] M. A. Golub, C. L. Stephens]ournal of Polymer Science, Part A-1. Polymer
Chemistryl968 6, 763.

[316] S. Saeki, N. Kuwahara, M. Nakata, M. KandRolymer1976 17, 685.

[317] B. Jonsson, B. Lindman, K. Holmberg, B. Krendp, Surfactants and Polymers in
Aqueous Solutiqri998

[318] A. P. AlivisatosSciencel996 271, 933.



Literature 253

[319]

[320]

[321]

[322]
[323]
[324]
[325]
[326]
[327]
[328]

[329]
[330]

[331]
[332]

[333]
[334]

[335]
[336]
[337]
[338]
[339]
[340]
[341]
[342]
[343]
[344]
[345]

[346]

U. I. Tromsdorf, N. C. Bigall, M. G. Kaul, .. Bruns, M. S. Nikolic, B. Mollwitz, R.
A. Sperling, R. Reimer, H. Hohenberg, W. J. Pa@kFoerster, U. Beisiegel, G.
Adam, H. WellerNano Letter007, 7, 2422.

J. Xie, C. Xu, Z. Xu, Y. Hou, K. L. Young, . Wang, N. Pourmond, S. Su@hem.
Mater. FIELD Full Journal Title:Chemistry of Matexis 2006 18, 5401.

Y.-M. Huh, Y.-W. Jun, H.-T. Song, S. Kim, 8.-Choi, J.-H. Lee, S. Yoon, K.-S. Kim,
J.-S. Shin, J.-S. Suh, J. Chedournal of the American Chemical Socié§05 127,
12387.

K. Mandal Swapan, N. Lequeux, B. Rotenberg,Tivamier, J. Fattaccioli, J. Bibette,
B. Dubertretthe ACS journal of surfaces and colloR305 21, 4175.

N. Gaponik, I. L. Radtchenko, G. B. Sukhoruké. L. RogachLangmuir2004 20,
1449.

X. Gao, S. NieJournal of Physical Chemistry 203 107, 11575.

X. Gao, S. NieAnalytical Chemistr004 76, 2406.

B.-S. Kim, J.-M. Qiu, J.-P. Wang, T. A. Tajdano letter2005 5, 1987.

A. Stoccoa, G. Mountrichasb, S. Pispasb, Kudra, R. Sigel, iifth Liquid Matter
Conference, Vol. Abstract 51¢4d.: U. F. Reinhard Sigel, Fribourg, Swi), Lund,
Sweden2008

E. A. G. Aniansson, S. N. Wall, M. Almgren, Hoffmann, I. Kielmann, W. Ulbricht,
R. Zana, J. Lang, C. Tondigurnal of Physical Chemist4976 80, 905.

M. Kahlweit,Journal of Colloid and Interface Scient882 90, 92.

Y. Rharbi, M. Li, M. A. Winnik, K. G. Hahn,rJ Journal of the American Chemical
Society200Q 122 6242.

A. Halperin, S. AlexandeMacromolecule4989 22, 2403.

Y. Wang, C. M. Kausch, M. Chun, R. P. Quivk, L. Mattice,Macromoleculed4995
28, 904.

T. Haliloglu, 1. Bahar, B. Erman, W. L. Mat&, Macromoleculed996 29, 4764.

Q. Yang, S. Wang, P. Fan, L. Wang, Y. Di,lf, F.-S. Xiao,Chemistry of Materials
2005 17, 5999.

Y. Zheng, H. T. David,angmuir200Q 16, 6453.

S. Pispas, N. Hadjichristidisangmuir2003 19, 48.

A. M. Derfus, W. C. W. Chan, S. N. Bhatiano Letter2004 4, 11.

C. Kirchner, T. Liedl, S. Kudera, T. Pellegpi A. M. Javier, H. E. Gaub, S. Stoelzle,
N. Fertig, W. J. ParalNano Letter005 5, 331.

A. Shiohara, A. Hoshino, K.-i. Hanaki, K. Sk, K. Yamamoto Microbiology and
Immunology2004 48, 669.

W. W. Yu, L. Qu, W. Guo, X. Penghemistry of Material2004 16, 560.

B. K. Paul, S. P. MoulikCurrent Scienc001, 80, 990.

I. Csetneki, M. K. Faix, A. Szilagyi, A. L.dvacs, Z. Nemeth, M. Zrinygournal of
Polymer Science, Part A: Polymer Chemist@p4 42, 4802.

A. Taden, M. Antonietti, A. Heilig, K. Landé&er, Chemistry of Material2004 16,
5081.

X. Liu, Y. Guan, J. Xing, Z. Ma, H. LiuChinese Journal of Chemical Engineering
2003 11, 731.

H. P. Khng, D. Cunliffe, S. Davies, N. A. Tar, E. N. VulfsonBiotechnology and
Bioengineeringl998 60, 419.

J. Park, K. An, Y. Hwang, J.-G. Park, H.-bH\J.-Y. Kim, J.-H. Park, N.-M. Hwang,
T. Hyeon,Nature Materials2004 3, 891.



Literature 254

[347]
[348]

[349]
[350]

[351]
[352]

[353]
[354]
[355]
[356]

[357]

[358]
[359]
[360]
[361]
[362]

[363]
[364]
[365]
[366]
[367]
[368]
[369]
[370]
[371]
[372]
[373]
[374]
[375]
[376]

[377]
[378]

[379]

J. M. AsuaProgress in Polymer Scien2€02 27, 1283.

X. E. E. Reynhout, L. Hoekstra, J. Meuldijk, A. H. Drinkenburg,Journal of
Polymer Science, Part A: Polymer Chemi€03 41, 2985.

A. C. C. Esteves, A. Barros-Timmons, T. Morde T. Trindade, Journal of
Nanoscience and Nanotechnol@®f05 5, 766.

R. H. Ottewill, R. Satgurunathan, F. A. Waiké. J. WestbyBritish Polymer Journal
1987 19, 435.

P. Gramain, Y. Frer®&olymer Communicatiorns986 27, 16.

A. L. L. Palluel, M. J. Westby, C. W. A. Brday, S. P. Davies, A. J. Backhouse,
Makromolekulare Chemie, Macromolecular Sympd€aQ 35-36 509.

B. Leary, C. J. Lyondustralian Journal of Chemistr§Q89 42, 2055.

C. W. A. BromleyColloids and Surface$986 17, 1.

A. H. B. llan, I. Noda, L. A. Schechtman, Yalmon,Polymer1992 33, 2043.

O. Hevus, A. Kohut, R. Fleychuk, N. Mitina,. QZaichenko, Macromolecular
Symposi&007, 254, 117.

E. Aramendia, M. J. Barandiaran, J. C. d€#, J. Grade, T. Blease, J. M. Asua,
Journal of Polymer Science, Part A: Polymer Chemig004 42, 4202.

A. Guyot, C. Gralllat, C. Faver@omptes Rendus Chin2603 6, 1319.

A. Guyot, K. TauerAdvances in Polymer Scient894 111, 43.

I. CapekAdvances in Colloid and Interface Scier29Q 88, 295.

K. Tauer, S. Kosmell&olymer Internationall 993 30, 253.

A. M. Kohut, O. |. Hevus, S. A. Voronovpurnal of Applied Polymer Scien2804
93, 310.

X.J. Xu, H. L. Goh, K. S. Siow, L. M. Gabhangmuir2001, 17, 6077.

K. Takahashi, K. NagaPolymer1996 37, 1257.

K. TauerPolymer Newd.995 20, 342.

K. Holmberg,Progress in Organic Coatings992 20, 325.

H. A. S. Schoonbrood, J. M. AsiMacromolecule4997 30, 6034.

M. B. Urquiola, E. D. Sudol, V. L. Dimonie, M5. El-Aasser,Journal of Polymer
Science, Part A: Polymer Chemistr993 31, 1403.

G. F. Meijs, E. RizzardoJournal of Macromolecular Science, Reviews in
Macromolecular Chemistry and Physit89Q C30, 305.

G. E. Scott, E. SenoglesJournal of Macromolecular Science, Reviews in
Macromolecular Chemistr§973 9, 49.

C. B. Murray, D. J. Norris, M. G. Bawendpurnal of the American Chemical Society
1993 115 8706.

S. LevineSciencel956 123 185.

D. Melville, Nature1975 255, 706.

T. R. Strick, J. F. Allemand, D. Bensimon, Bensimon, V. CroguetteScience
(Washington, D. C.)996 271, 1835.

P. S. Doyle, J. Bibette, A. Bancaud, J.-LoWi, Science (Washington, DC, United
StatesP002 295 2237.

M. Fein, J. Unkeless, F. Y. S. Chuang, M.saasli, R. da Costa, H. Vaananen, J.
Eisinger,Journal of Membrane Biologi993 135 83.

K. Sill, T. Emrick,Chemistry of Material2004 16, 1240.

F. E. Alemdaroglu, K. Ding, R. Berger, A. hmann, Angewandte Chemie,
International Edition2006 45, 4206.

Y. H. Yu, B. Xue, Y. SunBioprocess and Biosystems Enginee20@1, 24, 25.



Literature 255

[380]
[381]
[382]
[383]
[384]

[385]
[386]

[387]
[388]
[389]
[390]
[391]
[392]

[393]
[394]

[395]
[396]
[397]
[398]
[399]
[400]
[401]
[402]
[403]
[404]

[405]

[406]

[407]
[408]
[409]

Y. C. Liu, R. Ledger, E. Stellwageigurnal of Biological Chemistr§984 259 3796.
Y. C. Liu, E. Stellwagen]ournal of Biological Chemistr§987, 262, 583.

D. Bastos, R. Santos, J. Forcada, R. Hidéllyarez, F. J. de las NieveSplloids and
Surfaces, A: Physicochemical and Engineering Asd€394 92, 137.

R. Clapp Aaron, L. Medintz Igor, J. M. MaufR, Fisher Brent, G. Bawendi Moungi,
H. MattoussiJournal of the American Chemical Socig804 126 301.

J. R. LakowiczPrinciples of Fluorescent Spectroscop986

U. I. Tromsdorf, dissertation thesis, univgref Hamburg (Hamburg009

P. Gillis, F. Moiny, A. Brooks Rodneywlagnetic resonance in medicine: official
journal of the Society of Magnetic Resonance in ibded / Society of Magnetic
Resonance in MedicirZ002 47, 257.

S. Forster, T. Plantenbe&ngewandte Chem002 41, 688.

M. Antonietti, S. FoersteAdvanced Materials (Weinheim, Germa@@p3 15, 1323.
P. L. Soo, A. Eisenbergpurnal of Polymer Science, Part B: Polymer Phy2084
42, 923.

S. Jain, F. S. BateScience (Washington, DC, United Stat&¥)3 300 460.

V. Filiz, dissertation thesis, university ldamburg (Hamburgg009

A. G. Skirtach, A. Munoz Javier, O. Kreft, Kehler, A. Piera Alberola, H. Moewald,
W. J. Parak, G. B. Sukhoruko&ngewandte Chem00§g 45, 4612.

K. Gupta Ajay, S. WelldEEE transactions on nanobioscier2@04 3, 66.

W. W. Yu, E. Chang, C. M. Sayes, R. Drezek,LV Colvin, Nanotechnology006
17, 4483.

A. G. Tkachenko, H. Xie, Y. Liu, D. Colemah,Ryan, W. R. Glomm, M. K. Shipton,
S. Franzen, D. L. FeldheirBjoconjugate Chemistr004 15, 482.

C. M. Goodman, C. D. McCusker, T. Yilmaz, M. Rotello, Bioconjugate Chemistry
2004 15, 897.

R. Rothlein, M. Czajkowski, M. M. O'Neill, &. Marlin, E. Mainolfi, V. J. Merluzzi,
Journal of Immunolog$988 141, 1665.

B. I. Ipe, M. Lehnig, C. M. Niemeyegmall2005 1, 706.

I. Izumi, F.-R. F. Fan, A. J. Bardigpurnal of Physical Chemisti}081, 85, 218.

A. J. Nozik,Annual Review of Physical Chemisi§78 29, 189.

B. O. Dabbousi, J. Rodriguez-Viejo, F. V. Mikc, J. R. Heine, H. Mattoussi, R.
Ober, K. F. Jensen, M. G. Bawendiburnal of Physical Chemistry 8297, 101, 9463.
R. Xie, U. Kolb, J. Li, T. Basche, A. Mewdyurnal of the American Chemical Society
2005 127, 7480.

