Functionalization and Characterization
of Magnetic Nanoparticles for
Biomedical Applications

Dissertation zur Erlangung des Grades

"Doktor der Naturwissenschaften"

im Fachbereich Chemie, Pharmazie und Geowissenschaften
der Johannes Gutenberg-Universitit Mainz

vorgelegt von

Kerstin Koll (geb. Schneider)

geboren in Mainz

Mainz, 2011



Dekan: ||
Erster Berichterstatter: _
Zweiter Berichterstatter: _

Datum der miindlichen Priifung:




Erkldrung

Die vorliegende Arbeit wurde in der Zeit von Juli 2008 bis Mai 2011 unter Anleitung von

I - dor Johannes-Gutenberg-Universitit Mainz, Institut fiir

anorganische Chemie und analytische Chemie angefertigt.
Ich erklére hiermit, dass ich die vorliegende Arbeit selbstindig und ohne fremde Hilfe ver-

fasst habe. Alle verwendeten Quellen und Hilfsmittel sind vollstindig angegeben.

Mainz, im Mai 2011



Fiir meine Mutter



Acknowledgments

During three years of working for a PhD thesis, the number of people that will influence the
final product are immense. While some will help on the professional level by discussing and
re-discussing results, others are part of this grand undertaking by listening when times are not

as rosy.

I sincerely thank _ for giving me the opportunity of working on such

an interesting field of research. For allowing me to introduce a little bit of Bio into the Inor-
ganic world of his lab. For letting me work on my pace and finally to allow me to travel the

world, broadening my mind.

_ jumped right into the idea of becoming my second advisor and

for that I am thankful. During different meetings, he was never short of new ideas.

_ was not only the first person who agreed to be part of my PhD

defense committee, she also sat through one hour of my PI defense. I am aware that quite a

lot of Bio was present. My gratitutes for this great new ideas and insides.

I would also like to thank_ for being on my PhD defence committee.
Already during my Diplomathesis, _ was a great and inspiring source

for new ideas. During my PI defense he did not only offer his knowledge, but further he of-
fered his lab in order to help with the scFvp53 project. Thank you for the opportunity to come

back to the |Jij-Group.

During my PhD thesis, I had the opportunity to stay in Toledo, OH, for three months. During
this time, _ helped me not only with starting the expression of
scFvp53. He also made sure that I did not run out of microbiology practice. Thank you for

letting me be in your team once again.

I s context 1 absolutely have to thanl

have a boring weekend during my stay in Toledo. The final weekend is still the memory I

keep dear. Although I have to say that not waking up with a cat trying to catch my feet with



its claws is kind of refreshing.

We had our discrepancies, but without the help o_, the cell lab would
not shine in its momentory glory. So thanks for all the benefitial tipps.

_, well, what can I say. Thanks for showing the biologist all

the work you can do using a Schlenk line. Thanks for letting me be a part of your research.
Thanks for listening to all my whining. Thanks for being such a great collegue and even better

friend. You provided me with so much more than just nanoparticles.

_, thank you for great team work, for showing me the necessary twist in
my thesis and for stopping me, when necessary.

I would also like to thank _ for its work, thank you (President) .
_ for sharing the bench (and restocking all the things I broke). Further I would like
to thank all members of the Bio-Nano small group and especially _
- and_. Are there any nanoparticles left?

I have once been told that my typing is rather loud, so sorry again. Thanks all members

of the old office team for still being able to finish their work. And thanks to the new office

team for all the great new ideas. I specially thank _ and (-)
_ for readily taking up the new office responsibility team.

A huge hank you goes 0 the TEX-Tear
=
possibly the greatest thanks goes t_ (who is going to kill me now...)

who sat with me during hours of utter frustration when the references would not want to be

accepted by this loverly program.

Further, I thank _ an_ for all their help in the cell-

lab. I hope you will have just as inspiring results in there as I had. I also thank all collaborators

who helped my with my thesis.

I promised her a long thank you, well, here it comes: _, you have

helped me tremendously with my work at the scFvp53. You did not only bring in new ideas,



you further answered my mails full of questions promptly and always with good ideas. You

always had great and awesome storys on hold and made sure I never got bored. Thank you!

I would also like to take this opportunity to thank the Birkel-Sister<|j||| | GKTKNN
I IS ' iz such zood iends, for al th

lovely discussions at the evenings and weekends and for organizing all the fun stuff. Thanks

for organizing our talks and for letting us stay on your couch!

"Zwei Dinge sollte ein Kind von seinen Eltern bekommen: Wurzeln und Fliigel!" (J.W. Goethe).
I thank my family for their support during these three years. I am aware that it was not always
easy to be around. But still, you were there to help me every step of the way. Thank you for

grounding me when I needed it (just remeber my first day at the university) and for giving

me wings (0 follow my dreams. Trank vou |

Finally, all my thanks go to _ Thank you for being there for me!






Abstract

Abstract in english:

This thesis addresses, describes and discusses the surface functionalization of MnO nanoparti-
cles (NPs) to enhance their solubility and their applicability as MRI contrast agents. Thereby,
different polymers were modified and tested. Briefly, silica coating will further be discussed.
It will be proven that the introduction of poly (ethylene glycol) (PEG) into the originally used
backbone polymer will enhance the stability of the MnO NPs in body fluids as well as it will
greatly improve the applicability of sterile filtration. Different strategies were then applied
in order to estimate the concentration of bound bioactive groups to the surface these NPs.
Therefore, different techniques such as SDS-PAGE, Bradford assay, Northern- and Western
blot as well as different fluorescence measurements will be addressed. Extensive in vitro as-
says of those and additional NPs will show that MnO NPs feature low toxicity when tested on
Cakil and HelLa cells and do not enhance or lower cell proliferation. Different cupper oxide
NPs thereby clearly showed toxic behavior. Further, the binding of a fluorescent dye, proto-
porphyrin IX, to PEG was achieved and such functionalized MnO NPs could be successfully
used as contrasting agents for MRI and additionally showed promising results when tested for
their applicability for the photodynamic therapy. Finally, the synthesis of an antibody against
pS53 will be discussed. This antibody therefore was designed in such a way that it can be fur-
ther applied to the surface of MnO NPs.



Auszug in deutscher Sprache:

Die vorliegende Arbeit beschiftigt sich mit der Oberflichenfunktionalisierung von MnO

Nanopartikeln (NP). Durch die Verwendung und Verbesserung verschiedener Polymere durch
die Einbindung von Poly (Ethylen Glycol) (PEG), gelang es, die Loslichkeit dieser Nanopar-
tikel in wissrigen Losungen sowie in Korperfliissigkeiten zu erhohen. Zusitzlich konnten
diese Nanopartikel deutlich besser steril filtriert werden und zeigten eine erhohte Aktivitit als
Kontrastmittel im MRT. Vorlaufige Ergebnisse fiir die Verwendung von Silika als Schutzhiille
fir MnO NP werden ebenfalls kurz erldutert. Die verwendeten Polymere besaBlen dabei
zugingliche Aminogruppen, die eine weitere Funktionalisierung durch Bio-aktiver Gruppen
ermoglichte. Der Nachweis einer erfolgreichen Bindung durch verschiedene Methoden wie
SDS-PAGE, Western- und Northern Blot sowie die Verwendung unterschiedlicher Fluoreszenz-
Messungen wird ebenfalls diskutiert. MnO NP und anderer magnetischer NP werden weit-
erhin auf ihr toxisches Verhalten gegeniiber Cakil und HeLa Zellen getestet. Dabei zeigte
sich, dass MnO NP, im Gegensatz zu einigen Kupferoxiden, quasi nicht toxisch waren und
das Proliferationsverhalten dieser Zellen quasi nicht beeinflussten. Weiterhin wurde ein Flu-
oreszenzfarbstoff, konkret Protoporphyrin IX, an die Oberfliche von MnO NP angebracht.
Diese konnten dann erfolgreich als Kontrastmittel in der MRT verwendet werden und zeigten
vielversprechende Ergebnisse fiir die Photodynamische Therapie. Desweiteren wird die Syn-
these des Antikorpers gegen p53 ausfiihrlich erldutert. Dabei wurde genau darauf geachtet,

dass dieser Antikorper dann an MnO NP gebunden werden kann.
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CHAPTER 1

Applications of nanoparticles in medicine, an introduction

The human body is remarkable. The skeletal enables us to walk, jump, or cary heavy items.
Different organs allow the uptake of nutritients, sort out necessary minerals from those which
are not needed anymore. Small nerves within the body are connected to the central control
organ, the brain, giving warning signs such as goose bumps when it gets too cold, or enables
sweating when the temperature is too high. Every day, the complete blood volume will pass
the kidneys roughly 300 times in order to clean it. We breathe approximatly 10-15 times a
minute, blink even more often. [1] Our brain catalogues every image, sound, touch or smell,
deciding within seconds if this is a necesarry information or if it can be deleted. Our heart beats
sometimes faster for no appearend reason. And all of this happens, mostly without our active
control. And usually, the every day mechanisms work without any side effects. The human
body, or more precisely each human cell, checks and double checks itself and neighbouring
cells for any wrong doing. Cells of the immune system circle the human body, helping to clear
everything that is non-self or help destroy cells which do not work like they are supposed to.
And still, sometimes one small step might go wrong, one protein within the cell might lose its
function or might be expressed in such quantities, that it works just too well. Usually, these
cells have lost the ability to undergo apoptosis and they will continue to split, grow and grow
without reacting to the stop signals of their healthy neighbours. Cancer has evolved. Since
these cells are not regognized by the immune system, their growth is not inhibited and will
finally lead to the death of the host system. [2]
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Chapter 1. Applications of nanoparticles in medicine, an introduction

Numerous methods are known today to fight cancer. The four dominant are chemotherapy,
photodynamic therapy, radiation and surgery. [3] The problem which arises is that the im-
mune system of the host usually does not help to fight this desease. In addition, in some
cases, the time of when cancer is regognized might be too late for an efficient therapy. Cancer
tissue is prone to form metastases, thereby spreading throughout the whole system. Finally,
drugs used against cancer usually attack all rapid growing tissues, resulting in loss of hair and
immuno efficiency. The prospect of today is the application of intelligent transport vehicles
which transport the drug to the target tissue without harming non cancerous organs of the pa-

tient.

Examples for such vehicles are nanoparticles (NPs). Already in the 70’s, Ringsdorf proposed
that the development of those will be a very benefitial tool to fight cancer. [4, 5] Usually, the
term nanoparticle desribes organic or inorganic particles with the size-range of 5-100 nm. This
particlular size is generally accepted, since nanoparticles smaller than 5 nm will be cleared by
the renal system too fast to allow a reasonable use as transport vehicles. Nanoparticles which
are larger than 200 nm are rapidly attacked by the reticuendothelial system (RES) and will
agglomerate within those organs (liver and spleen). [4, 6, 7, 8] The term nanoparticle does
not refer to the shape or the chemical nature thereof. [9] In the inorganic world, spheres,
rods, flower-like systems and many more are known. [10, 11, 12, 13, 14] The applications of
those nanoparticular systems are thereby not concentrated on biomedicine alone. The use as
catalysts or mass data storage are just a few examples. [15, 16] The current thesis however,

focusses on the use of metal oxide nanoparticles for the use as markers in the biomedical field.

Metal oxide nanoparticles have different magnetical behaviors than the bulk material. This
holds especially true for MnO NPs. MnO as bulk material is a typical antiferromagnet. With
dicrease in size however, the number of unsaturated surface spins increase in comparison to
the overall size of the NP. Other physical properties such as the single-domain limit as well
was the superparamagentic limit further contribute to the formation of a superparamagnet.
[17] Such materials are of special interest as contrast agents in the magnetic resonance imag-
ing (MRI). This method is a very poweful non-invasive imaging technique which is based on
measuring the proton relaxation in an externally applied magnetic field after being excited
with a radio frequency pulse. [15] It should be stated here that two different contrasts can be
addressed. The T’y contrast leads to a brightening (positive) in the signal, wherease T, leads
to darker (negativ) images. So far, Gd*-complexes are in routine use as T, contrasts, where-

ase iron oxide nanoparticles, so called SPIONS in particular, are used for an increase in the
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latter contrast. [15, 18, 19] When this technique was first described in the 1960’s, Mn based
contrasting agents were tested as well as promising candidates for T; contrasting agents. How-
ever, due to toxic effects, the idea was abstained from.[20, 21] Recently however, due to the

increase in nanotechnology, MnO NPs came again into focus for MRI application. [22, 23, 24]

Nanoparticles have shown very promising results for bio-medical application so far and will
possibly play a tremendous role for future applications. This is due to the fact that the surface
of those nanoparticles can be modified to fit perfectly for the needs at hand. The obstacle that
metal oxide nanoparticles need to be surface protected and altered to allow the use in biomed-
ical applications can be seen as a great benefit and can be used as an advantage. Since these
hydrophobic nanoparticles have to be functionalized with a hydrophilic and biocompatible
coating, this layer can be chemically designed in such a way that further functionalities are
added. There are different techniques that fit the purpose. Either using inorganic coatings such
as carbon or silica, or organic coatings such as lipids, proteins or polymers. [15] To address
all examples would clearly go beyond the scope of this thesis. Here, the use of polydentate

polymers, bi-functional ligands and silica coatings will be discussed.

One of the most applied surface protectors are polymers, poly (ethylene glycol) (PEG) thereby
has a exceptional possition due to its non-fouling properties and the fact that drugs, modified
with this compound show enhanced body circulation times. [15, 5] PEG was bound to a reac-
tive ester backbone polymer, which additionally featured fluorescent dyes, an anchor group as
well as 1,4 diaminobutane. In general, different anchor groups can be used such as carboxy-
lates, phosphates, phosphonates and thiols.[15] The focus of this thesis however, was the use of
dopamine (DA) which has gained general attention. The catchol group of this molecule allows
very effective binding to the surface of oxides such as Fe;O,4, 7-FeoO3 or MnO. [25, 26, 27]
Generally, when metal oxide nanoparticles are designed, adding of a capping agent within
the synthesis solution is of utter importance to hinder agglomerations and to allow growth of
single nanoparticular systems. [17] Using ligand exchange techniques, the capping agent was
succesfully replaced by the corresponding polymer. Previous studies have shown that the use
of a poly-functional polymer is applicable and succesfully stabilizes metal oxide nanoparticles
within the aqueous phase. [28, 29, 30]

In additon, a bi-functional ligand was designed using dopamine and PEG. This system was

used in order to simplify the general setup and in order to circumvent any cross linking be-

tween single nanoparticles. Finally, all results for polymeric functionalized nanoparticles were
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Chapter 1. Applications of nanoparticles in medicine, an introduction

compared to those, functionalized with a silica shell. All results will be discussed in chapter 2.

Polymers or silica shells further contribute to the functionality of the NPs. By introducing
functional groups such as amino- or carboxylic groups, further molecules such as fluorophores,
drugs or even other metal oxide NPs can be attached. This makes the applicability of NPs for
cancer treatment or treamtent of other fatal diseases so interresting. The polymers which were
designed in the course of this thesis all featured amino groups which were oriented on the
surface of the final nanoparticles. Using specific coupling reactants, the covalent binding of
proteins, RNA and DNA were tested and are addressed in chapter 3.

Today, the issue of toxic side effects is observed critically througout the scientific community.
Especially, since the development in nanoscience is comparatively fast, scepsis has replaced
the initial optimism. TiO, NPs for example, are extensively used for tissue engeneering, in
cosmetics and sunscreens. However, recent studies have shown that cells do react to these NPs
by increased inflammatory responses.[31, 32] Furthermore, a number of studies indicate that
iron oxide NPs, which are generally considered to be exceedingly safe, may be responsible
for the occureance of artheriosclerosis, rheumatic arthritis or neuroinflammation [6] and are
able to bypass the the blood brain barrier (BBB). [9] Since MnO or manganese oxide NPs in
general are relatively new in this field, less is known about their effect on the human system.

The issue of in vitro applicability will be discussed in chapter 4.

Nanoparticles in general can be used to deliver numerous drugs to the target site and allow
additional tracking in vivo. These theranostic nanoparticles can further be used for applica-
tions in therapies such as the phytodynamic therapy (PDT). This methods uses the ability of
certain fluorescent dyes (so-called photosensitizers), such as protoporphyrin IX, to be excited
upon radiation. This excitation can lead directly or indirectly to the formation of reactive oxy-
gen species (ROS) and ultimatively to cell death. In fact, this method showed such promising
results that it is in routine clinical use, especially to treat skin cancer. [3, 33] To combine the
contrast enhancement of MnO NPs in MRI with photodynamic therapy, a bifunctional ligand
consisiting of dopamine and PEG was covalently attached to protoporphyrin IX. Upon ligand
exchange of the capping agent of MnO NPs with this polymer, MnO NPs were created which
showed promising results in in vitro assays for PDT. This issue which will be adressed in

chapter 5.