D. V. Talapin, I. Mekis, S. Goetzinger, A. Kmwski, O. Benson, H. Welledpurnal
of Physical Chemistry BO04 108 18826.

S. T. Selvan, T. T. Tan, J. Y. Yingdvanced Materials (Weinheim, Germa2@p05
17, 1620.

O. Seleverstov, O. Zabirnyk, M. Zscharnack, Bulavina, M. Nowicki, J.-M.
Heinrich, M. Yezhelyev, F. Emmrich, R. O'Regan, Bader,Nano Letters2006 6,
2826.

H. C. Fischer, L. Liu, K. S. Pang, W. C. Whah, Advanced Functional Materials
2006 16, 1299.

T. F. Slater, B. Sawyer, U. Straelipchimica et biophysica acte963 77, 383.

M. Piscator, T. Kjellstrom, B. Lind,ancet1976 2, 587.

K. R. Mahaffey, P. E. Corneliussen, C. Finkk, J. A. FiorinoEnvironmental health
perspectived975 12, 63.



Literature 256

[410]
[411]

[412]
[413]

[414]

[415]
[416]
[417]
[418]
[419]
[420]

[421]
[422]

[423]
[424]
[425]

[426]

[427]

[428]
[429]
[430]
[431]
[432]
[433]

[434]

H. Spencer, C. R. Asmussen, R. B. Holtzman,Ktamer, American Journal of
Clinical Nutrition 1979 32, 1867.

F. Ushio, M. DoguchiBulletin of Environmental Contamination and Toxogpy
1977 17, 707.

S. lwaoKeio Journal of Medicin&977, 26, 63.

D. J. Irvine, A. M. Mayes, S. K. Satija, J. Barker, S. J. Sofia-Allgor, L. G. Griffith,
Journal of Biomedical Materials Researtfi98 40, 498.

W. J. Parak, R. Boudreau, M. Le Gros, D. GeriD. Zanchet, C. M. Micheel, S. C.
Williams, A. P. Alivisatos, C. LarabellAddvanced Materials (Weinheim, Germany)
2002 14, 882.

J. K. Jaiswal, H. Mattoussi, J. M. Mauro, . Simon, Nature Biotechnolog2003
21, 47.

M. Dahan, T. Laurence, F. Pinaud, D. S. Cleenil. P. Alivisatos, M. Sauer, S.
Weiss,Optics Letter2001, 26, 825.

K.-I. Hanaki, A. Momo, T. Oku, A. Komoto, SMaenosono, Y. Yamaguchi, K.
Yamamoto Biochemical and Biophysical Research Communicatif@s 302 496.

L. C. Mattheakis, J. M. Dias, Y.-J. Choi,@ong, M. P. Bruchez, J. Liu, E. Wang,
Analytical Biochemistr004 327, 200.

E. C. Sweeney, A. G. Tonevitsky, D. E. Tenoakl. . Agapov, S. Saward, R. A.
Palmer Proteins: Structure, Function, and Geneti97, 28, 586.

E. D. Green, R. M. Brodbeck, J. U. Baenzigeyrnal of Biological Chemistr§987,
262, 12030.

R. Hegde, S. K. Podddturopean Journal of Biochemisthp98 254, 596.

K. Yamashita, K. Umetsu, T. Suzuki, Y. Iwaki, Endo, A. KobataJournal of
Biological Chemistryl988 263 17482.

B. Abdul-Rahman, E. Ailor, D. Jarvis, M. Batmugh, Y. C. LeeCarbohydrate
Researct?2002 337, 2181.

F. Medina-Bolivar, R. Wright, V. Funk, D. SenL. Barroso, T. D. Wilkins, W. Petri,
C. L. CrameryVaccine2003 21, 997.

S. S. Narayanan, R. Sarkar, S. K. Baljrnal of Physical Chemistry €007, 111,
11539.

S. Johansen Julia, V. Jensen Benny, A. Raslh Nielsen, A. Price PauGancer
epidemiology, biomarkers & prevention : a publicatiof the American Association
for Cancer Research, cosponsored by the Americanetyoof Preventive Oncology
2006 15, 194.

G. Gopalakrishnan, C. Danelon, P. lzewska, Rtummer, P.-Y. Bolinger, I.
Geissbuhler, D. Demurtas, J. Dubochet, H. Vogegewandte Chemie, International
Edition 2006 45, 5478.

B. P. Aryal, K. P. Neupane, M. G. SandrosEDBensonSmall2006 2, 1159.

Y. Matsumura, H. Maed&ancer Research986 46, 6387.

R. DuncanNature Reviews Drug Discove?03 2, 347.

R. K. JainAnnual Review of Biomedical Engineeriti@09 1, 241.

R. K. JainJournal of Controlled Releas001, 74, 7.

R. B. Campbell, D. Fukumura, E. B. Brown,Nl. Mazzola, Y. lzumi, R. K. Jain, V.

P. Torchilin, L. L. MunnCancer Research002 62, 6831.

K. C. Weng, C. O. Noble, B. Papahadjopoultsdtberg, F. F. Chen, D. C.
Drummond, D. B. Kirpotin, D. Wang, Y. K. Hom, B. Ha, J. W. ParkNano Letters
2008 8, 2851.



Literature 257

[435]
[436]
[437]
[438]
[439]
[440]
[441]
[442]
[443]
[444]
[445]
[446]
[447]
[448]
[449]
[450]

[451]

[452]

[453]
[454]

[455]
[456]

[457]
[458]
[459]
[460]
[461]
[462]
[463]

[464]

T. Jamieson, R. Bakhshi, D. Petrova, R. Pkcadd. Imani, A. M. Seifalian,
Biomaterials2007, 28, 4717.

J. Rao, A. Dragulescu-Andrasi, H. Y&urrent Opinion in Biotechnolog®007, 18,
17.

S. Pujals, N. G. Bastus, E. Pereiro, C. Lejggesias, V. F. Puntes, M. J. Kogan, E.
Giralt, ChemBioChem FIELD Full Journal Title:ChemBioCh2609 10, 1025.

K. K. Sandhu, C. M. Mcintosh, J. M. Simard, /. Smith, V. M. Rotello,
Bioconjugate Chemistr002 13, 3.

T. M. Allen, P. R. CullisScience2004 303 1818.

J. Zhang, R. D. K. Misracta Biomaterialia2007, 3, 838.

Z. H. Siddik,Oncogene€003 22, 7265.

B. Rosenberdzancer treatment reports979 63, 1433.

L. L. Munchausen, R. O. Rahbancer Chemotherapy Reports, Pat975 59, 643.
W. Voigt, A. Dietrich, H.-J. SchmolRharmazie in unserer Ze2006 35, 134.

C. X. Zhang, S. J. Lippar@urrent Opinion in Chemical Biolog3003 7, 481.

W. Dempke, W. Voigt, A. Grothey, B. T. HilH. J. Schmoll Anti-cancer drug200Q
11, 225.

B. Stordal, M. DaveyUBMB Life 2007, 59, 696.

P. J. O'Dwyer, J. P. Stevenson, S. W. Johr3args200Q 59, 19.

P. Freeman Kim, A. Hahn Kevin, F. D. Hari§, King Glen, Journal of veterinary
internal medicine / American College of Veterinariernal Medicine2003 17, 96.

S. C. Charney, P. J. Bergman, J. A. McKnightFarrelly, C. A. Novosad, N. F.
Leibman, M. A. Camps-PalaVeterinary and Comparative Oncolog@05 3, 171.

D. M. Mattson, I. M. Ahmad, D. Dayal, A. Daksons, N. Aykin-Burns, L. Li, K. P.
Orcutt, D. R. Spitz, K. J. Dornfeld, A. L. Simorfsree Radical Biology & Medicine
2009 46, 232.

J. A. Bradford, G. Buller, M. Suter, M. Igna, J. M. BeechentCytometry, Part A
2004 61A 142.

B. Dubertret, M. Calame, A. J. LibchabNgture Biotechnolog2001, 19, 365.

E. Chang, J. S. Miller, J. Sun, W. W. Yu, M. Colvin, R. Drezek, J. L. West,
Biochemical and Biophysical Research Communicat2 334, 1317.

B. H. Lee, K.-W. Kwon, M. ShimJournal of Materials Chemistr007, 17, 1284.

O. Lehmann, H. Meyssamy, K. Koempe, H. Schegder, M. HaaseJournal of
Physical Chemistry R003 107, 7449.

D. V. Leff, L. Brandt, J. R. Heathangmuir1996 12, 4723.

R. F. Storey, J. W. Shermaviacromolecule2002 35, 1504.

W. W. Yu, L. Qu, W. Guo, X. PengChem. Mater. FIELD Full Journal
Title:Chemistry of Material2004 16, 560.

S. M. Chamow, T. P. Kogan, M. Venuti, T. GRd®. J. Harris, D. H. Peers, J.
Mordenti, S. Shak, A. AshkenaBjoconjugate Chemistr{994 5, 133.

A. P. Esteves, L. M. Rodrigues, M. E. Sil&,Gupta, A. M. F. Oliveira-Campos, O.
Machalicky, A. J. Mendoncd,etrahedror2005 61, 8625.

S. Deng, U. Gangadharmath, C.-W. T. Chalmyrnal of Organic Chemistr2006
71, 5179.

A. R. Jeanes, C. A. Wilham, G. E. Hilbelburnal of the American Chemical Society
1953 75, 3667.

E. J. Grayson, S. J. Ward, A. L. Hall, P.Réndle, D. P. Gamblin, A. S. Batsanov, B.
G. Davis,Journal of Organic Chemistr®005 70, 9740.



Literature 258

[465]

[466]
[467]

[468]
[469]
[470]
[471]
[472]
[473]
[474]
[475]
[476]

[477]
[478]

[479]
[480]

[481]
[482]
[483]
[484]

[485]

[486]

[487]
[488]

J. D'Onofrio, M. De Champdore, L. De Napdld, Montesarchio, G. Di Fabio,
Bioconjugate Chemistr005 16, 1299.

W. W. Yu, L. Qu, W. Guo, X. PenGhemistry of Material2003 15, 2854.

M. Kuno, J. K. Lee, B. O. Dabbousi, F. V. Mikec, M. G. BawendiJournal of
Chemical Physic§997 106, 9869.

A. L. Efros, M. Rosen, M. Kuno, M. Nirmal, 0J. Norris, M. BawendiPhysical
Review B: Condensed Matt&996 54, 4843.

M. Nirmal, D. J. Norris, M. Kuno, M. G. Bawdn A. L. Efros, M. RosenPhysical
Review Letterd 995 75, 3728.

M. Nirmal, B. O. Dabbousi, M. G. Bawendi, . Macklin, J. K. Trautman, T. D.
Harris, L. E. BrusNature (London)996 383 802.

M. Kuno, D. P. Fromm, H. F. Hamann, A. Galag D. J. NesbittJournal of
Chemical Physic200Q 112 3117.

R. M. Kraus, P. G. Lagoudakis, J. Mueller,lA.Rogach, J. M. Lupton, J. Feldmann,
D. V. Talapin, H. WellerJournal of Physical Chemistry 2005 109, 18214.

V. I. Klimov, D. W. McBranch, C. A. Leathertia M. G. BawendiPhysical Review
B: Condensed Matter and Materials Physi@99 60, 13740.

K. T. Shimizu, R. G. Neuhauser, C. A. Leattsde, S. A. Empedocles, W. K. Woo,
M. G. Bawendi,Physical Review B: Condensed Matter and Materidigsdrcs2001,
63, 205316/1.