Finally, single chains of different antibodies also gained recent attention in the medical appli-
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cability of NPs. In numerous publications, it was proven that the protein p53 is overexpressed
in numerous cancers. [34, 35, 36] Upon addition of the antibody against p53, the loss of
function could be reversed, the tumor did not increase in size or even showed signs of shrink-
ing. [34, 37, 38] In cooperation with the group of assistant Prof. Dr. D. Ronning (Toledo,
Ohio), the antibody fragment scFvp53 against pS3 was designed exclusively to bind to surface
functionalized NPs. A prescission protease cut site and a cystein C-terminus, allowing direct
binding to Au@MnO NPs were two features which were introduced into the peptide structure.
The synthetic strategies from the DNA level on, together with the isolation and crystallization

setups for additional proteins will be discussed in chapter 6.

This thesis should show that the synthesis of highly water soluble MnO NPs was achieved
by greatly improving the used polymer; that additional biofunctionalization is possible; that
MnO NPs show low toxicity even when kept for longer periods of time and that these NPs
show promising results as contrasting agents for MRI as well as promising candidates for the

photodynamic therapy.
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CHAPTER 2

Synthesis of water soluble magnetic nanoparticles and
their improvement

2.1 Introduction

Nanotechnology is no longer a phrase that is used in science fiction novels. It has found numer-
ous applications in modern life and more examples are bound to follow. A subgroup thereby is
the field of nanomedicine, letting scientists dream of a future without cancer. Nanomedicine
combines biology, chemistry, physics and genetics in order to design systems which might
work as biosensors, tissue replacements and many more. [8] Nanoparticles (NPs) typically
are between 1-100 nm in size and due to their small size, they feature unique physical protper-
ties coupled with a vast surface to volume ratio. [7, 39] This is what makes them so interesting
as nanocarriers in particular. The list of examples for NPs in the literature seem to be endless.
There are purely organic systems such as liposomes, dendrimers, micelles and microbubbles

[39, 8] or a mixture of organic material and inorganic NPs, such as quantum dots. [7, 40, 41]

Magnetic resonance imaging is a powerful non invasive technique that is in routine clinical
use for cancer diagnostic. To be able to take images of the human tissue, the magnetic mo-
ments of protons are used. Upon applicaton of an external magentic field, the spins of the
protons will aligne in plane to the magnetization M,,. When a radio frequency pulse, oriented

perpenticual to the magnetic field is now switched on, the spins of the proton flip, standing
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Chapter 2. Synthesis of water soluble magnetic nanoparticles and their improvement

perpendicular to the induced magnetic field as well. After being excited into this state, the
pulse is again switched off and as a result, the protons will relax into the original direction
M, upon loss of energy. This relaxation can thereby follow one of two possibilities which is
dependent on the tissue of the patient. One possibility is that these spins, after being excited
into the frequency pulse magentization M, release their energy by transferring it to the sur-
rounding enviroment. Therefore, this effect is known as spin-lattice or longitudinal relaxation,
also known as T relaxation. The faster this energy transfer can take place, the faster the pro-
tons can be excited again. Therefore, the image gets brighter with decreasing 7'; relaxation
time.

A second mechanism is referred to as 75 or transfer relaxation. Directly after the protons are
excited, all spins are in phase. With time, a process of dephasing starts, weakening the MRI
signal. Therefore, T, weighted iamges are also referred to as negative signals. Dephasing can
take place when spins interfere with themselves (spin-spin interaction). The typical T relax-
ation takes place. However, due to imhomogeneities of the magentic field, such a dephasing
will always take place. Inhomogeneities can arise friom the magnetic coils of the MRI scan-
ner or from the patient. Therefore, this effect is referred to as T5* and is always present as
background noise. From the start of MRI in the 1960’s, different contrasting agents have been
tested and have shown promising results. Today, the most used ones are Gd**-complexes and
different iron oxide NPs. [42, 43] Recently, manganese oxides have joint this group.[24, 44]
So far, one Mn containing MRI contrast agent has been approved in clinical trials. [18, 15]

Metal oxide NPs are hydrophobic by nature. For the application in living system however,
a water soluble form is favored since then the administration and body distribution is signif-
icantly enhanced. Further, agglomerations within small confinments such as the venes of a
patients needs to be excluded to not risk embolism. [45] To overcome this obstacle, several
possibilities have shown promising results in the past. Examples thereby are surface coat-
ing with micellar amphipihiles, bifunctional ligands and their cross-linkable variants thereof.
[41, 16]. Another possibility is the use of multidentate polymers and silica coatings. [46, 47]
The most promising polymer for surface functionalization thereby is the FDA approved poly
(ethylene glycol) (PEG). Numerous studies have shown that NPs or drugs functionalized with
PEG have prolonged body distribution times and these systems have the ability to circumvent
opzonisation; a reaction of the immune system of the host in order to clear the blood from
invading pathogens. [48, 39] In order to be able to bind polymeric systems to the surface if
NPs, a ligand transfer is necessary, since magnetic NPs usually feature capping agents. [17]

The capping agent and the polymer will compete and only the molecule which binds more
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strongly to the NP surface will ultimatively suceed. Catechols have proven to be very promis-
ing candidates for strong binding, especially since this molecules allows bidental binding.
This molecule can further be found naturally in proteins of certain mussels, enabeling the
strong binding to, e.g. the ship hull. [15] Therefore, the use as anchor group towards surface
modification of MnO NPs was feasible. This chapter will therefore focus on the character-
istics of MnO NPs functionalized with three different polymers. First, a backbone polymer
was functionalized with dopamine as an anchour group and 1,4 diaminobutane which allows
further functionalization. Finally fluorophore nitro-benzoxotriazol (NBD) was attached. This
fluorescent molecule can be used to detect NPs in vitro and in vivo. This polymer was then
further attributed with a PEG chain. The chemical and physical properties of MnO NPs func-
tionalized with a bifunctional ligand was further tested. In addition, preliminary results for
Si0,@MnO NPs are given.
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2.2 Experimental Section

Materials: MnO nanoparticles were kindly provided by Dr. Thomas D. Schladt. The back-
bone polymer was kindly provided by Dr. Florian D. Jochum (Group of Prof. Dr. W. Zen-
tel, organische Chemie, Universitit Mainz). NBD piperazin was kindly provided by Jugal
Kishore.

NBoc-1,4 diamonobutan; O,O’-bis(2-aminopropyl) poly - propylene glycol - block - polyethy-
lene glycol - block - poly - propylene glycol 800 (H,N-PEG-NH,), triethylamine, di - tert-
butyldicarbonat (boc), ethyl ether, dichloromethane (DCM), 3,4 dihydroxycinnmic acid, di-
cyclohexylcarbodiimide (DCC), HNO3 and NH,OH were purchased from Sigma-Aldrich and
were used without further purification. 3 - hydroxy - tyramine hydrochloride, dry DMEF, triflu-
oroacteic acid, NaHCO3 and MgSO, were purchased from Acros. VWR delivered hexane and
NaCl, wherease N-hydroxsuccinimide was purchased from Fluka. Chloroform was purchased
from Roth and 1,4 dioaxane from Fisher Scientific. HOBt (N-hydroxybenzotriazol) came
from IRIS Biotec. McCoys 5A cell culture medium with phenol red, RPMI 1640 cell cul-
ture medium without phenol red, non-essential amino acids (NEA), penicillin-streptomycin
(PEST), L-gluthamine, fetal bovine serum (FBS), phosphate buffer saline (PBS, 1x), cell
counting kit 8 (CCK®), trypsin (0.25% EDTA solution) and trypan blue solution (0.4%) were
purchased from Sigma-Aldrich (Germany). Mycokill was provided by PAA, Germany. Lyso-
tracker DND-22 blue was provided by Invitrogen. Human blood serum was kindly provided
from Robert Westphal (Group of Prof. Dr. Dietz).

Equipment used: For cell counting, the counting chamber Fuchs Rosenthal was provided
from Marienfeld (depth 0.2 mm, area 0.0625 mm?). All cell works were done under a laminar
flow box (HeraSafe class II, Type HS12, Heraeus Germany) and were incubated in a ShelLab
incubator (purchased from Novodirekt Germany) at 37 °C, 95 % relative humidity and 5 %
CO, (Protador E290). Cells were checked regularly using an invers microscope (Motic AE20,
magnification 4 x, 10 x, 20 x, 40 x). For vitality measurements, an ELISA reader Titertek
Plus MS 212 (ICN, Eschwege, Germany) was used. Atomic absorption measurments were
performed on Perkin-Elmer, 5100 ZL. Magnetic resonance imaging was performed using a
clinical 3.0 T MRI scanner (Magnetom Trio, Siemens Medical Solutions, Erlangen, Germany)
in collaboration with Stefan Weber in the group of Prof. Dr. L. M. Schreiber, medizinische
Physik, Universititsklinik, Mainz. 300 mesh copper grids covered with a carbon film (Science
Services) were used for TEM sample preparation and were measured on a Phillips EM 420
equipped with a LaBg cathode and an acceleration voltage of 120 kV. The information limit

was 0.2 nm. Slow scan CCD-Camera (2k x 2k) was used for documentation. UV-Vis spectra
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were measured using a UV-Vis-NIR spectrophotmeter Cary 5G, Varian. Milli-Q with a con-
ductance of 18 MQ2 cm~! was genarated using a Millipore Synergy 185 facility with a Simpak
2 0.22pm Millipore Express filter. The dialysis membrane was purchased from Spectrumlabs
with a cut-off size of 3500 g/mol. Syringe filters for sterile filtration were purchased from
Millipore, using Millex GS 0.22 pim and Millex HA 0.48 ym pore sizes.

Synthesis of Polyl and PEG-Poly: Both polymers were synthesized generally in the same
way. Difference being that for PEG-Poly a PEG group was further introduced. The poly (ac-
tive ester) poly(pentafluorophenylacrylate) (PFA) was prepared as reported earlier. [? 49, 50]
GPC analysis of the obtained polymer (THF, light scattering detection) gave:

M,, = 16,390 g mol !, PDI = 1.39, with an average of 70 repeating units.

For the synthesis of the multifunctional poly(acrylamides), poly(active ester) poly(pentafluoro-
phenylacrylate) (300 mg, 1.26 mmol repeating units) was dissolved in a mixture of 10 mL dry
DME. After that, 3-hydroxytyramine hydrochloride (50 mg, referred to as DA) dissolved in
1 mL DMF and 0.3 mL triethylamine was added and the reaction mixture was stirred for 2
hours at 50 °C under argon. The fluorescence dye NBD was introduced by mixing 6.3 mg
NBD-piperazin with 1 ml DMF and 0.3 ml triethylamine and adding this mixture to the poly-
mer solution. Stirring at 50 °C was continued for 2 h before adding NBoc-PEGggo-NHs (syn-
thesis described below) by premixing 366 mg of this compound with DMF and triethylamine
as described above (only for PEG-Poly, for Poly1 this step was skipped). Again, the solution
was stirred at 50 °C for 2 h. In the final step the remaining active ester groups were sub-
stituted using an excess of NBoc-1,4-diaminobutan (dissolved in 2 mL dry DMF and 0.3 ml
triethylamine) and the solution was stirred overnight at 50 °C. The solution was concentrated
to about 2 mL and the polymeric ligand was precipitated by addition of cold ethyl ether. The
precipitated polymer was centrifuged and the solvent was decanted. Upon drying, an orange
oil was obtained.

Cleavage of the Boc group: The polymer obtained above was dissolved in CH;Cl; (40 mL).
After that, trifluoroacetic acid (2.0 mL) was added and the mixture was stirred at room tem-
perature for 2 h. The solution was concentrated to 10 ml and hexane (30 ml) and water (40 ml)
were added. After stirring at room temperature for 30 min, the polymer was completely trans-
ferred to the aqueous phase. The organic phase was washed twice with water and the combined
aqueous phases were concentrated and dialysed against deionized water for 2 days (cellulose
bag, MWCO = 3,500). Finally, the water was evaporated and the product was redissolved in
chloroform to make a stock solution which was kept at 4 °C. In case of Poly1, the polymer
was redissolved in DMF.

Synthesis of Boc protected bis-amine-PEG (NBoc-PEG-NH,): The synthesis was in accor-
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dance to [51]. In a typical reaction, a solution of (boc),O (0.02 mol) in 30 mL of anhydrous
dioxane was added drop wise to a solution of NHy-PEG-NH; (0.1 mol) in 50 mL anhydrous
dioxane. The resulting solution was stirred overnight at room temperature. The solvent was
evaporated, and the oily product obtained was dissolved in 50 mL of water and extracted using
50 mL of CH,Cly (three times). The combined organic phases were washed with a concen-
trated solution of NaCl and dried over anhydrous Na;SO,. The resulting organic phase was
concentrated by rotary evaporation to produce a viscous, colourless oil. Further purification
was achieved by flash chromatography on silica using a CH,Cl, / ethanol mixture (2:1) as
eluent.

Synthesis of DA-PEG: The synthesis of DA-PEG was performed in two steps. First one
amino group of O,O’-bis(2-aminopropyl) polypropylene glycol-block-polyethylene glycol-
block-polypropylene glycol 800 (HoN-PEG-NH,) was protected by introducing a Boc group,
then dopamine (DA) was covalently attached to the PEG-backbone. Finally the protective
group was removed to leave DA-PEG-NH; which is referred to as DA-PEG. In a typical reac-
tion, 10 mmol of HoN-PEG-NH, was dissolved in 100 mL of dioxan under standard Schlenk
conditions. 10 mmol of triethylamine was added and the solution was allowed to stir vig-
orously for 30 min at room temperature. 10 mmol di-tert-butyl-dicarbonat ((Boc);O) were
dissolved in 50 mL of 1,4-dioxan and added dropwise to the HoN-PEG-NHs solution (at a
constant speed of one drop per second). The reaction was allowed to proceed overnight at
room temperature under an inert atmosphere. After removal of the solvent the crude product
was transferred into dichloromethane. The organic phase was washed three times with aque-
ous saturated NaCl solution and subsequently dried over MgSO,. Further purification was
achieved by flash chromatography using a silica column and a mixture of dichloromethane
and ethanol (ratio 2:1) as eluent. Evaporation of the solvent produced a viscous colorless oil.
Conjugation of NBoc-PEG-NHj to 3,4-dihydroxyhydrocinnamic acid (DA) was performed by
a common DCC coupling reaction under inert conditions. First, 3,4-dihydroxyhydrocinnamic
acid (5 mmol) and HOBt (5.1 mmol) were dissolved in 10 mL of dry DMF and stirred at
room temperature. After 10 minutes DCC (5.1 mmol in 10 mL of dry DMF) was added,
and the solution was stirred for another 10 minutes before NHS (5.1 mmol in 10 mL of dry
DMF) was added dropwise over a period of 30 minutes. The reaction was continued for 2
hours. The resulting DA-NHS ester was subsequently added to a stirred solution of NBoc-
PEG-NH; (5§ mmol) in 15 mL of dry DMF over a period of 45 minutes. The solution was
stirred overnight at room temperature. After removal of the urea side product by filtration, the
crude product was transferred to chloroform. The organic solution was extracted several times

with a saturated NaCl solution and washed with Milli-Q water. The solvent was evaporated
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and the oily residue redissolved in dichloromethane. Cleavage of the BOC protection group
was accomplished by addition of trifluoroacetic acid and stirring at room temperature for two
hours. After removal of DCM the product was dissolved in 40 mL of chloroform and washed
with a saturated aqueous NaHCOj3 solution and Milli-Q water. The organic phase was dried
over MgSO, and the solvent removed in vacuo to produce a light brown oil.
Functionalization of the MnO NPs:

MnO@Polyl: In a typical reaction, 30 mg MnO nanoparticles were dispersed in 10 ml dry
DMF with the help of an ultrasonic bath and under inert conditions. 30 mg Polyl was added
dropwise using a syringe. Upon complete addition, the solution was stirred vigorously at
60 °C over night. Excess polymer was washed off by centrifugation. MnO@Poly1 were dried
and weighed. If not stated otherwise, this sample was then redissolved in water with the help
of an ultrasonic bath. The concentration was measured using AAS. If not stated otherwise, all
concentrations were referred to the Mn concentration as was measured by AAS.
MnO@DA-PEG and MnO@PEG-Poly: In a typical reaction 30 mg MnO NPs were dissolved
in 40 mL of chloroform and added dropwise to a solution of 30 mg DA-PEG or PEG-Poly

in 40 mL of chloroform under argon. The solution was stirred overnight at room temperature

and subsequently concentrated to 10 mL by rotary evaporation. 30 mL hexane and simul-
taneously 40 mL Milli-Q water were added under vigorous stirring. Stirring was continued
for 30 min after hexane and water were added completely. The aqueous phase containing the
MnO NPs was separated and the final Mn concentration was estimated by atomic absorption
spectroscopy (AAS).

Filtration of MnO-NP and characterization with AAS: MnO nanoparticles functional-
ized with different polymers in water were applied to syringe filters with different pore sizes
(0.22 pm and 0.45 pm) which were prewashed with 1 ml water. After the solution was filtered,
the filter was washed again with 0.5 to 1.5 ml of deionized water. Both flow through fractions
were combined. In a typical experiment, 50 ul of each sample was mixed with approx. 4 ml
deionized water and 5 drops concentrated HNO3. Each sample was heated to allow short boil-
ing. After the reaction mixture was cooled down, the pH was raised to 1-3 using NH,OH
(usually 3 drops were added). Each sample was backfilled to S ml and the Mn amount was
measured using AAS (Perkin-Elmer 5100 ZL). After including all dilution steps, the results
were compared to the original sample.