T. D. Krauss, L. E. Bru®hysical Review Lettes999 83, 4840.

A. Issac, C. von Borczyskowski, F. Cichédysical Review B: Condensed Matter
and Materials Physic2005 71, 161302/1.

F. Koberling, A. Mews, T. Baschadvanced Material2001, 13, 672.

J. Muller, J. M. Lupton, A. L. Rogach, J. &elann, D. V. Talapin, H. WelleApplied
Physics Letter2004 85, 381.

A. EychmuellerJournal of Physical Chemistry B)0Q 104, 6514.

S. A. Empedocles, D. J. Norris, M. G. Bawerihysical Review Letter$996 77,
3873.

S. A. Empedocles, R. Neuhauser, K. Shimizu,®4 Bawendi, Advanced Materials
1999 11, 1243.

L. P. Balet, S. A. Ivanov, A. Piryatinski, M.chermann, V. I. KlimovNano Letters
2004 4, 1485.

A. Puzder, A. J. Williamson, N. Zaitseva, Galli, L. Manna, A. P. AlivisatodNano
Letters2004 4, 2361.

J. E. B. Katari, V. L. Colvin, A. P. Alivisas,Journal of Physical Chemistr}994 98,
41009.

A. V. Baranov, Y. P. Rakovich, J. F. Donegdn,S. Perova, R. A. Moore, D. V.
Talapin, A. L. Rogach, Y. Masumoto, |. NabieRhysical Review B: Condensed
Matter and Materials Physic2003 68, 165306/1.

J. McBride, J. Treadway, L. C. Feldman, SP&nnycook, S. J. Rosenth&lano
Letters2006 6, 1496.

C. Kittel, Einfihrung in die FestkorperphysikR. Oldenbourg Verlag, Mincheh989
K. J. KlabundeNanoscale Materials in Chemistryohn Wiley and Sons, Inc., New

York, 2001

[489]

[490]

B. D. Cullity, Introduction to Magnetic MaterialJs Addison-Wesley Publishing
Company]1972
K. J. Kirk,Contemporary Physic200Q 41, 61.



Literature 259

[491] N. A. Spaldin, Magnetic Materials: Fundamentals and Device Appimas
Cambridge University Press, Cambridgép3

[492] F.J. Himpsel, J. E. Ortega, G. J. MankeyFRWillis, Advances in Physick998 47,
511.

[493] D. L. Leslie-Pelecky, R. D. Riek€hemistry of Material4996 8, 1770.

[494] G. SchmidNanopartilces - From Theory to Applicatiow/einheim,2004

[495] A. Aharoni,Introduction to the Theory of FerromagnetisBxford,200Q

[496] C. B. Murray, S. Sun, H. Doyle, T. BetléyRS Bulletin2001, 26, 985.

[497] C. P. Bean, J. D. Livingstodournal of Applied Physick959 30, 120S.

[498] S. H. Koenig, K. E. KellaiMagnetic Resonance in Medicih895 34, 227.

[499] K. E. Kellar, D. K. Fujii, W. H. H. GuntheK. Briley-Saebo, M. Spiller, S. H.
Koenig, Magnetic Resonance Materials in Physics, Biology &edicine1999 8,
207.

[500] M. P. Morales, S. Veintemillas-Verdaguer, MMontero, C. J. Serna, A. Roig, L.
Casas, B. Martinez, F. Sandiumengeemistry of Material4999 11, 3058.

[501] Y.-w. Jun, J.-H. Lee, J. Chedlmgewandte ChemR008 47, 5122.



Appendix 260

9 Appendix

9.1 Optical properties of semiconductor nanopartictpgfitum

dots)

A prevalent accepted depiction of the electronicitexion in nano-sized semiconductors is
the effective mass approximatidn Hereby instead of the full ensemble of electrmsne
crystal the excited electron and the simultaneogsbated hole are approximated through
their effective masses, which comprise the matgashmeter as well as interactions with the
crystal lattice. More precisely, the effective massnathematically the curvature, or second
derivative, of the energy band with respect to tieanentum wave vector, [Electron and
hole compose by reason of their mutual attractiauasi-particle, a so called exciton¥
which can adopt hydrogen-like states. Like elewroexcitons can move in solid states,
thereby transporting their excitation energy. Rwelmation of the electron and hole can
occur, releasing the energy equivalent to the idiffee between the valence and conduction
band, minus the exciton binding energy.

According to the volume expansion of the electrofelpair, excitons can be differentiated
between Frenkel-excitons, with an average distahetectron and hole in the dimension of a
lattice constant, and Wannier-excitons, in whiah diistance is larger than the lattice constant.
Since it is generally the case in semiconductorth wovalent bonds between the lattice
elements that the exciton possesses an expansemseveral lattice constants, a closer
examination of Wannier-excitons is warranted.

In the effective mass approximation the electros the effective mass ‘mand the hole the
effectve mass rp. The effective mass comprises the correctionstiier movement of the
electron and hole respectively. The attraction ketwthem is a coulomb-potential, which
admittedly is modified by the lattice polarisati@dxt.this juncture the dielectric constant of the
crystal is introducédf’. According to this model the exciton energy leveds be found
following Schrodinger equation (equation 1), in @hithe bottom edge of the conduction

band has the energy E = 0.
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_h* e, B R2 &
2m " ZrﬁJ P Ane e T, T,

v=Fg&y, (1)

n

This Schrodinger equation is identical with the aqn for a hydrogen atom and can be
solved exactly. Therefore relative- and centre-asacoordinates are implemented,

m,r + m, L

=f-7, R=—F7—]
m,+ m,
as well as the reduced mass and total mass
1 1 1 . .
—=—t— M = mn+ mp
peom, m
From this follows equation 2
2 2
-h—NZ h N2 v=Ey. (2

20 " 2M ° A e[| -

The barycentreR of the excitons moves quasi-free and und quantucharecal like a planar
wave in the crystal, which is specified by the @oation vector K. Given the kinetic energy
of the exciton is fiK%2M and E is the bulk material energy bandgap, the energstof the

Wannier exciton follow a discrete, hydrogen-likespum:

R,  h*K? e 1  hK?
Eex,n(K) = Eg n2 + oM = Eg 32[28282h2 xn_z + oM ‘ n=12,3 (3)
0

In the ground state the binding energy of the ebechole pair correlates with the Rydberg
energy of the exciton& if the terms n = 1 and K = 0 are fulfilled:
_ pe’ _ op 1l pl
=- =~ — Ry=-—=13.6¢\ 4
® 32n%el’h’? m, &? y m, e? @
Further states of the excited exciton with n > & aloser to the conduction band and
absorption edge respectively. figure 143 illussdiee energy states of the Wannier-exciton

according to equation 3.
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figure 143 energy states of an in a direct procress createitioex The ground state of the crystal iskat 0.
The energy states show a quadratic dependence ehtrgy fronK for each by n characterized state.

Out of this simple model arise two exciton-phenoaehe electron and the hole possess a
hydrogen-like bond, which gives reason to specith sharp lines, and the barycentre of the
exciton can range quasi-free in the crystal, givirige capacity for energy transportation.

In contrast to the free movement of a Mott-Wanmieciton in a solid semiconductor, an
electron-hole pair in the finite volume of a quantulot experiences a three dimensional,
spatial confinement due to its potential barrieheTnanoparticle is considered as a
hypothetical box, wherein both charge carrierslacated. The box is one dimensional and
features a potential of zero, whereas on its ettgepotential rises to infinity.

To approach the spherical shape of a nanopartiddet@ describe the electron-hole pair the

Hamiltonian operator is expanded in a parabolie@ife mass approximation:

W e Moo €
2m, ° 2m, " erer]

The first and second term describe the kinetic gnefgelectron and hole, the third the

H= V(L) + V() + Vo (fuf ()

Coulomb-interaction between electron and hole @diebkectric constant, the fourth and fifth
the finite potential barriers for both charge cansj and the final term dielectric polarisation

effects on the border between the surface of thecergstal and host-matrix.
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The confinement causes on the one hand quantizedyelavels, and on the other hand a
revision of the Coulomb-interaction subject to thegantum dot size. There are three cases
differentiated for comparing the force of the qusetion with the Coulomb-interaction.

In the limiting case of the weak confinement ofeaxiton, when the crystal radius R is bigger

than the Bohr radiusga4ne h’c/ue’ the Coulomb-interaction between electron and hole

dominates over the confinement. In such a caseepuston-like states can appear which are
appropriate to expanded semiconductors. Their batyggenovement is constricted upon the
influence of the quantum well. Therefore their eyger quantized, whereas the relative
movement of electron and hole is barely affected.
The total energy of the exciton can be constitutsmbaling to equation 3 from the bandgap
Eg, the binding energy, and the quantization eneogytfe movement.
In the strong confinement regime, the radius ointua dots is smaller than the Bohr radii of
electron and hole. The Coulomb-interaction betwdeat®n and hole exerts just a marginal
effect in the energies of the spectra. The energhi@fuminescence is decisively determined
by the quantization energies of the electron ardhble. The total energy of the exciton
results then from the bandgap and the separatdipat@mm energies of both charge carriers
to:

Eex: Eg+ hZZ_EZ N hZZIZ

2m &  2m &

- 1.7§—2 +V, ) (6)
ca

Hereby is an accessory Coulomb-adjustment intradiuedrich incorporates the Coulomb-
interaction between hole and electron. Since thantization energy scales with the radius

of quantum dots, in contrast to the Coulomb-intéoacwhich scales with*athe quantization
energy will predominate for small radii.

If the Bohr radius of the hole and electron ishia size range of the radius of the nanoparticle,
the exciton falls into an intermediate confinemegime. At this juncture it can occur that for
instance the Bohr radius of the electron is bigipan the particle radius, while the Bohr
radius of the hole is smaller. In this case theehalhose probability density is highest in the

particle centre, moves with an averaged potentitdefaster moving electron.
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9.1.1 Valence bond degeneracy and spin-orbit coupling

In II-VI semiconductor crystals, e.g. CdSe, thedwmtion band consists of the 5s-orbital of
cadmium. This has angular momentum L = 0 and isetherspatially isotropic and
consequently twofold degenerate due to the sptheklectron. The movement of the excited
electron can therefore be described with a simplalplic energy dispersion, for which
equation 3 is valid.

The valence band of CdSe, which consists of 4palebibf the selenium, is six-fold
degenerate including spin effects. The degeneraeyewer is nullified by the spin-orbit
interaction, which produces a splitting of the vale band at k = 0 into a two-fold degenerate
split-off band and a four-fold degenerate band. €hase assigned several total angular
momentum states J = L+s, ..., |L-s|. Each of thedessis, by reason of the spin, two-fold
degenerate. Out of the total angular momentum Jaxi$ées the lower situated split-off band
with m; = + %. In case of J = 3/2 the already four-folgelgerate valance band splits into two
additional valence bands &tz 0 with m; = + 3/2 and m= = 1/2, which show a different
bending and thereby effective mass. Thus they amged heavy (hh) and light hole band (Ih).
But actually CdSe nanocrystals possess a hexayfdundkite crystal structure. This structure
can be included as a slight imperfection in theicwiructure. Such calculation for the
valence bond results in the disappearance of therdgacy of the heavy and light hole band
for k = 0 and a effective division of the band iatw A and B barft ¢! (vide figure 144).

=
efactron band
- K
split-off enargy A .
2 = I : oy =132 heavy hole band
] J =132
" m=x1/2 light hole band
II
i ' m=%12 |=1/2 split-off band
|..;| =1

figure 144: dispersion relation of an exciton under abrogatibthe valence bond degeneration. The quantum
numbers of the hole states und their z-componendl@noted.
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The confinement maintains due to the minor sizeudntum dots to an interference of the
different valence bond states, viz. the wave fumdiare composed of linear combinations of
the states of different valence bands with differangular moments. This implies for the

energies of the hole states that they are not didlpcated subject to the radius but also
contingent on the coupling between the bands.

Luttinger and Kohn introduced a Hamiltonian operatehich considers effects of the

degeneracy and the influence of the spin-orbitrauigon:

l:lLKZ(Yl"'ngj% } Y—rrzlz(f)x:])z '2_:;({ R Q/}{ J 9} {' p }}{ y]zP {+ sz}){ Z‘1<}‘) (7)

with {alj :( ab + b /, the free electron mass m, the bandparameters, v,, the impulse

operator of the hol@ = (p, , R , R ., and the angular momentum operaﬁoq: .y, for

J = 3/2 valence bond states.