Long-term stability of MnO NP in blood serum: MnO nanoparticles functionlized with
DA-PEG, Poly1 or PEG-Poly, were transferred to water and were diluted with blood serum.
In a typical experiment, the concentration of MnO-NP was set to 25 ug/ml for MnO @DA-
PEG and MnO @PEG-Poly and 91.25 pg/ml for MnO@Poly1 by mixing 250 pl blood serum,
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MnO NP and water to gain a final volume of 1 ml. A control sample was prepared by mixing
blood serum and water in the same ratio. Additionally, a control sample of MnO@Poly1 was
made by diluting this sample in water without further adding blood serum (final concentration
91.25 pg/ml). All samples were checked right after mixing, 24 h later and 120 h later. All
samples were kept at room temperature without direct sunlight.

Magnetic resonance imaging: MnO @DA-PEG, MnO @PEG-Poly and MnO @Poly1 as well
as water as a control were diluted to 100 pg/ml and were directly applied to MRI measurments
in collaboration with Stefan Weber (group of Prof. Dr. L. Schreiber, Institut fiir medizinis-
che Physik, Klinik und Polyklinik fiir diagnostische und interventionelle Radiologie, Uni-
versititsklinik Mainz). MR signal enhancement effects were measured on a clinical 3.0 T
MRI scanner. Signal reception and radio frequency (RF) excitation was performed using a
8-channel knee coil. For the 77-measurement, a saturation prepared (SR) snapshot fast low
angle shot (SR-TurboFLASH) pulse sequence with repetition time (TR) / echo time / flip an-
gle = 3.0 ms/1.5 ms/20° was used with varying saturation times starting from 20 ms up to
8000 ms. For measuring the 75 relaxation time, a multi-echo spin-echo pulse sequence with a
total of 32 echos and TR = 5000 ms was used, the echo time was varied from 7 ms to 224 ms.
Light scattering experiments: All experiments were done in cooperation with Michael Diet-
zsch (AK-Tremel) and with kind support of Dr. Karl Fischer, group of Prof. Dr. M. Schmidt
(Institut fiir physikalische Chemie, Universitit Mainz). Tested were MnO @PEG-Poly and
MnO@DA-PEG. Latter once were tested more extensively and therefore the focus will be on
these NPs. All MnO NPs were sterile filtered using a syringe filter with a pore size of 0.22 ym
and additionally with a pore size of 0,1 ym (33 mm, Millex VYV filter). An aqueous solution
of MnO@DA-PEG with the Mn concentration of 134.9 ug/ml was dissolved with a 1.5 M
NaCl solution to lead to a final Mn concentration of 45 pg/ml and 1 M NaCl, respectively.
This was done in order to exclude any electrostatic or interparticular interactions. 2 mL of this
solution was placed in a quartz cuvette (Hellma) with an outer diameter of 20 mm. Measure-
ments were done using multi-angle experiments which were meausured at 207 C, using a
light scattering instrument ALV/CGS-8FDLS/SLS 5022F Goniometer, an ALV-7004 correla-
tor, a 200 mW HeNe-laser (A= 633 nm) and an APD Avalanche Photodioden Detectorsystem.
Multi-angle experiments were further characterized at 6= 30, 47, 64, 81, 98, 115, 132 und
149" testing 5 measurments every 60 sec. Single-angle measurments were cross correlated

at 0 = 30%rc. All results were evaluated using a biexponentiol fit.
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2.3 Results and Discussion

2.3.1 Surface functionalization of MnO nanoparticles using
different polymers

Properties of the used polymers: Due to the synthetic route for MnO nanoparticles (MnO
NP), the surface was covered with the capping agent, in this case oleic acid. Capping agents
are important during the synthesis since they enable the growth of small seeds and circumvent
the formation of agglomerates. That this method is justified in order to create monodispers
nanoparticles, was proven previously [17]. Helpful for the synthesis procedure, these capping
agents now need to be replaced by other ligands that are water soluble. This thesis based
on previous work of Dr. Ibrahim M. Shukoor, who used a special polymer to increase the
solubility (Polyl). MnO@Polyl nanoparticles could then be used to further bind bioactive
groups (see 3 and [52, 30, 28]). However, during the course of this thesis, major drawbacks
became apparant which resulted in first the alteration of polymer and finally to the synthesis
of a simplified polymer that served the purpose of solubilization just as fine. Functionalization
procedures and different characterizations with MnO nanoparticles, functionalized with one of
the three polymers will be described in this chapter. The chemical structures of the polymers
used are sketched in figure 2.1.

The first polymer used in this thesis is given in figure 2.1 a. The backbone polymer as pro-
vided featured reactive ester groups (underlined in gray). These active groups were reactive
towards amino groups and were stepwise replaced by first the nanoparticle anchoring group
dopamine (DA) shown in blue. The fluorescence dye NBD (green) was introduced first by
creating a NBD-piperazin derivative which then was coupled to the backbone polymer. Fi-
nally, 1,4-diaminobutan (orange) was introduced. All steps were done in an one pot synthesis
and were mixed at 50-60 ° C over night. To avoid cross linking reactions, 1,4-diaminobutan
featured a BOC protection group on one side which was cleaved after precipitation in ice cold
either and resuspension in dichloromethane by adding trifluoroacetic acid. The final product
was dried, weighted and kept in DMF or water prior to use. Note that after the final step, all
reactive ester trifluoro-toluene groups were replaced by one of the groups described above.
PEG-Poly (figure 2.1 b) was obtained by further introducing polyethylene glycol (PEG) with
an approximate molular weight of 800 mg/ml and an approximate chain length of 12-15 re-
peating units. The general synthetic setup however, was kept. PEG was also introduced with
a single BOC protection group which was pre-synthesized. Different amounts of PEG were

tested, first being that 1,4-diaminobutane was replaced completely by PEG. However, it was
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observed that possibly not all reactive ester groups could be replaced due to steric hindrance.
Therefore 25 % PEG (molar ratio compared to a monomer of the backbone polymer) was used.
Excess of 1,4-diamonobutan was then added to replace the remaining reactive ester groups.

Finally, the system was simplified by coupling DA with PEG as is sketched in figure 2.1 c.

- B n

Figure 2.1: Polymers used for solubilize MnO NP: Different polymers were used to solubi-
lize magnetic nanoparticles in aqueous solution. a: Polyl, a reactive ester back-
bone polymer (shown in gray) which was stepwise replaced by the NBD (green),
1.4-diaminobutane (orange) and dopamine (blue). b: PEG-Poly using the same
backbone but introducing PEG. c: simplified polymer consisting of the anchoring
group dopamine and PEG with chemical accessable amino groups.

The aminogroups were first single protected using BOC. The free amino group was reacted
with dicyclohexylcarbodiimid (DCC) and 3,4-dihydroxycinnamic acid, a derivative of DA. As
a last step, the Boc group was then again cleaved using trifluoroactic acid.

All polymers and their solubility behavior are described in table 2.1.
Synthetic steps for functionalization: Due to the choice of the capping agent during synthe-

sis, solubility was limited to non-polar solvents such as hexane or chloroform. Poly1 however,

was only soluble in polar solvents such as water or DMF. Therefore MnO nanoparticles had
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Table 2.1: Polymers with abbreviation used to functionalize MnO nanoparticles

Abbreviation Composition Soluble in:
Poly1l Backbone polymer DMF
containing and
DA, NBD Water

1,4 diaminobutan

PEG-Poly  backbone polymer DMF

containing CHCl;
DA, NBD, PEG and
1,4 diaminobutan water
DA-PEG PEG water, DMF
and DA and CHCL4

to be dispersed in DMF with the help of an ultrasonic bath. Polyl in DMF (attributed with
one drop of water) was added dropwise and the ultrasonic treatment was kept for additional
30 min. Finally, the reaction was stirred at 60 °C over night. The general setup is shown in
figure 2.2 a.

When PEG was introduced to the backbone polymer, the resulting PEG-Poly was soluble
in chloroform. One monomer of this polymer thereby carried more than one anchoring group
which were distributed statistically. To avoid cross linking between single MnO nanoparticles,
MnO NPs were added to the polymer rather than the other way around (see figure 2.2 b) by
using a dropping funnel. In addition, the concentration of both, polymer and NPs were raised
by the factor three. After complete addition, the reaction was stirred over night at room tem-
perature. MnO @PEG-Poly NPs were precipitated with hexane and immediatly redissolved in
the same flask by adding water. Due to hexane, the organic phase had a lower density than
water. Separation of both phases was achieved by a separatory funnel wiht the organic phase
above the water phase(see figure 2.2 c¢). It can be orbserved that the upper organic phase was
colorless, wherease the aqueous phase showed a brown color. AAS measurments as well as
TEM confirmed that this phase contained MnO NPs. To allow for better separation between
both phases, the aqueous phase was further centrifuged. In all cases, a small pellet was formed
which is shown in figure 2.2 d. The origin of this pellet will be discussed later in this chapter.
Generally the exact same steps were done when DA-PEG was used. The final product was

concentrated to usually 10 ml and the Mn concentration was measured using AAS.
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Figure 2.2: Functionalization setup for MnO NP: MnO@Poly1 NPs were functionalized by
dispersing MnO NPss in an ultrasonic bath (a). Polyl was added using a syringe.
MnO @PEG-Poly and MnO@DA-PEG NPs were synthesized by dropping MnO
nanoparticles in CHClI; to a solution of the corresponding polymer (b). Transfer
into the aqueous phase was done by precipitation with hexane and simultaneously
adding water (c). The aqueous phase was centrifuged. A small pellet was found
(d) but also a colorless organic phase with a brown colored water phase (e).

Sterile filtration applicability: All synthesis steps were done under synthetic lab condi-
tion. However, when NPs shall be used for medical purposes, sterility needs to be guaranteed.
The easiest method to allow this, is the so called sterile filtration. Fluids are washed through
a filter with a defined pore size (e.g. 0.22 um). Perturbing parts such as bacteria or other
parasites are thereby successfully retained in the filter. However, MnO nanoparticles function-
alized with different polymers are composite materials and might also be blocked by the filter.
To address this issue, different pore sized filters were tested. An aqueous sample of MnO
with the corresponding polymer was applied to syringe filter with the pore size of 0.22 um
and 0.45 pm, respectively. The flow through fractions, as well as the original sample, were
characterized using atomic absorption spectroscopy (AAS). After including all dilution steps,
the final concentration was compared to the original sample and plotted as percent in compar-
ison to the control in figure 2.3 a. MnO NPs were brown in color, a fact that was kept even
when surface functionalized using any polymer. Therefore, a visual check of the flow through

fraction already gave a hint of the filtration success. In case of MnO@Poly1 NPs, the flow
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through was colorless. The nearly complete absence of MnO@Poly1 NPs was confirmed by
AAS measurements as is shown in figure 2.3 a. The Mn concetration did not exceed more
than 15 % and was independent of the pore size of the used filter. MnO @PEG-Poly NPs on
the other han, were only retained to approximatly 6 % compared to the original sample, which
was supported by the brown color of the flow through. For MnO @DA-PEG NPs the filter with
a pore size of 0.22 um retained approximately 12 %, wherease the use of the 0.45 m sized
filter showed an increase of approximately 20 % when compared to the original sample. This
filter was washed more thoroughly which might be the reason for this outcome. Mistakes in
the measurement itself cannot be excluded either.

Due to the successful application of syringe filters, MnO @DA-PEG and MnO @PEG-Poly
NP NPs were sterile filtered using a syringe filter with the pore size 0.22 ym prior further use.

NPs functionlized with Polyl were not treated further.

Stability in body fluids: MnO @DA-PEG and MnO @PEG-Poly NPs could be stored in water
at 4 °C for months without any agglomeration. However, when particles shall be applied in
vivo, the stability needs to be confirmed in bodyfluids. Therefore, MnO NPs functionalized
with different polymers were incubated with human blood serum and were kept at room tem-
perature for up to 5 days. MnO NPs were diluted in water and 1/4 total volume blood serum.
Resulting samples were then photographed and are displayed in figure 2.3 b.

The upper lane shows NPs immediatly after preparation, the following lane shows the same
NPs after 24 h and finally after keeping the samples at room temperature for 120 h. MnO @Poly1
NPs without serum (MnO @Poly1-W) immediatly agglomerated, even when freshly prepared.
When serum was present (MnO@Poly1), agglomeration occurred within a day. MnO@DA-
PEG as well as MnO@PEG-Poly NPs were stable within this time period, independent of
whether serum was present or not (latter data not shown). However, every raction tube which
contained blood serum, displayed a white precipitate. This observation was made for the con-
trol sample as well as samples where blood serum and NPs were co-incubated. Upon loading
this precipitate on a 10 % SDS-PAGE, it could be shown that protein degration occured (data
not shown).

MnO @PEG-Poly and MnO@DA-PEG NPs were further tested by incubation with FBS, cell
media as well different buffers including buffers with a high and a rather low pH. In all cases,
the particles were stable throughout the experiment (usually keeping samples at room temper-
ature over night) and no agglomeration occured (data not shown). These results indicate that

the use of PEG allows excellent long term stability in different solvents.
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Figure 2.3: Filtration applicability and long term stability of MnO based nanoparticles:
a: MnO nanoparticles functionlized with the corresponding polymer were filtered
using syringe filters with a pore size of 0.22 ym and 0.45 pm, respectively. The
flow through was characterized via AAS and the resulting Mn concentration was
compared to the original sample before filtration. b: MnO-NP with different
polymers were mixed with blood serum and were kept at room temperature for
up to 120 h. In addition, serum only and MnO@Poly]l nanoparticles in water
(MnO@Poly1-W) were tested.

UV-Vis measurments: MnO nanoparticles functionalized with Polyl or PEG-Poly were di-
luted to give a final concentration of 100 ug/ml. Samples were measured between 800 and
260 nm and the results are given in figure 2.4. Both samples show a general increase of
the absorption with shorter wavelength which is a general attribute of nanoparticles. For
MnO@Polyl NPs a slight maxima was be observed around 500 nm which is due to bound
NBD dye. This maxima was much more pronounced for MnO @ PEG-Poly. In addition, a sec-
ond, much smaller maxima can be seen at around 660 nm. The origin of this peak is unknown.
In both cases however, a defined absorption at around 280 , which accounts for the dopamine

group, could not be identified.
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Figure 2.4: UV-Vis spectra of MnO nanoparticles functionalized with Polyl (black) and
PEG-Poly (light gray), respectively. All samples were measured in water. Mea-
surments were taken from 800 to 260 nm.

MRI applicability: MnO nanoparticles were tested for their applicability as 7 contrasting
agents in MRI. Therefore, MnO nanoparticles with roughly the same size (8-9 nm MnO core
size) were functionalized with Poly1, PEG-Poly and DA-PEG and were diluted with water to
a final concentration of 100 pg/ml. Provided in 1.5 ml reaction tubes, these nanoparticles were
then measured using a clinical 3 Tesla MRI scanner. The 77 relaxation times were provided
by Stefan Weber (Group of Prof. Dr. L. Schreiber) and are plotted in figure 2.5 b.

Generally, when the T; relaxation is measured, tissue with an enhanced 7; contrast appear
brighter in MRI. This also holds true for solutions of 7 contrasting agents. Images can be
taken transversally or saggitally, the latter one meaning horizontally. Figure 2.5 a shows
the MnO based samples in both orientations. Generally, these samples either had a round
shape or appeared conical which originates from the vessels used. Additionally, MnO @PEG-
Poly and MnO @DA-PEG appeared much brighter than MnO@Poly1. Interestingly, although
MnO@Polyl agglomerated during the measurement, the tip of the reaction tube where most
of these nanoparticles could be found, did not appear brighter than the supernatant water. For
comparison, a sample with water was also applied, however, a difference from the images
of water and MnO@Poly1 could not be made. Positiv 7} contrast can also be shown by the
relaxation time. The shorter this time, the better the 7; contrasting agent. Times were plot-

ted and are displayd in figure 2.5 b. As expected, the 7' relaxation time was rather short
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for MnO@DA-PEG (61.2 ms) and MnO @PEG-Poly (30.8 ms). For MnO@Poly]1, this value
was 20 times higher than for MnO@DA-PEG (1121.6 ms) but much shorter than water alone
(2821.4 ms). A major difference between transversal and saggital measurments could thereby

be not observed.
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Figure 2.5: T, wheighted MRI images: MnO NPs were functionalized with either one of the
polymers (Polyl, PEG-Poly, DA-PEG) and were diluted to a final concentration
of 100 pg/ml with water. The samples were provided in 1.5 ml reaction tubes and
were measured on a clinical 3 Tesla MRI scanner. Relaxation times (ms) were
then plotted for each sample applied (b). Images of the samples measuring in the
transversal and saggital orientation are given in a.

TEM characterization: Transmission electron microscopy is a very helpful technique to
characterize inorganic materials. TEM can give insights whether nanoparticles are mono- or
polydispers and if agglomeration occurs. Results of MnO nanoparticles functionalized with
different polymers are given in figure 2.6. The upper row displays MnO NPs with roughly
the same size (core: 8-9 nm) that were functionalized with different polymers. The lower line
refers to specially treated nanoparticles and will be described later.