The first term of the Luttinger Hamiltonian openatepresents the kinetic energy of the hole
with modified mass, the second and third the sptointeraction. Combining this
Hamiltonian operator with a spherical potentialde#&o an interference of the valence bands.
The execution of a spherical approximation by Beddehi and Lipari simplifies the Luttinger

Hamiltonian operator:

Y12 UVy P x J2) 3
S om P 18m( ' ®)
P@ and ¥ are spherical tensor operators of second ordee. &upling parameter p is
defined as:
+
W= by, + 4y, (9)
Ay,

The introduction ofﬂsphin the eigenfunction of the exciton, which develdpeom the

effective mass approximation follows:

_ [32 Y1 [ad il ) 5@ ¢
H=E +—2 +-1 g - 21 (@ x
¢ 2m, ZmFi 18m(h ! )s|r-rh|

e e

¥ D+ @ (20)

The equation is valid for spherical nanocrystalthva cubic lattice structure, in which the

band edge near states of excitons£13$S) are eightfold degenerate.
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9.1.2 Excitonic fine structure

Whereas so far ideal spherical dots with a culnc blende lattice structure were taken as a
basis, real crystals can have a more ellipsoidgbstand hexagonal wurtzite lattice structure.
The wurtzite structure splits the fourfold degemefzole state lsp by the crystal field of the
hexagonal lattice in two-fold degenerate A-statéh = + 3/2 and twofold degenerate B-
states with j = £ %, while a non spherical nano@lyshape splits these levels by changing the
confinement along the short and long axes of thgseid*¢® 46

The complete equation for the splitting in the walkethe elliptic asymmetryAand the
intrinsic crystal fieldA,, is:

A=A+ Ay B 1) (11)
where a represents the radius of the quantum dbg fatio of the effective masses of the A-
and B-bands along to the c-axis, and p the dedrédecelliptic deviation. In addition to this
effect, the exchange interaction between electrnohhele can also annul the degeneracy. The
exchange interaction describes the probabilityrtd &n electron and a hole at the same place.
The energy distribution of this interaction is degent upon the spatial constriction of the

wave function of electron and hole in the nanoalysFor the exchange interaction the

Hamiltonian operator is:
ﬂ exch— = gg excragés (r f I)(éxj) . (12)
Hereby o is the Pauli-spin operator arldthe angular momentum operator for the hole with

an angular momentum of 3/2; & the lattice constant ang,., the exchange constant. The
term (8><f]) merges electron-spin states and hole-spin statésh leads to a further division
of the eight-fold degenerated state, 115),.

In a hexagonal CdSe bulk material the four-foldedeggate exciton state 3Sis split into an

optically active singlet and an optically passiuplét with an energy difference:

exch™ exch

T\ a

ex

3
A" —E(ij ¢ =013meV. (13)
In nanocrystals the extent of the exchange intEnadcs given by:

n =) (a—j Al (14)
a
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where the dimensionless constgifi) in CdSe bears the value 0.78.

For CdSe quantum dots the anisotropy and the egehtarm can be included within the
framework of the perturbation theory. From the eiigid degenerate band edge near state of
the exciton (1&,, 1S) results five levels, which are characterized lpr@ection of the total
angular momentum N Femy + Ry in the direction of the unique crystal axis c, vdas &y
(Fnm) mark the projection of the electron spin (holengpfigure 145 illustrates the exciton
fine structure. States with F > 0 are twofold desgate. According to the notation after Efros
et al*®® states are distinguished by a superscript U feugper states and a superscript L for
the lower levels. The states with F = +2 ardae, according to the electronic dipole
approximation, optically passive. The transitioonfrand to the state F = £2 ("dark exciton*)
is by reason of the angular momentum J = 2 forbddRadiative recombination (under the
emission of a photon) from these states is onlyngeed by absorption or emission of
phonons. By virtue of the modest energetic intetvdhe energetically higher optically active
state ("bright* state) with the angular momentunasfum number F = #£1,an excition is able
to recombine over this higher state by absorptiophonons. A Stokes shift is caused by the

splitting between +2 and +state¥: 467 46l

Eelentron
A
+1/2
15! — —— 12
exch
J=a2 e 302 A-band
155, Iﬂ..t* By
AERZAZNVIINL | e +1/2 B-band
A hh + [h
Ehole

figure 145: The band edge near exciton §2S1S) splits by reason of the elliptic character of the@ntum dot,
the intrinsic crystal field, and the extended elatthole interaction in five transition states.

9.1.3 Blinking behaviour

The phenomenon that the photoluminescence of ngstats randomly flickers between

emitting (“on”) and almost dark (“off”) periods ued continuous excitation conditions is
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commonly referred to as blinkifig*”® *"Y! Thereby a threshold (intensity-limit) defines the
luminescence to be on or off.

GO0 fa) aan

0 25 & ' 75 BT 125 150

250 278 Wb

i i 1 i E
S 175 2 235

Time {s)

figure 146: Histogram of the time-resolved fluorescence ofalsi CdSe/ZnS nanocrystals
The histogram in figure 146 shows a photolumineseetnajectory of a single CdSe/ZnS

nanocrystal continuously excited with E 0.6 kW Tof 488 nm laser light. The light grey line
is used to discriminate between on and off evemtisrapresents the intensity-liffiit

The distribution of times involved in the blinkirsge distributed according to inverse power-
laws of the type:

Pt or ) = AtTomer | (15)
where A is a constant and,s are the power-law exponents characterizing thiessts of
each type of event. The exponent —m lies in thgeasf -3/2. As a consequence the average
on- and off-periods are dependent on the observamest.

(ty= j t P(t)dt (16)

t

min

9.1.4 Nonradiative processes in quantum dots

The explanation of the blinking event of a nanotalyss complex. The prevalent model

describing the blinking of nanocrystalkssames that a charged nanocrystal cannot emit.

As nanoparticles possess diameters of less thaimnl®hey exhibit a large surface-to-volume
ratio. It can be therefore assumed that the sufaageerties of the crystals have a noticeable
influence on the structural and optical attribubdéssemiconductor nanoparticles. Indeed, in
fluorescence measurements of nanocrystals vargatom observable depending on different
inorganic and organic coatings in regard to quanguehd, spectra, and time depending

behaviour. These observations can be associatédinap states, Cd vacant orbitals, on the



Appendix 269

surface of the nanoparticles. They create additienargy levels outside of the energy band
of the semiconductor, which possess energies ldcatdhe bandgap of the semiconductor.
The effect of fluorescence deletion, which is ofterfierred to as quenching, constitutes
processes, which diminish the fluorescence intgrsita nanocrystal, where the excitation
energy is released by modes other than fluores@ehation. The dominant radiationless
processes of quantum dots are thermal ionizatibangn-supported tunnel processes of the
charge carrier into trap states, and Auger effestgjer-recombination, Auger-ionization). In
semiconducting nanostructures with strong quantonfimement, Auger effects are enhanced
due to stronger interactions between the charggecsrwhile thermal ionisation is hindered
with increasing distance between successive erstafys. Due to the energy required to get a
charge into a trap state thermal ionisation is titadly disfavored. .

At high excitation energies on account of the hiigimsity of excited states a second exciton
can be generated (figure 147). In the process efcthllision of the two excitons Auger-
recombination can occur, which has a higher ratepased to radiative recombination. In this
event energy transfer occurs from the first recammg exciton to the second in a single
scattering process, normally with the attendance fionof”2.

1. 2. 3. 4. 5.
CB

|..-------J

o
0 ««v=

VB

figure 147: non-radiative effects in core/shell-quantum dotwéh energy band gag Bnd an ionisation energy
E. 1. The tunnel probability of the excited electrorinscore/shell particle minimize®. A created secondary
exciton can transfer its energy while recombiningttae first excited electrol. The tunnel probability to a trap
state increased. & 5.trapped electron can adsorb energy of other exxidmd thereby increase the off-time.

The photon-supported tunnel feasibility of the adowly twofold photoexcited electron in

the potential curve of the trap states is increaéésb, concerning the smaller effective mass
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compared to the delocalized hole, the electronasertikely to be found at the surface of the
nanoparticles, where the traps are located. Thapitng rate of such an electron lies in the
range of picoseconl€”, leaving a mobile and delocalized hole within ¢ioee.

In a facile and one dimensional model the rate tamtiskynner Of the tunnel-process

exponential depends on the distance r and the gbargerAE, according to the equation:

K = kome'EszTAE (17)
While the electron is trapped in the potential witlican absorb the energy of other
recombining excitons, elongating the dark stateis Tquenching event can linger. After
excitation the trapped electron can relax to tloeigd state of the trap potential by the release
of vibrational energy. This is also valid for thenraining hole, which can assist the non-
radiative recombination of further excitons. Thenoerystal remains dark until the trapped
electron recombines or whenever the nanocrystabbvers a charge-neutral state.
Recombination can occur after the trapped eledinanels back into the nanocrystal energy
structure. It is also possible that the hole ippged in the surface region of a nanoparticle. The
localisation leads to a quantization of the enelepels and reduces the spatial overlap
between the two wave functions of the exciton dreldharge carrier, derogating the energy
transfer of the exciton to the charge carrier. Tharges create a dipole at the surface of the
quantum dot, which leads to an alteration of treallelectric field. Although subsequently
created excitons can recombine radiatively, a STARHKt of the emission frequency to
higher wave numbers is observable. This trap eons& rare compared to the first, very
sensitive to the displacement and kind of liganeéllstand decreases with the growing
epitaxial shell. Trap emission becomes more prabahih decrease of the nanocrystal size,
whereby the increase in the band gap is accompéagiacblue shift of the trap emissith
Investigations of the simultaneous increase ofttap emission intensity and decrease in the
photoluminescence intensity of CdSe nanocrystath different ligand shells allude to the
resistance of for trap emission accountable surdates to ligand exchange. Kalyuzhety
al.?? relate such states to trioctylphosphine selerld@PESe), which have a high stability
due to the TOP=Se double bound. Aging of CdSe ngetads entails the decrease in trap
emission, possibly in regard to the oxidation ofPLO
The probability of the occurrence of Auger-proceepends on the spatial overlap of the
wave functions of the charge carriers and increastige case of finite and defect barriers.
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The statement of the ionisation by tunnel-procetsads to a temperature dependence of the
off-periods. The model of the ionisation by tunpebcesses leads to a temperature
dependence of the off-periods. With the assumpaioa homogeneous spreading of the trap
states and the potentiality of the charge to swatvéen traps the model describes on- and
off-periods correctly. If the exchange between srapfaster than charge-neutralisation the
model of Shimiztet al/*’* is more appropriate, which applies for adequaterlaps of the

wave functions of the charge carriers in the trégies. This depiction entails a correct
description of the on-periods with the(t,,.; ) = At™™" coherency. The exponent of the

tunnel-probability is similar to the experimentatlgtermined value:

pt) O t*° (18)
According to the observed intermittent charging réseon single nanocrystéiS' the
surrounding matrix has an influence on the nanaperbptical properties. Isaagt al!*’®
have observed that an increase in the dielectritsteat of the matrix surrounding the
nanocrystals leads to a decrease in the value,©fThe matrix in this case was postulated to
solvate the ejected charge carrier and, conseqesttibilizes the charge-separated state,
which prolongs the off-time evefts.
The alteration of an argon atmosphere to an oxpgi@osphere decreases the on-periods of a
nanoparticle, next to lowering the emission inteesj while leaving the off-periods
unchanged’”. The creation of additional trap states by themfation of Q-radicals and
charged nanocrystals are cited as a likely reasotinis observation.
Miller et al*’® have found that the presence of molecular oxygehveater increases the
value of the off-time exponent for CdSe nanocrgstdlhe presence of a strongly polar
medium such as water leads to a broadening of thelUMOs, thereby facilitating electron
transfer (oxidation) from the nanocrystals to oxygehich leads to a neutralization of the
charged, non-emissive patrticle.
A further factor is the presence of molecules witinor groups, which lengthen the on-
periods by dative coordination with unsaturateddspnvhich so far have functioned as traps.
Similar results can be achieved by epitaxial groweftla nanoparticle-coating with a material,
which exhibits a bigger band gap, forming a corelshanoparticle and thereby locating the
hole in the coré™.,
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The theory predicts that in fluorescence specserdie emission lines are observable. But the
emission of photons of different wavelength acaogdito the size distribution of the
nanoparticles, which is reflected in the band ghszsls to a peak broadenltig 48"

9.1.5 Type I/l structures

To diminish the amount of trapped electrons ondindace, nanoparticles are coated with a
further semiconducting, inorganic material, whiclospess a similar crystal structure.
Depending on the band gap of the shell material, different types of structures can result

(figure 148).

type | type I

o o

8 = electron
@ =hole

figure 148:illustration of type | and type Il structures.