When NPs were functionalized with Poly1, these particles tended to agglomerate with time.
Ultrasonification was usually neccesary before further application. The advantage of this sys-
tem however, was that NPs could be centrifuged and thereby excessive polymer or bioactive
groups (see chapter 3) could easily be washed off. However, TEM images revealed, why this
agglomeration occurred (see figure 2.6 a). The image shows MnO@Polyl NPs in DMF. This
sample was not transferred to water yet. However, already at this state, single MnO NPs could

not be isolated. Rather than this, islands were found, where numerous particles were still
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monodisperse themselve but formed bigger agglomerates. This behavior was already seen for
MnO NPs dispersed in DMF prior to polymer adding (see figure 2.6 d). When the polymer
was extended with PEG (PEG-Poly), a complete different behavior was found (see figure 2.6
b). In this case, MnO@PEG-Poly NPs were stable in water for months when kept at 4 °C.
TEM images revealed nicely separated NPs throughout the whole TEM grid. Polyl could
not improve this behavior, since the anchouring DA groups could only access the surface of
nanoparticles agglomerates and not each single nanoparticles. When PEG was introduced, the
resulting PEG-Poly was soluble in chloroform, as were the MnO NPs which accounts for the
excellent monodispers behavior.

When MnO NPs were functionalized with DA-PEG, the same observation as for PEG-Poly
was made (see figure 2.6 ¢). MnO@DA-PEG NPs were nicely separated. And just as the
MnO @PEG-Poly NPs, the stability in water was long-termed. Agglomerations that settled at
the bottom of the tube were not found.

To confirm this long term stability, MnO @PEG-Poly were kept at 4 °C for 50 days and were
then again characterized using TEM. As figure 2.6 e shows, MnO @PEG-Poly NPs were still
nicely separated. However, they decreased slightly in size which is in agreement to leaching
experiments made for MnO @DA-PEG nanoparticles (unpublished results by Dr. Thomas D.
Schladt). Here, MnO @DA-PEG NPs were applied to a dialysis membrane and the amount of
Mn?* was measured in certain time intervals for a total of 28 days. The amount of manganese
in this sample decreased during this time by roughly 20 %. However, the spherical structure
was kept intact.

During the synthesis of MnO@DA-PEG but also MnO @PEG-Poly, NPs were transferred to
the aqueous phase by hexane precipitation. During this transfer, a small amount could not be
redissolved in water but could be centrifuged or filtered off. This pellet was also applied to
TEM and is shown in figure 2.6 f. Au@MnO NPs are exemplarily shown. Small NPs were
found in close proximity of denser material which possibly could be attributed to excess of
PEG-Poly or DA-PEG polymer. During the synthesis, triple the amount of polymer was used
in comparison to MnO NPs. If one calculates the surface atoms of each NP and compares
this to the molar amount of polymer, this value is even higher. Different techniques such as
dialysis, slow hexane precipitation or different filtration tasks were applied (see also chapter
3. However, a successful separation between unbound and bound polymer was not successful
so far. Further titration experiments with less polymer are therefore necessary.

To confirm the monodispersity of MnO@DA-PEG and MnO@PEG-Poly, these NPs were
further characterized using dynamic light scattering (DLS), focussing on MnO@DA-PEG.

During this curse, measurements showed that the nanoparticles were not as nicely distributed
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as TEM images might have revealed. Rather than this, NPs with different hydrodynamic sizes
were found, one being roughly 2.5 nm, wherease other NPs showed a hydrodynamic radius
of 60 nm. If a closer look is taken at the corresponding TEM images of MnO@DA-PEG
NPs, different NPs were found in close proximity to each other(see figure 2.6 c). These NPs
might also have formed the polydisperse NPs which could explain the larger NPs found. The
concentration of MnO nanoparticles on one grid might have been to low to comfirm the poly-
dispersity. In addition, organic material cannot be observed with TEM, making it impossible
to show, if MnO NPs in close proximity to each other where agglomerates with a rather big
PEG-Poly or DA-PEG shell, or if their allocation was simply random.The MnO NPs used to
functionalized with DA-PEG had an average size of 8 nm. However, as already mentioned,
Mn leaking could be obserrved and these NPs shrunk with time. Since MnO@DA-PEG NPs
tested with DLS where not freashly prepared, this could explane the samller NPs of 2.5 nm
found. If this assumtion us correct, the used polymers improve the solubility but MnO NPs

functionalized with thse cannot be stored for a prolonged time.

MnO@Polyl MnO@PEG-Poly MnO@DA-PEG

« &
LR

MnO+DMF MnO@PEG-Poly, (Au@MnO)@PEG-Poly,

50 days old unsolved residue

Figure 2.6: TEM images of MnO NPs: MnO NPs were dispersed in DMF (d) and function-
alized with Poly1 (a). (b) shows the TEM image of MnO NP functionalized with
PEG-Poly, whereas (c) shows the image when DA-PEG was used. MnO @PEG-
Poly were kept at 4 °C for 50 days (e). Additionally the image of the pellet formed
during the synthesis of MnO@DA-PEG and MnO@PEG-Poly, respectively, is
shown (f). All samples were prepared by dropping a solution on a TEM grid
that was dried at room temperature prior to measurments.
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2.3.2 MnO surface functionalization using SiO,

Without question, the introduction of PEG significantly increased the overall applicability of
MnO NPs. PEG improved the short and long-term stability, MRI contrast was enhanced as
well as vitality. However, one main obstacle still was present, namely the indication of Mn
leaching. To address this issue, MnO NPs were surface protected using a silica shell. Again,
numerous tests were done to characterize Si0, @MnO NPs.

Due to the synthetic procedure, SiO,@MnO NPs were already provided in an aqueous so-
lution. Thereby, an elaborate transfer to water, as was necessary for MnO @DA-PEG and
MnO@PEG-Poly NPs, was redundant. TEM images taken after the synthetic steps show the
monodispers behavior of these NPs (see figure 2.7 a), a fact which was confirmed by dy-
namic light scattering (unpublished results by Heiko Bauer). The average size of a typical
Si0,@MnO NP batch was 12.5 nm and the color was brown. Applicability to steril filtra-
tion was thereby only tested visually. Sine flow through sections of SiO,@MnO NPs after
sterile filtration also showed this typical color, no further tests were done. All concentrations
described in this chapter are referred to the concentration of Mn in the sample after sterile
filtration.

The excellent properties of MnO NPs as T, contrast agent thereby were not influenced by

Figure 2.7: TEM images: SiO,@MnO NPs as synthesiszed (a.1) and an enlarged image
thereof (a.2).

the silica shell (see figure 2.8 a). Shown are SiO,@MnO NPs diluted in water and kept in
1.5 ml reaction tubes. Different concentrations in mM Mn were used. It could be observed
that with increasing concentration the brightness of the samples increased. These NPs were
kept at room temperature and did not show signs of agglomeration. This was further proven

by stability assays in blood serum (see figure 2.8 b). As described for MnO NPs functional-
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ized with different polymers, a sample was prepared by mixing SiO, @MnO NPs with human
blood serum. During this course, the only precipition observed was white and was seen for all
samples were serum was present. This agglomeration was dedicated to protein precipitation
which was proven with SDS-PAGE for MnO @DA-PEG samples (see 5, image 2.7 d).
Si0,@MnO NPs were further mixed with citrate buffer pH 5 and were incubated for one
week. After one day however, the low pH of the citrate buffer was sufficient to dissolve the
silica shell which protected the MnO cores. The nanoparticles dissolved, which was observed
by the diminished color of the sample in comparison to the control sample (see figure 2.8 c).
The fact that these NPs are not stable in solutions with a low pH thereby, should not be seen
as a disadvantage, since the question of the fate of the MnO nanoparticles in vivo arises. If
these nanoparticles are unstable at a low pH, they can be degraded by the cell system, e.g. by
entering the lysosomes. These cell organelles feature a pH of roughly 5, thereby allowing a
way out.