If the semiconducting shell-material has a largandbgap than the core material, the exciton
is localized in the core. This type | structure whohigher quantum yields and higher
photostability. An example for type | structures &dSe/ZnS nanoparticles.

In type Il structures both materials have approxétyaequal, but energetically shifted band
gaps (figure 7). The positive charge of the exciwll be localized in the material with the
highest highest occupied molecular orbital (HOM®both materials, while the electron will
be localized at the lowest LUMO (lowest unoccupnealecular orbital) of both materials. In
consequence the charges will be spatially separAmmbrdingly longer life times of electron
and hole occur. As a result of indirect transitioh the charges in the process of

recombination emission energies smaller than tinel lgap of core- and shell-material can be



Appendix 273

observed. Examples of type Il structures are Cdi®/Znd InAs/ZnS nanoparticles, which
have an emission in the near infrared (NIR).

Klimov et al*®? have discovered that wide gaemiconducting nanoparticles (ZnSe),
overcoated with a shell of a semiconductor of aaveer gap (CdSe), belong to type-I (both
electron and hole wave functions are distribute@rothe entire nanocrystal) or type-Ii
(electron and hole are spatially separated betwleershell and the core), depending on the

radius of the core and shell thickness.

9.2 Core/shell- and multishell-nanocyrstals with a Cd8ee

The CdSe nanoparticles synthesized in organic stdvieature a tri-n-octylphosphinef/tri-n-
octylphosphine oxide (TOP/TOPO) passivated shelhiciv kinetically stabilizes the
thermodynamically unstable particles in solutiondaurating free valence orbitals. TOPO
coordinates through its P=0O-group to cadmium atomtsle TOP forms a Se=P double bond
to selenium atoms. The facets, curvature, and ticensistency of the surface of CdSe
nanoparticles result in differently coordinated &ul Se atoms. This is expressed in different
binding energies of the TOP/TOPO ligand shell te tmanoparticle surface. Two-fold
coordinated Cd atoms are able to transfer moregehiato a bond with the ligaf&.

Katari et al'*® have estimated by means of X-ray photoelectrorctepecopy that for
nanocrystals bigger than 1.5 nm a surface coveoadess than 30% can be achieved with
bulky TOPO molecules. Molecules like octylaminewtamaller steric requirements and can
passivate more efficiently the surface.

The incomplete coverage and vacancies on the sufeauces trap states for electrons on
the surface. Unsaturated selenium atoms mainlyteerglaallow hole-traps. Deep traps are

expected for selenium atoms with two binding sites.

9.2.1 CdSe/CdS- and CdSe/CdS/ZnS-nanocrystals

For biological applications the cytotoxicity of Cel8anoparticles through the release of'Cd

iond**"! and formation of free hydroxyl radicE& 3*°! generated by holes by virtue of the
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valence band edge of 1.6V, is a handicap. Accordingly, multishell nanocrigt& %!
exhibiting higher quantum vyields due to inorganasgvation of the nanocrystals surface,
ensuring radiative electron and hole recombin&tioff” robustness against chemical
degradation or photo-oxidatiBhand the reduction of cytotoxicity 337 338 404-4%haye hegun

to attract particular attention. Among the wide dbagap semiconductors used as shell
material, ZnS is the best. For the bulk materidlas a band gap of 3.8 eV, offers chemical
stability and non-toxicity. Two layers of ZnS orptof the CdSe core create a tunnel barrier
of 4 eV and confine the wave function of the holean exciton inside of the nanopatrticle.
However, the large mismatch (ca. 12%) between GuiSieZnS lattice parameters induces a
interfacial stain between the core and the shdliclvleads to formation of misfit dislocations
relaxing the nanoparticle structlffé 8% 4%l (figure 149). Furthermore, ZnS shells grow
preferentially at certain anion rich faces of Cd@moparticles, resulting in case of the first
few atomic layers of ZnS in an incomplete coverafjhe cor&®®,
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figure 149: energetic position of the band gaps and an illtistraf their lattice mismatch.

The integration of CdS as the first shell arounel @dSe core mitigates the lattice mismatch
between CdSe and ZnS. Notwithstanding that sucte@is/Zn8%! nanoparticles possess a
qualitative inorganic passivation layer, their $hedre not grown epitaxially due to the
residual mismatch of the different crystal latticésccording to this the shells are still

inhomogeneous, offering openings and edges, coradycreating traps and irregular tunnel
barriers.
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9.3 Magnetic nanoparticles (SPIONS)

Next to quantum dots exist nanoparticles with ueigmagnetic properties, so called
superparamagnetic iron oxide nanoparticles (SPIONs)understand their properties in the

following the physical background of magnetism Wil explained.

The magnetic moment of a free atom is predicatéf’dn
1. Each electron exhibits an intrinsic angular mom#éms, spin s, to which a magnetic
moment is assigned.
2. A further magnetic moment is related to the orkatagular momentum I, which arises
from the movement of the electron around the atomdeus.
3. The variation of the orbital angular momentum, icelil by a magnetic field, is the

third contribution.

The third effect, consisting with Lenz's law, opp®ghe field and provides a diamagnetic
contribution. In contrast the first two effects Igigparamagnetic contributions. Since the
moments of the atomic nucleus are by order of ntadas smaller than the moment of the

electron, they can be neglecfé&d.

9.3.1 Dia- and paramagnetism

Which of the three above mentioned effects domstie magnetism of a substance depends
on the electron-configuration.

All materials, in which atoms, ions, or moleculesgess filled shells, are diamagnetic. They
have no magnetic moment, because the single moménke electrons cancel each other.
When circuit currents are generated in the matéahn external magnetic field, which in
turn induce magnetic moments, they are accordingetuz’s law opposite to the external

field, resulting in a weakening of the flux lineghin the solid state body.
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The magnetic susceptibility is a dimensionless parameter, which representsasune for
the magnetisation of a material. In the centimgta@n-second system (cgs system) it is
defined as:

M

= (19)

X

where M constitutes the magnetisation amtl the magnetic field. These two terms are
associated with the magnetic inductiBnas follows:

B=H+41 M (20)
Diamagnetic substances hold a susceptibility of y%.< O, but the usual order of magnitude

is located in the range of -£@o -10° “®! In case of an ideal diamagnet the magnetic field

been entirely displaced from the insidel € -H), whereby the diamagnetic susceptibility
reaches its maximum value of -1. This effect appearsuperconductors and is known as
Meissner-effect.

Every substance owns a diamagnetic susceptibiibych however is often overlapped by a
para- or ferromagnetic susceptibility.

Paramagnetic substrates possess atoms, ions, ecuted with unpaired electrons, which
produce a permanent magnetic moment. Without aermait field the magnetic moments due
to the thermal energy are statistically distributedhereby the total moment is zero (figure
150, 1.). Upon applying an external magnetic fighe, magnetic moments align parallel to the
field direction (figure 150, 2.). This leads to amplification of the magnetic flux lines in the

inside of the paramagnetic substance.

For the paramagnetic susceptibiliiyaa> 0, and is typically located in the range offEhd
105 1488
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figure 150: paramagnetisnit. magnetic moments without an external magnetid fizladjustment of magnetic
moments at a magnetic field.
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9.3.2 Ferromagnetism

In contrast to dia- and paramagnetism there arparative magnetisms, which depend on the
interaction of the magnetic moments of many atoEwsamples include ferromagnetism,
ferrimagnetism and antiferromagnetism, which aseussed in the following.

Ferromagnetic behaviour occurs below a critical gerature E, which is named Curie-
temperature. Here emerges even without an extermafjnetic field a spontaneous
magnetisation, in which the magnetic moments inirgarnal field, the molecular field,
arrange themselves parallel. Above the Curie-teaipex the spin order is disrupted by
thermal motion and the material behaves paramagneti

The ferromagnetic susceptibility is described by @uire-Weiss-law:

C
= , 21
o (21)

wherein C is the Curie-constant.
The interaction of the atoms is quantum mecharia®ikcribed by the exchange interaction.
Considering two electrons, they can be either ie frarallel or in the anti-parallel
configuration. According to the Pauli principle tlectrons must vary at least in one
guantum number. Hence the anti-parallel orientatofavoured. So the parallel and anti-
parallel spin-configurations have different exchaegergies &

E,=-215% . (22)
Here is d the exchange integraé andS, the adjacent spins.
When the exchange integral is positive, paralleispave the lowest energetic configuration
and ferromagnetism results. Conversely, the amtillgh orientation is favored in case of a
negative exchange integral, wherefore a antifeorderrimagnet is been generdf&y *¢°!
To the few elements, which feature a positive ergkaintegral and are thereby
ferromagnetic, belong iron, cobalt, and nickel. Tdregin of their ferromagnetism can be
explained using the energy-band model. Whilst fleeteons of atoms have discrete energy
states, those in macroscopic solid state bodiescamngbined into bands with continuous
energy levels. In case of 3d-transition metalsdidand and the 3d-band overlap because of
the intense broadening. In opposition to this heednergy bands, which are located closer to

the nucleus, not broadened, and thereby do notapvdigure 151 shows the overlap of the
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3d- and 4s-bands for some transition metals, whete density of states of the 3d-band is
outlined on the left site and on the right sidéhef 4s-band.

ST
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figure 151: schematically depiction of the 3d- and 4s-enemyds of 3d-transition met&fs).

The density of states specifies the number of gnlxgels per energy unit. This number
varies within a band since the energies of someldeare more closely spaced than others.
Since the density of states is very difficult tdedenine, in the model (figure 151) it has been
supposed, that it is the same for all elements.3thband can be filled with maximum of ten
electrons and the 4s-band with maximum of two ebest per atom. Depending on the
electron configuration of the 3d-band, the bands differently occupied. The highest
occupied energy level at T=0K is called Fermveleand is plotted in figure 151 for the
elements manganese to zinc. Considering that phealld anti-parallel spins have different
exchange interactions, a splitting of the bands cecur. Table 1 shows the magnetic

moments for manganese to nickes 1Bohr magneton).

(3d+4s)-electrons

7

8

9

10

U per atom

0

2.22

1.72

0.6

table 16: experimental determined values of the magnetic emsnof manganese to nick

&l
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The theoretical value of guper manganese atom is 3.6, although manganese fsrio-
magnet. The reason might be that the exchangeatien of manganese is not strong enough
to sustain the great unbalance between thfe 8tieoraticlly with five electrons per atom
completely filled) and 3gtband (theoretically with 1.4 electrons per ator80% filled).
Copper has fully occupied 3d-subbands, so the Flewel is located above the 3d-band.
Hence the 4s-band experiences no splitting by Xicbange interaction, no imbalance of the

spins is created, and copper is not ferromagnetic.

9.3.21 Domain-formation

The total energy of a ferromagnet consists of thegmetostatic energy, the crystalline
anisotropy energy, the exchange energy, and thegefa formation of a domain border. To
minimize the total energy of a ferromagnetic maledomains are formed, which are
specified as Weiss domains. Inside of a domairsgives arrange themselves parallel, but the
domains are not aligned parallel to each other.

The main reason for the formation of domains isrtagnetostatic energy. A ferromagnetic
mono-crystal exhibits just one domain of macroscapimension, so its external field will
weaken the magnetisation (figure 152 a). In thisecia the magnetostatic energy very big.
Through formation of domains, the external fielch dze reduced (figure 152 b) or even
absolutely deleted (figure 152 c). This effect i$set by the exchange energy, which
increases as more anti-parallel domains are gexra

b) c)

E E m
E®

figure 152: minimization of the magnetostatic energy by donfarmatior{**.
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In order that the exchange energy between antiipbspins of contiguous domains does not
get to high, domain walls are created. Inside ef 4b called Bloch wall the magnetisation
turns by 180° perpendicular to the linkage axistlod domains as the spins adopt all
orientations between the parallel and anti-paralliginment (figure 153). Via rotation of the
spins the Bloch walls can slide, whereby one doniagneases at the expense of another
domain. In this way the direction of the magnet@athanges. The thicker the domain wall
is, the lower is the exchange energy. On the dihad, the anisotropy energy increases as the
domain wall gets broader because most spins iw#tleare not aligned in the direction of the
easy axis. Thence the thickness of the domaindeglends how the total energy is minimized
by the several energy contributions. It lies in $fee range of 0.1 — 1 7.

fase]

figure 153: Bloch wal

A magnetic anisotropy appears when the magnetrsaticertain direction is predominant. In
case of the magnetocrystalline anisotropy the peete&al direction of the magnetisation
evolves with the crystal structure. The preferérdieection is constituted as easy axis. The
easy axis of nickel is consistent with the [111is4%. As shown in figure 154 the saturation
magnetisation is reached at small fields fasteraige of the easy than for the hard axis. The
energy difference between the magnetisation ofetlte® axes is called magnetocrystalline

anisotropy energy.
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gasy axis

figure 154: Schematic showing the difference in size of fi@duired to achieve the same magnetisation along
easy and hard ax&¥!. Orbital overlapping of easy (a) and (b) hard &3is

The magnetocrystalline anisotropy results fromgpia-orbit interaction, whereby the atomic
orbitals lose their spherical-symmetrical form. #ys asymmetry the orbital overlapping for
the easy and hard axis differ, with the overlamféarger for the easy axis.

Another magnetic anisotropy is the shape anisotréfpgrises in particles, which are not
spherical. In case of an ellipsoidal shape the m@gption lies preferentially on the

longitudinal axis.

9.3.2.2 Magnetisation of a ferromagnet

The resulting magnetic moment is small due to th#stical distribution of the domains. In
order for a ferromagnetic substance to reach itsr&@on magnetisation, a homogeneous

magnetic field must be applied.

The magnetisatiodM of a ferromagnet depends nonlinearly on the fiefensity H ; instead,

a hysteresis loop is observed (figure 155). By wippgl a magnetic field, the magnetic
moments orient parallel to the field direction (i@ magnetisation curve). At lower field
intensities the orientation results from wall-shiftvhereby those domains expand that contain
spins parallel to the magnetic field. In this rargphenomenon called Barkhausen effect is

observable. Hereby the magnetisation changes méincously, but in small jumps.
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initial magnetisation

curve

Barkhausen
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figure 155: lllustration of a hysteresis loop with initial magjisaton curvé®!.

At higher field intensities (above the red dashed In figure 155RaImost all of the magnetic
domains are aligned and an additional increaséenntagnetizing force will produce very
little increase in magnetic flux.he magnetisation increases until the saturatiogn@igsation
Ms is reached. When the field intensity is reducedzéoo, a residual magnetisationrM
(remanence) remains. To bring the magnetisatiomagazero a coercive field strength «H
IS necessary. Based on coercivity, materials asgnduished between magnetically soft or
hard. Magnetically soft materials can already benagnetised in a small magnetic field and
have accordingly a small coercivity {H< 10 Oe). On the contrary magnetically hard

materials have a high coercivity {4 100 Oe).

9.3.3 Antiferromagnetism and ferrimagnetism

In contrast to ferromagnetism, the spins in theesa®f antiferromagnetism and
ferrimagnetism arrange themselves anti-parallehiwita domain. The sub-lattices of a
ferrimagnet possess different magnitudes, whilentiferromagnets they are of the same size,
thus exactly annihilating one another (figure 156).
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ferramagnet antiferrormnagnst ferromagnet

figure 156: cooperative magnetisms: ferro-, ferri-, and antifmagnetism.

In the case of antiferromagnetism a coupling of-patallel spins proceeds as long as the
temperature is below the Néel-temperature. A cetephlignment of the spins exists at the
absolute zero point and the substance is diamagriove the Néel-temperature the spin-
order collapses and the substance shows paramadpediavior. It follows in from the spin-
order antiferromagnets that in an external fieldhnmegnetic polarisation and no macroscopic
magnetisation takes place.

Like antiferromagnetism the exchange integral isecaf ferrimagnetism has a negative
prefix. As the magnetic moments of the sub-latticks not annihilate each other, a
magnetisation exists, which is smaller than thematigation of a ferromagnet. The behaviour
of a ferrimagnet in a magnetic field is in accoranvith that of a ferromagnet. Above the
Curie-temperature the spontaneous magnetisati@stroyed by thermal agitation and the

material shows paramagnetic behavior.

9.4 Magnetism of nanoparticles

As explained in chapter 9.3.2, ferromagnetic sulzgta are sectioned into domains in which
the magnetic moments exhibit the same orientafidrese domains are separated in by
domain-walls, which hold a characteristic thicknasd energy.

When particle size decreases, the existence of idewalls becomes energetic ally
disfavored, so that at a critical particle sizgjust one domain per particle exists. Due to the
single domain the particle has a high magnetosttergy but no domain-border-energy.
figure 157 illustrates the dependence of the endrggn the particle size. Whilst the
magnetostatic energy is proportional tHtbe domain-border-energy is proportional fo d
Thus, below the critical particle size,dhe total energy is minimized by formation ofiagte

domain. Above dthe formation of multi-domains is energeticallydared.
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figure 157: formation of single- or multi-domains subject tioe tenergy®.

The coercivity | also depends strongly on the particle size. A% seefigure 158 the
coercivity has its highest value at the particleesk. This size represents the transition from
particles with multi-domains to particles with angle domain. If the particles are large
enough to contain multi-domains, changes in maga&bn occur via movement of the
domain-walls. For this reason the coercivity istiekely low. In contrast, the direction of the
magnetisation of a particle with a single domaam only change by rotation of the spin.
Accordingly, the coercivity of such particles issiderably highéf*® 4%

For very small particles the coercivity is zeracg in this case the magnetisation shows no

definite direction, but rotates due to the thermfiattuation. Such particles are called

superparamagnetic particles.
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figure 158: dependence of coercivity on particle §%é

The reason for the rotation of the magnetisatiothés anisotropic energy, which decreases

with reducing particle size. Its been stated apipnately a&'** 4%}

E =KV sinfo (23)
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In this equation E is the anisotropic energy, Kdhesotropic constant, V the particle volume,
ando6 the angle between magnetisation and the easyBxidecreasing the volume V KV can
be tuned in the size range of the thermal enegdy(ks = Boltzmann-constant). This energy
is then sufficient for a change of direction of tmeagnetisation, which fluctuates
consequently.

When the magnetisation lie in the direction of #esy axis (at 0 and, figure 159), the
anisotropic energy reaches its minimal value. Int@ast the maximum of the anisotropic

energy occurs when the magnetisation is orientegepeicular to the easy axis.

energy

T

onentation

figure 159: energy in dependence of the orientation of the rtsatiorf°®.

Hence, thermal fluctuation prevents a stable magpiein in case of superparamagnetic
particles, although fluctuation of the magnetisattan be stopped by intensive cooling. The
temperature at which a change over appears fromrga@magnetic to ferromagnetic is
called blockade-temperatures.Tlt depends on the particle volume V and the dropac
constant K. Approximately it is given4€:

B = ﬁ (24)

25k,
In the superparamagnetic state the particles bellikee paramagnets. Their magnetic
moments are rotatable and undirected, but sigmifigdigger than those of a paramadfiieh

since it involves the magnetic moment of the wipadicle.
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When single-domain particles are brought into a me#ig field, the magnetisation is
unaffected by domain-barriers. The applied fieldduces a potential energy.e= -Ms - H
emerges.

Without a magnetic field the magnetisation is ledabn the easy axis. By applying a
magnetic field perpendicular to the easy axis (Witk Tg), the magnetisation rotates in the
direction of the applied field until, at the fiedtkength H = 2 KV/M, it is parallel to the field
direction and thus perpendicular to the easy digsire 160 a). In this case the coactivity is
zero, so there is no hysteresis (figure 160 c).

By applying a magnetic field that is parallel toetleasy axis and anti-parallel to the
magnetisation is, the magnetisation is rotateduinothe hard axis to the easy axis. The
inversion of the magnetisation is hindered by aergy barrier in case of a weak magnetic
field. However, with increasing field strength teeergy barrier decreases, and at H=2
KV/M s the magnetisation can align in the anti-paralleérdation (figure 160 b). At this
juncture a high coercivity and a hysteresis is poed (figure 160 d).

I magrstic feld magereta: feld

figure 160: dependence of the potential energy from the oriemteof the magnetisation in attendance of a
magnetic field>.

Between those two extreme cases there are furtiertations of the magnetic field, which

produce a hysteresis loop, and which are internbethetween the named possibilities.
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9.4.1 Magnetic resonance imaging

The principle of magnetic resonance imaging (MRijresponds to NMR. In an external
static magnetic field, § proton-spins (in general nuclei with an unequahber of protons
and neutrons, which exhibit thereby a nonzero argmlomentum and magnetization) can
populate two possible spin states of different gpeDue to their alignment parallel or
antiparallel to the magnetic field. During theiigaiment, the spins precess under the Larmor
frequency,wo (figure 161 a). The rate of this rotation is givey the Larmor equation:
Wo = gBy, where w is called the Larmor frequency and g is a nuclxastant called the

gyromagnetic ratio.
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figure 161: Principle of magnetic resonance imaging. a) Spiigs garallel or antiparallel to the magnetic field
and precess under Larmor frequenay)( b) After induction of RF pulse, magnetization sgins changes.
Excited spins take relaxation process of ¢) Tlxatlan and d) T2 relaxation.

The observed net magnetization vector, M, has twoponents: longitudinal and transverse
magnetization. From a small excess of protonsendiwver energy state results a longitudinal
magnetization (), which gives a net polarization (M =,M M,y) parallel to the external
field (figure 161 b).

Application of an radio-frequency (RF) pulse (9Qfige), a pulse with energy at the Larmor
frequency of the particular nucleus, leads to figpof the individual magnetic moments
from their lower energy spin state (parallel stadepheir higher energy spin state (antiparallel
state). On that account ;Milecreases by the induced net polarization perpeladito the

static, external field in the transverse plang,jMThe transverse magnetization is due to
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coherences forming between the two proton eneggsfollowing an RF pulse. Thereon the
net magnetization vector, M, rotates with the Larfnequency (figure 162).

figure 162: The magnetization, M, precesses about the z-axis tlve tip angle a, and it is divided into the
longitudinal component, Mz and transverse compgnklixy. A RF coil is placed in the y-axis directida
collect the MR signal.

The recovery of the decreased longitudinal magatdtiz (M,) due to energy transfer is called
longitudinal or T relaxation and occurs exponentially with a timastant T (figure 161 c).
The loss of phase coherence in the transverse Mg due to dephasing of the spins is
called transverse or,Telaxation (figure 161 d).

In the process of relaxation of the magnetizati@ctor the transverse vector component
produces an oscillating magnetic field which induiieesmall current in the receiver coil. This
signal is called the free induction decay (FID),os#a time constant is approximately
consistent with 7.

Since there are small differences in the static maig field at different spatial locations
("inhomogeneities") the Larmor frequency variesoasrthe body, thus creating destructive
interference which shortens the FID, (6 T*). The total relaxation F is described by:

1 1
— = —+vB , 25
T T, YBs (25)

WhereyBs represents the relaxation by the field inhomogsndnd is called susceptibility
effect. Also, when the radio frequency pulse iséar off, the longitudinal magnetization
starts to recover exponentially with a time consfan

The signal intensity in MRI depends on the relaatiates of the proton spins and can be
increased by application of contrast agents. Thes&in (super)paramagnetic metal ions and
can increase the relaxation rates and therebyethgivity depending on the concentration.
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The relaxivity r. = r'®+ ®consists of an inter- (IS) and outer-sphere (O%). @de smaller

the nanoparticle is the smaller will be the intéiat with farther proton spins. Thug“?
becomes less important and interaction with pratpims of closer water molecules'Jy
predominates. Such;Tontrast agents have to be in close contact wakeny because the
energy of the dipole-dipole interaction relies qg £1/F.

Superparamagnetic nanoparticles (SPIONs) createnetiagfield gradients which cause a
dephasing of the magnetic moments and an accelerafi the spin-spin relaxation {T
shortening). The dipolar outer-sphere interactiewieen the water proton spins and the
magnetic moment of the nanoparticles is the magtaxation mechanism in this process.
Therefore spin-spin relaxation is dependent onnfagnetic moment of the nanoparticles
()48 4°9 which increases with nanoparticle size. Quariédy, this dependence is given as:

_1_a
T, d,D'

R, ZIJZC:NP‘](C‘L'E ) , (26)

where R is the relaxation rate, a is a constapg, tthe diameter of the nanoparticle, D the
diffusion coefficient, u the magnetic moment of trenoparticlesy the gyromagnetic ration
of the water proton,\g the concentration of the nanoparticles, angtd) the spectral density
function.