So far, Si0, @MnO NPs showed very promising results as non-toxic 7 contrasting agents.
Since in this case, a separation between bound and unbound polymer is not necessary, binding

of bioactive groups could be thereby greatly improved. However, additional tests are neces-

sary.
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Figure 2.8: MRI and serum stability of SiO,@MnO NPs: Different concentrations of
S10,@MnO NPs were applied to MRI measurments with 7' contrast (a). b: Stabil-
ity of Si0,@MnO NPs in blood serum after 24 h and one week as well as stability
of these NPs in citrate buffer with a pH of 5.
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2.4 Summary and Outlook

MnO @Polyl NPs showed an easy handling when excess polymer should be washed off, since
these NPs could be easily centrifuged and resuspended in water or buffer. However, with time,
agglomeration occured, making in vitro and in vivo application difficult. Further, the inabilty
in regards to sterile filtration, questiones the use of MnO@Poly1 NPs as in vivo contrasting
agents. Agglomerations thereby already occurred when MnO NPs were distributed in DMF
prior to polymer application and was therefore true throughout the process of MnO@Poly1
synthesis. The agglomerating tendency was greatly improved when an additional group, PEG,
was introduced to the backbone polymer. PEG thereby allowed the change of the solvent
from DMEF to chloroform, thereby making ultrasonic applicatoins redundant. MnO NPs func-
tionalized with PEG-Poly or DA-PEG showed long term stability at 4 °C which was con-
firmed by TEM. Additionally, this stability was not altered when the temperature was raised
or in the presence of blood serum. However, Mn ion leaching was observed by TEM and
other techniques, clearly stating that albeit agglomerations do not occur, MnO@DA-PEG
and MnO@PEG-Poly NPs cannot be stored for a prolonged time. MnO@DA-PEG as well
as MnO@PEG-Poly NPs also shows MRI activity making these NPs suitable as contrasting
agents. The only obstacle found is the polydispersity which was confirmed by light scattering
but not directly by TEM. Titration experiments with decreased polymer content are therefore
necessary to decrease the polymeric content.

MnO NPs were further surface protected using a silica shell. These NPs were not tested ex-
tensively but already showed promising results when applied to MRI, TEM and DLS. The
long term stability was further guaranteed as was observed when incubated with water or hu-
man blood serum and Si0, @MnO NPs could be dissolved completely at pH 5. It needs to
be proven, if stabilization of the silica shell is necessary to allow enhanced stability at lower
pH or if these silica coated MnO NPs are able to succesfully transport their target molecule to
the site of interest. Currently, numerous tests are done to allow binding of different fluores-
cence dyes such as FITC and RITC to the SiO,@MnO NPs. In vitro tests are being followed
by means of colocalization of NPs and cells using fluorescence microscopy as well as FACS.
Finally, it could be shown that mesoporous silica shells are able to incooperate different bioac-
tive groups.[15] Since this shell can be degraded at a low pH, this drug can then be set free
once arriving at the target cells. Therefore, such a design is of general interest and is followed

momentarily.
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CHAPTER 3

Characterization of surface functionalized magnetic
nanoparticles

3.1 Introduction

Nanoparticles (NPs) are of special interest for medical applications, since they excibit an in-
creased surface/ weight ratio, can be chemically altered to adress defined issues and further,
can be equipped with drugs, making them ideal candidates as drug delivery vehicles. Further,
physical, chemical and biological properties can be combined to allow excellent body distri-
bution, enhanced MRI contrast and coupling of molecules which allow targeting of special
tissues. [53, 8, 45] After application of NPs in vivo, several issues however need to be over-
come in order to allow agglomeration at the target site. As a first barrier, host immune system
needs to be overcome. In this contest, clearance by opsonization is most inportant barrier.
Possibilities to circumvent this, is the size modification of the NPs. A second possibility is the
surface modification using different polymers such as PEG. This issue was addressed more
extensively in the previous chapter. Once a prolonged body distribution is ensured, NPs need
to be carried to their target tissue. Generally, there are two target possibilities. The passive tar-
get uses the fact that tumor tissue features leaky capillary endothelium and generally misses a
lymphatic drainage. Due to this enhanced permeability and retention (EPR) effect, nutritients
but also drugs and NPs agglomerate within these cancer cells. [4, 54] Active targeting refers

to NPs equipped with certain biomarkers, which can bind to the surface of cancerous tissue,
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allowing a more effective transport. Different examples for such biomarkers, such as carbo-
hydrates, ligands for overexpressed receptors or antibodies, have been tested and have shown

promising results. [54, 45, 8]

Some cancer cells are known to express certain receptors that are unusual for these type of
cells or which cannot be found in such high concentrations. [55] Such an example are the
toll-like receptors (TLR). These receptors play a crucial role in the innate immune system, the
first barrier of pathogens upon entering the human host system. [56] TLR are expressed in
cells of the innate immune system such as macrophages or dendritic cells. Latter one play an
important role upon connecting the innate immune response with B- and T-lymphocytes, cells
of the adaptive immune response. [57] This step is of utter importance since this system is
much more effective and responsible for long term immunity. The TLR have first been identi-
fied in Drosophila as toll receptors. [58] In the 1990’s, TLR1 and TLR4 were first identified
in the human system. [56] Until today, at least 10 different TLR were characterized. [58, 55]
TLR are members of the pattern recognition receptors (PRR) and feature a Toll/ Interleukin-1
recepor (IL-1R) homology domain (TIR) which can be found on the intracellular region of the
TLRs. Upon ligand binding, activation of the nuclear factor (NF)-xB, cytokine or chemocine
expression can follow, leading to an activation of the immune response. TLR are thereby very
specific towards their ligands, each subgroup identifies components of the pathogens which
cannot be found within the host. These components are called pathogen-specific molecular
patterns (PAMPs). [56, 55] TLR3 recognizes double stranded (ds)RNA, which are prominet
for different viruses. To activate this receptor under lab conditions, the synthetically avail-
able ds polyinosine-polycytidylic acid (Poly(I:C)) has shown promising results. Additionally,
different cancer cells are known to express this receptor and undergo direct apoptosis when
Poly(I:C) is applied. As a benefitial side effect, the immune system of the host is activated,
assisting further in cancer treatment. TLR9 on the other hand, recognizes unmethylated CpG
motifs, typically within single stranded (ss) DNA. Again, oligonucleotides, equipped with this
motif, are commercially available (CpG) and have shown promising results in increased DC
activation, [56] leading to enhanced T-cell activity and ultimately will assist in cancer ther-
apy. This process is thereby most effective, when CpG is administerred directly to the TLR9
expressing tumor site. Since side effects were observed previously, CpG should either be en-
capsulated, or should otherwise be modified. [55] Finally, nonself proteins can be identified
by TLR. Typically, a specific amino acid sequence is thereby recognized. For the chicken egg
albumin (Ovalbumin, Ova), this sequence was identified as SIINFERKL sequence. Activation
of DC upon presenting SIINFERKL has been proven previously.[59, 60, 61]
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This chapter will focus on the coupling of MnO NPs (functionalized with different poly-
mers) with Poly(I:C), CpG or Ova. Since either polymer (Polyl, PEG-Poly or DA-PEG)
was synthesized in such a way that amino groups can be found on the surface and can be ad-
dressed chemically, the well known EDC coupling was applied. [62, 63] The chemical route
is sketched in figure 3.1. EDC thereby reacts with phosphate or carboxylic groups and easily
forms an O-acylisourea derivative. Upon NHS addition, and N-succinimidylester (NHS-ester)
is formed, which is known to react easily with free amino groups to finally form an amide-/
phosphoramidit binding. The general procedures described described in [64] were thereby
followed.

O-acyliourea derivative
Ry OH

R,: Ovalbumin, CpG, Poly(I:C)

R,: CH,-CH4
N——OH
Ry: (CHy)3N(CHy)y NHS

Ry4: Polyl, PEG-Poly, DA-PEG

o
0
LO o
R4 —N )J\ R4
|; Ry g
R,NH, H
N o] 2 :
N-succinimidylester Amide-/ Phosporamide

Figure 3.1: Sketch for EDC coupling using NHS: Phospate or carboxyl groups react upon
EDC addition by forming an O-acylisourea derivative. When NHS is further
added, an NHS-ester is formed which reacts easily with free aminogroups.
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3.2 Experimental Section

Please not that experimental data which cannot be found here, are described in 2.

Materials: Poly(I:C) and CpG were provided by Invivogen; chicken egg albumin (ovalbumin;
Ova) was purchased from Sigma-Aldrich; 1-Ethyl-3 -(3 - dimethylaminopropyl)carbodiimide
hydrochloride (EDC) was provided by TCI europe. TEMED, APS, Rotiphorese-Gel 40 (Acry-
lamid/Bisacrylamid stock solution 19:1), Agarose MEEO, milk powder, PVDF membrane
and MOPS were purchased from ROTH, Germany; as well as agarose Roti®garose mid-
dle elektroendosmosis (EEO = 0,16-0,19). Sigma Aldrich provided perchloric acid, glycerol,
formamide, anti-chicken egg albumin antiserum, imidazol, NaOH and Anti-Rabbit IgG al-
kaline phosphatase. Coomassie Brilliant Blue G 250 (CBB), SDS, b