The equation (26) highlights the strong dependentethe magnetic properties of
nanoparticles on their size, shape, and surfageepno A dramatic increase in surface area
increases preponderant surface-canting effectscamskequently increases the magnetization,
as described by the following equatf3f >

ms = Mg[(-a)i]” (27)

where myis the saturation magnetization of the nanopartiglethe saturation magnetization
of the bulk material, r the size of the nanopagticind d the thickness of the disordered

surface layer.
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figure 163: dependents of relaxation rate on the diffusion fi#fle
The open symbols represent #/Talues, while the filled symbols represent rabésained, respectively, with
tcp = 0.1 ms ¢, and line a), 0.2 mas, and line b), 0.5 ms( and line c), 2 msY, and line d), 5 ms&, and
line e), 10 msx, and line f), 20 mse(, and line ¢

However the spin-spin relaxation ratg R 1/T,) does not increase linear and echo time (time
between 90° and 180° pulsey) independent with the diffusion timepf, and thus particle
size. Due to dependence of the relaxation rateasticfe magnetization and diffusion times
(tp = PID, where r is the particle radius and D the wai&usion coefficient) a maximum is
been reached at a certain size or clustering fEte. simulated rate dependence on the
diffusion time for a diffusion coefficient D = 2:510°cm/s and particle radii ranging from
103 to 10 pm is shown in figure 16%!. Seven values of echo-time, ranging from 0.1 ms to
20 ms, are presented. &f > 10° ms is a decrease and echo time dependence oblservab
Partial refocusing model for strongly magnetizechesital particle€®® ascribes such
observation on a spatial division between an imagion and an outer region. The protons
sufficiently close to the particles (inner regi@Xyperience gradients so strong that they will
be rapidly dephased and are therefore too stronghfo refocusing pulses to be efficient.
Upon a boundary depending on echo time, magneaiizaénd volume fraction (outer region)

they are efficient.
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9.5 Cytotoxicity

The results were obtained with BIPEO coated nanoparticles, which where not dialysed
Educts and sideproducts from the nanoparticle sgathy THF and unbound ligand could

have had an influence on the toxicity.

9.5.1 LDH-assay

LDH-assay A549 (01.04.09)
1,00

0,90

0,80
= 0,70
N
£ ——CHO
20,60
30 —&—OH
= NH2
= 0,50
s 7 COOH
o —m— CdCI2
= 040
9
b5} ——
S 0,30'\
g \
= 0,20

0,10 - i

0,00 -

E— Y, 4’T‘
0,10 F = :
0,001 0,010 0,100 1,000

concentration [uM]
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9.5.2 Wst-assay
Wst-Assay A549 nanoparticles
1,4
1,2
] F — L
.+ I AN 1
i/ ——CHO
—8—0OH
= NH2
g 08 —e—cdcl2
I COOH
g ——
% 0,6 ——
g
0,4
0,2 4
0 T T
0,001 0,010 0,100 1,000
concentration [uM]
9.5.3 ROS-assay
ROS Kinetik
35000 T \T ‘J ;l
30000 - T [ L
25000 7 T L —+—DEM 10mM
J —=— DEM 5mM
20000 FeCI3 0,3mg/ml
( FeCI3 0,03mg/ml
g J —%— CHO 1uM
g 15000 —e—CHO0,1uM
g T —— NH2 1pM
& 10000 L — NH20,1uM
——OH1uM
T OH 0,1uM
5000 T COOH 1uM
L f o COOH 0,1uM
0
D 360
-5000
-10000

time [min]
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9.5.4 Cellomics pictures (CAN)

9541 DEM controls

ROS -0137, afterwards stained with Hoechst; 10eabje

DEM 10 mM Well B3 DEM 5 mM Well B4

DEM 10 mM Well C3 DEM 5 mM Well C4

DEM 10 mM Well D3 DEM 5 mM Well D4
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9.5.4.2 FeCk controls

ROS -0137, afterwards stained with Hoechst; 10eahbje

FeCk 0.03 mg/mL Well B6

FeCk 0.3 mg/ml Well B5

FeCk 0.3 mg/mL Well C5 FeCk 0.03 mg/mL Well C6

FeCk 0.3 mg/mL Well D5
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9.5.4.3 Pl-b-PEO-CHO

ROS -0137, afterwards stained with Hoechst; 10edbje

CHO 0.1 pM Well B8

CHO 1 pM Well C7 CHO 0.1 puM Well C8

CHO 0.1 uM Well D8
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9544 Pl-b-PEO-NH,

ROS -0137, afterwards stained with Hoechst; 10eahbje

NH, 1 uM Well B9

NH, 1 uM Well C9

NH2 1 pM Well D9 NH, 0.1 pM Well D10
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9.54.5 Pl-b-PEO-OH

ROS -0137, afterwards stained with Hoechst; 10eahbje

OH 1 uM Well E2

OH 1 pM Well G2 OH 0.1 pM Well G3
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9.5.4.6 Pl-b-PEO-COOH

ROS -0137, afterwards stained with Hoechst; 10edbje

COOH 1 M Well E4

COOH 1 uM Well G4
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9.54.7 Controll with only cells

ROS -0137, afterwards stained with Hoechst; 10eahbje

" |

controll B2 controll C2

controll D2
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9.5.5 Cellomics pictures (CAN) using cytotoxicity kit 2

AB49 cells, after 17 hours of incubation

9.551 Valinomycin

controll Well Fé controll Well Gé

WValinemycin 100 phd Well B2 WValinomycin 100 phd Well C2

WValinomycin 80 phi Well B3 Walinomycin 80 phd Well C3
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Valinomycin 50 phd Well B4 Walinomycin 50 phd 4

Valinomycin 20 phd Well BS Valinemycin 20 phi Well C5

.
Valinomycin 10 phd Well B& WValinemycin 10 phd Well C6
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9.5.5.2 CdCl, & FeCk control

CdCI2 100 phd Well D2 CdCI2 100 phd Well E2

CdC12 80 phd Well D3 CdCI2 B0 Well E3

2dC12 50 i Well D4 CdCI2 50 W Well E4
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CdCL2 20 phd Well D3 CdClz2 20 phd Well E5

CdC12 10 phd Well D6 CdCl2 10 pbd Well E6

FeCl3 100 M WellF2 FeCl3 100 ubiWell G2



Appendix

304

FeCls 80 phd Well F3 FeCls 80 phd Well G3

Fell3 50 phi Well F4 Fell3 50 phi Well G4

FeCls 20 pM Well ES FeCls 20 phd Well G5
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9.5.53 Pl-b-PEO-CHO

CHO 1 phd Well BY CHO 1 phd Well C7

CHO 500 nbd Well B CHO 500 b Well C8

CHO 500 nhd Well ES CHO 500 nhd Well CF
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CHO 2000 Well B10 CHO 2000 Well 210

CHO 100nhd Well B11 CHO 1000 Well C11

9554 Pl-b-PEO-OH

OH 1phd Well IV CH 1k Well EV
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OH 300 nhd Well D8 OH 300 nhd "Well E5

OH 500 ol Well D9 OH 500 nhd "Well ER

OH 200 nh Well D10 COH 200 nhd Well E10



Appendix 308

OH 100 ol Well D11 OH 100 o Well E11
9.5.5.5 Pl-b-PEO-COCOH
COOH 1 pbd Well FY COOH 1 phd Well G7

COCOH 800 nbd Well FB COOH 300 nbd Well 53
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COOH 500 nhd Well B9 COOH 500 nhd Well G9

COOH 200 obd Well F10 COOH 200 nhd Well G10

COOH 100 o Well F11 COOH 100 nhd Well G11
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9.6 Used chemicals and their safety precaution infoionat

Risk (R-) and safety precaution (S-) phrases usettheé classification, packaging, labelling

and provision of information on dangerous substance

Substance Hazard signs R-phrases S-phrases

Acetic acid C 10-35 26-36/36/37/39-45

Acetic anhydride C 10-20/22-34 26-36/37-45

Aceton F, Xi 11-36-66-67 9-16-26

Allylamine F,T,N 11-23/24/25-51/53 9-16-24/25-8%-

Amberlite® IR 120 (H) | Xi 26-36 36

Azobisisobutyronitrile E, Xn 2-11-20/22-52/53 39-41-61

a-Bromoisobutyryl

bromide C 22-34 26-36/37/39-45

Cadmium acetate Xn, N 20/21/22-50/53 53-45-60-61

45-46-60-61-25-26-

Cadmium(Il)chlorid T+, N 48/23/25-50/53 26-36/37/39-45

1,I-Carbonyldiimidazol| C 22-34 36/37

CDCl; Xn 22-38-40-48/20/22 36-37

Chloroform Xn 22-38-40-48/20/22 26-36
7/8-26-36/37/39-

Copper(l) iodide Xn, N 22-36/37/38-50/53 43.6-45

Cresyl violet perchlorate  Xi 36/37/38 26-36

Dess-Martin-

periodinane Xn 20/21/22-36/37/38 26-60

1,4 Diaza-

bicyclo[2.2.2]octane F, Xn 11-22-36/37/38-52/53  -22825-36/37

Dichlormethan Xn 40 16-26-36

N,N'-Dicyclo-

hexylcarbodiimid T 22-24-41-43 53-45

Diethoxymethan F, Xi 11-36/37/38 9-16-29-33

Diethyl ether F+, Xn 12-19-22-66 26-28-36/37/39-45

N-(3-Dimethylamino-

propyl)-N'-ethylcarbo- 9-16-29-33-36/37-

diimide hydrochloride | Xi 37/38-41 61-62

4-

Dimethylaminopyridine | T+ 25-27-36/37/38 26

N,N-Dimethylformamid | T 61-20/21-36 9-16-29-33-61-62

Dimethylsulfoxid Xi 36/37/38 26-34

Dodecyltrimethylammo

niumbromid Xi 36/37/38 26-39

Epichlorohydrine T 45-10-23/24/25-34-43 23-26-45
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Substance R-phrases S-phrases Hazard signs
1,2-Ethandithiol T 10-21/22-23-36 26-36/37-45
Ethanol F 11 26-36/37/39-45
Ethanolamine C 20/21/22-34 16-23-36
Ethyl acetate F, Xi 11-36-66-67 23-26-36/37/39-45
Ethylendiamine C 10-21/22-34-42/43 26-61
Ethylenediaminetetra-
acetic acid Xi 36-52/53 26-36/37/39-45
12-23-36/37/38-45-
Ethylene oxide F+, T 46 45-53-61
Hexadecylamine C 34 22-26-36/37/39-45
11-38-48/20-51/53-
n-Hexane F, Xn, N 62-65-67 22-24/25
Hydrochloric acid
>25% Xn, N 34-37 9-16-36-38-45-61
Hydrogen bromide (33%)| C 35-37 (2-)60-61
Hydrogen sulfide F+, T+, N 12-26-50 26-36
N-Hydroxysuccinimid 24-26-37/39-45
Imidazole C 22-34 22
Iron(l1l) chloride Xn 22-38-41 53-45
Isoprene F+, T 12-52/53-68 26-27-36/37/39
Lithium aluminium
hydride F,C 14/15-35 7-16-36/37-45
11-23/24/25-
Methanol F, T 39/23/24/25 28-45-60-61
Oleyl amine C; Xn 22-34 16-26-36
Pentafluorophenyl
trifluoroacetate Xi 10-36/37/38 16-26-36
n-Pentane F+, Xn, N 12-51/53-65-66-67 26-37/39
11-38-48/20-51/53-
Petroleum ether 50-70 F, Xn, N 62-65.67

Phenylacetic acid-4-
boronic acid pinacol ester

Propargyl alcohol
Propargylamine
Pyridine

Pyridiniumchlorochromat

Not completely proved substance

T,N
F, T
F, Xn
O, T,N

26-28-36-45-61
16-26-33-36/37/39-

10-23/24/25-34-51/5385

11-22-24-34
11-20/21/22
49-8-43-50/53

26-28
53-45-60-61
536561
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Substance R-phrases S-phrases Hazard signs
Pyridiniumdichromate T 49-43-50/53 26-36/37/39-45
Selenium T 23/25-33-53 20/21-28-45-61
Silica gel 40 22-24/25-26-61
Sodium azide T+ N 28-32-50/53 26-36/37
Sodium dodecy!
benzene sulfonate Xn 22-37/38-41 16-26-36
Sodium dodecyl sulfate| F, Xn 11-21/22-36/37/39-8516-26-43-45
7/8-26-36/37/39-
Sodium ethoxide F,C 11-14-34 43.6-45

Sodium hydride-
Suspension (60% in

Paraffin) F, C 15-34 26-37/39-45
Sodium hydroxide C 35
No dangerous product under the directive

Sodium sulfate 67/548/EWG 26-36/37/39

Succinic anhydrid Xi 26/37 26-36/37/39-45

Tetrabutylammoniumiod

ide Xn 22-36/37/38 16-29-33

n-Tetradecylphosphonid

acid Xn 36/37/38

Tetrahydrofuran F, Xi 11-19-36/37 16-25-29-33

Toluene Xn, F Nov 20 26-36/37/39-45
3-16-26-29-

Tosylchloride C 34 36/37/39-45

Triethylamine F,C 11-20/21/22-35 26-36/37/39-45

Trioctylphosphan C 34 26-39

Tri-n-octylphosphine

oxide Xi 38-41 36/37-60

Tri-n-phenyl phosphine| Xn 22-43-53 26-60-61

Zinc acetate Xn, N 22-36-50/53 22-26-36/37/39-38

Zinc stearate Xi 37 45-53
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9.6.1 Risk phrases (R-Phrases)

R1:
R2:
R3:
R4:
R5:
R6:
R7:
R8:
R9:

R10:
R11:
R12:
R13:
R14:
R15:
R16:
R17:
R18:
R19:
R20:
R21:
R22:
R23:
R24:
R25:
R26:
R27:
R28:
R29:
R30:

Explosive when dry

Risk of explosion by shock, friction fire ather sources of ignition
Extreme risk of explosion by shock frictiomefor other sources of ignition
Forms very sensitive explosive metallic conmuisi
Heating may cause an explosion

Explosive with or without contact with air

May cause fire

Contact with combustible material may cause fi
Explosive when mixed with combustible material
Flammable

Highly flammable

Extremely flammable

Extremely flammable liquefied gas

Reacts violently with water

Contact with water liberates highly flammabeses
Explosive when mixed with oxidising substance
Spontaneously flammable in air

In use, may form flammable/explosive vapdurraxture
May form explosive peroxides

Harmful by inhalation

Harmful in contact with skin

Harmful if swallowed

Toxic by inhalation

Toxic in contact with skin

Toxic if swallowed

Very toxic by inhalation

Very toxic in contact with skin

Very toxic if swallowed

Contact with water liberates toxic gas

Can become highly flammable in use
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R31:
R32:
R33:
R34:
R35:
R36:
R37:
R38:
R39:
R40:
R41.:
R42:
R43:
R44:
R45:
R46:
R47:
R48:
R49:
R50:
R51:
R52:
R53:
R54:
R55:
R56:
R57:
R58:
R59:
R60:
R61:
R62:

Contact with acids liberates toxic gas

Contact with acids liberates very toxic gas
Danger of cumulative effects

Causes burns

Causes severe burns

Irritating to eyes

Irritating to respiratory system

Irritating to skin

Danger of very serious irreversible effects
Possible risk of irreversible effects

Risk of serious damage to eyes

May cause sensitisation by inhalation

May cause sensitisation by skin contact

Risk of explosion if heated under confinement
May cause cancer

May cause heritable genetic damage

May cause birth defects

Danger of serious damage to health by pra@drexposure
May cause cancer by inhalation

Very toxic to aquatic organisms

Toxic to aquatic organisms

Harmful to aquatic organisms

May cause long-term adverse effects in thatg environment
Toxic to flora

Toxic to fauna

Toxic to soil organisms

Toxic to bees

May cause long-term adverse effects in tiver@mment
Dangerous to the ozone layer

May impair fertility

May cause harm to the unborn child

Possible risk of impaired fertility
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R63:

Possible risk of harm to the unborn child

R64: May cause harm to breastfed babies

9.6.2 Combination of risks

R14/15:
R15/29:
R20/21.:
R20/21/22:
R20/22:
R21/22:
R23/24:
R23/24/25:
R23/25:
R24/25:
R26/27:
R26/27/28:
R26/28:
R27/28:
R36/37:

R36/37138:

R36/38:
R37/38:
R42/43:
R48/20:
R48/20/21.:

Reacts violently with water, liberatinglly flammable gases
Contact with water liberates toxic, higiihmmable gas
Harmful by inhalation and in contact ws#in

Harmful by inhalation, in contact wikin and if swallowed
Harmful by inhalation and if swallowed

Harmful in contact with skin and if swailed

Toxic by inhalation and in contact withrsk

Toxic by inhalation, in contact withrsknd if swallowed
Toxic by inhalation and if swallowed

Toxic in contact with skin and if swallodve

Very toxic by inhalation and in contacttwgkin

Very toxic by inhalation, in contacthvskin and if swallowed
Very toxic by inhalation and if swallowed

Very toxic in contact with skin and if dieaved

Irritating to eyes and respiratory system

Irritating to eyes, respiratory systemd skin

Irritating to eyes and skin

Irritating to respiratory system and skin

May cause sensitization by inhalation skid contact
Harmful: danger of serious damage to hdajtprolonged exposure

Harmful: danger of serious damage @ithdoy prolonged exposure through

inhalation and in contact with the skin

R48/20/21/22: Harmful: danger of serious damadeetdth by prolonged exposure through

R48/20/22:

inhalation, in contact with skin and if swallowed

Harmful: danger of serious damage &ithdoy prolonged exposure through

inhalation, and if swallowed
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R48/21:

R48/21/22:

R48/22:

R48/23:

R48/23/24:

Harmful: danger of serious damage to hdaltprolonged exposure in contact
with skin

Harmful: danger of serious damage &ithdy prolonged exposure in contact
with skin and if swallowed

Harmful: danger of serious damage to hdaltprolonged exposure if
swallowed

Toxic: danger of serious damage to hdsjithrolonged exposure through
inhalation

Toxic: danger of serious damage tothdsl prolonged exposure through

inhalation and in contact with skin

R48/23/24/25: Toxic: danger of serious damage &ithdy prolonged exposure through

R48/23/25:

R48/24:

R48/24/25:

R48/25:
R50/53:

R51/53:

R52/53:

inhalation, in contact with skin and if swallowed

Toxic: danger of serious damage tothdsl prolonged exposure through
inhalation and if swallowed

Toxic: danger of serious damage to hdsjithrolonged exposure in contact
with skin

Toxic: danger of serious damage tothdsl prolonged exposure in contact
with skin and if swallowed

Toxic: danger of serious damage to hdajthrolonged exposure if swallowed
Very toxic to aquatic organisms, may cdasg term adverse effects in the
aguatic environment

Toxic to aquatic organisms, may cause teng adverse effects in the aquatic
environment

Harmful to aquatic organisms, may caueg-term adverse effects in the

aguatic environment

9.6.3 Safety precaution phrases (S-Phrases)

S1: Keep locked up

S2:  Keep out of reach of children

S3:  Keepin a cool place
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S4:
S5:
S6:
S7:
S8:
S9:

S12:
S13:
S14:
S15:
S16:
S17:
S18:
S20:
S21:
S22:
S23:

S24:
S25:
S26:

S27:
S28:

S29:
S30:
S33:
S34:
S35:
S36:
S37:

Keep away from living quarters

Keep contents under ... (appropriate liquidespecified by the manufacturer)
Keep under ... (inert gas to be specified bynth@ufacturer)

Keep container tightly closed

Keep container dry

Keep container in a well ventilated place

Do not keep the container sealed

Keep away from food, drink and animal feedingfs

Keep away from ...(incompatible materials tortukcated by the manufacturer)
Keep away from heat

Keep away from sources of ignition-No Smoking

Keep away from combustible material

Handle and open container with care

When using do not eat or drink

When using, do not smoke

Do not breathe dust

Do not breathe gas/fumes/vapour/spray (apiptepvording to be specified by
manufacturer)

Avoid contact with skin

Avoid contact with eyes

In case of contact with eyes, rinse immebjiatéh plenty of water and seek medical
advice

Take off immediately all contaminated clothin

After contact with skin, wash immediatelytwienty of ...(to be specified by the
manufacturer)

Do not empty into drains

Never add water to this product

Take precautionary measures against statbaliges

Avoid shock and friction

This material and its container must be disdmf in a safe way

Wear suitable protective clothing

Wear suitable gloves
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S38:
S39:
S40:

S41:
S42:

S43:

S44:
S45:

S46:
S47:
S48:
S49:
S50:
S51:
S52:
S53:
S54:

S55:

S56:

S57:
S58:
S59:
S60:
S61:
S62:

In case of insufficient ventilation, weartable respiratory equipment

Wear eye/face protection

To clean the floor and all objects contangddty this material use (to be specified by
the manufacturer)

In case of fire and/or explosion do not brdaimes

During fumigation/spraying wear suitable repry equipment (appropriate wording
to be specified by the manufacturer)

In case of fire, use ... (indicate in thecgpthe precise type of fire fighting equipment.
If water increases the risk, add "never use water")

If you feel unwell, seek medical advice (shibe/label where possible)

In case of accident or if you feel unwelklsenedical advice immediately (show the
label where possible)

If swallowed, seek medical advice immediagelg show the container or label

Keep at temperature not exceeding ... *Gdtspecified by the manufacturer)

Keep wetted with ... (appropriate materiddecspecified by the manufacturer)

Keep only in the original container

Do not mix with ... (to be specified by thamafacturer)

Use only in well-ventilated areas

Not recommended for interior use on largéaserareas

Avoid exposure - obtain special instructibatore use

Obtain the consent of pollution control auties before discharging to waste-water t
treatment plants

Treat using the best available techniquesrbefischarge into drains or the aquatic
environment

Do not discharge into drains or the enviromimeispose to an authorised waste
collection point

Use appropriate containment to avoid envimal contamination

To be disposed of as hazardous waste

Refer to manufacturer/supplier for informatan recovery/recycling

This material and/or its container must Ispased of as hazardous waste

Avoid release to the environment. Refer & instructions / safety data sheet

If swallowed, do not induce vomiting: seekdioal advice immediately and show the
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container label

9.6.4 Combined safety phrases

S1/2:
S3/9:
S3/7/9:
S3/14:

S3/9/14:

S3/9/49:
S3/9/14/49:

S3/9/49:
S3/14:

S7/8:
S7/9:
S7147:

S20/21:
S24/25:
S29/56:

S36/37:
S36/37/39:
S36/39:
S37/39:
S47/49:

Keep locked up and out of reach of children

Keep in a cool, well ventilated place

Keep container tightly closed in a coad]lwentilated place

Keep in a cool place away from ... (incatiige materials to be indicated by
the manufacturer)

Keep in a cool, well-ventilated place gfram ... (incompatible materials to
be indicated by the manufacturer)

Keep only in the original container inaol, well ventilated place

Keep only in the original containerinool, well-ventilated place away from
(incompatible materials to be indicated by the niacturer)

Keep only in the original container ina®l, well ventilated place

Keep in a cool place away from ... (incoripatmaterials to be indicated by
the manufacturer)

Keep container tightly closed and dry

Keep container tightly closed and in a wetitilated place

Keep container tightly closed and at goenmature not exceeding...°C (to be
specified by manufacturer

When using do not eat, drink or smoke

Avoid contact with skin and eyes

Do not empty into drains, dispose of théderial and its container to
hazardous or special waste collection point

Wear suitable protective clothing and gkov

Wear suitable protective clothing, gl®and eye/face protection

Wear suitable protective clothing, andfage protection

Wear suitable gloves and eye/face pratecti

Keep only in the original container at penmature not exceeding ...°C (to be
specified by the manufacturer)
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10 Erklarung

Hiermit erklare ich an Eides statt, dass ich didi®#gende Arbeit selbstandig verfasst und
keine anderen als die angegebenen Quellen undiiié benutzt habe.

Hiermit erklare ich, dass ich vorher keine Promgiersuche unternommen habe.

Elmar Poselt



