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Summary

Summary

This thesis describes the preparation of polyelectrolyte nanostructures, the
characterization of interpolyelectrolyte complexes (IPECs) made from these structures
and their use in a therapeutic context. The therapeutic use of such IPECs connects the two
mgor topics of this work: First, the delivery of genes into eukaryotic ¢ellgtro (cell

culture) by means of new stahaped polycations was explored. Second, the structure of
ionic multicompartment micelles (MCMs) when complexed with polyions was estudi

and the performance of these nanostructures as deliverysafemiticancer drugs both

in vitro andin vivo (in mice) was tested.

To better understand structypeoperty relationships of polycations relevant for gene
delivery, a library of poly(ddimethylamino)ethyl methacrylate) (PDMAEMA)
homopolymers was synthesize atom radical transfer polymerization (ATRP). Star
shaped polymers with a different number of arms (linear53and 20arm stars) and
molecular weights (arm lengths) were createyl using sugabased or inorganic
nanoparticles as core molecules with varying number of initiation sites. The cytotoxicity
as well as transfection performance of polyplexes from these polymers and plasmid DNA
was determined for different PDMAEMAIitrogeiDNA phosphate (N/P) ratios in
Chinese Hamster Ovary (CHKL) cells. Generally, for each polymer maximal
transfection efficiency was found at an N/P ratio between 5 and 10, where good
transfection performance was coupled with good viability. A decreathe afytotoxicity

of polymers with a given molecular weight was observed with increasing degree of
branchingj.e., with increased armumber. To reach significant transfection efficiency, a
minimum molecular weight of approximately 20 kDa was found to dxsessary. Star
shaped PDMAEMA with roughly 20 arms from a silsesquioxane nanoparticle initiator
(S-PDMAEMA) showed exceptionally high transfection efficiency, surpassing that of
poly(ethylene imine) in the CH®J1 cell line. The superior transfection belmavof this
specific polymer was demonstrated in a variety of different cell lines, including non
dividing or differentiated (C2C12 and human T lymphocytes) ones, which are notoriously
difficult to transfect. Additionally, polymeric micelles were producédm a
polybutadieneblock PDMAEMA (PB-b-PDMAEMA) diblock copolymer in aqueous



Summary

solution and subsequently used for gene transfection. Their transfection efficiency was in
the same range as that ofFIDMAEMA, hinting towards a general design principle for
highly effective gene vectors. This consists of a-staped architecture of PDMAEMA
chains emanating from a common center, where the material of the core seems to be of
minor importance. Apart from plasmid DNA delivery, both-BDMAEMA micelles

and SiPDMAEMA successfully transported siRNA into eukaryotic cells, showing a
significantly enhanced knockdown of the targeted genes in the respective cell line.

The second major part of this thesis deals with the structure of ionic MCMs complexed
with diverse polycations as well as the drug delivery capabilities of some of these
complex micellar structures. MCMs from polybutadidieckpoly(1-methyt2-vinyl
pyridinium)-block-poly(methacrylic acid) (PB-P2VPgb-PMAA; BVQMAA) triblock
terpolymers were used alset basis for further structural modifications. These micelles
exhibit a coreshellcorona morphology, where PB forms the core of the micelles, a
discontinuous (patchy) shell consisting of an IPEC between P2VPqg and PMAA is present
and finally a corona of eess PMAA stabilizes the micelles in aqueous solution. At
sufficiently high pH a portion of the corona carries negative charges, which were then
used to form further IPECs with either cationic homopolymers or ddulsophilic

block copolymers featuringne positively charged block. If polycations other than
poly(2-vinyl pyridine) such as quaternized PDMAEMA (PDMAEMAQ) were used for the
complexation, a new and distinguishable IPEC compartment was formed on top of the
already existing P2VPg/PMAA IPEC. Indhcase of MCMs with a short to moderate
block length of the coronag., the degree of polymerization (DP) of PMAA was between
345 to 550 units, a layered arrangement of the newly formed IPEC compartment was
found. Stable colloidal particles were observad all mixing ratios if the double
hydrophilic diblock copolymers with one watsoluble but uncharged block were used

for complexation with the micelles. However, time case of homopolycation addition

macroscopic aggregation and sedimentation occubredeacritical mixing ratios.

For BVgQMAA micelles with a long PMAA corona (DP of PMAA = 1350) complexed
with different quaternized homopolymers, a patchy arrangement of the newly formed
IPEC compartment instead of a layered one was found. The formatitimsohew

structure is due to an interfacial energy minimization between the new IPEC and the
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compartmentalized core of the micelles that became possible due to the exceptionally

long PMAA corona of the precursor micelles.

Finally, MCMs from BVgQMAA were teted for their capacity to deliver a hydrophobic
anticancer drug for photodynamic therapy (PDT) to lung cancer cells (AB44&)yo and

in vivo. The influence of the corona composition on the biological properties of the
micellar carriers was studied Bgrming complexes with a doubleydrophilic diblock
copolymer, poly(-lysine)}blockpoly(ethylene glycol) (PLtb-PEG). A new cylindeon

sphere morphology was observed in electron microscopy for BVQMAAMRPEG
complex micelles at high complexation ratios between lysine and MAA units. The corona
composition strongly influenced thie vitro cytotoxicity after photeactivation of the

drug carrying micelles and this correlated well with the uptake behavior.estigh
cytotoxicity and uptake were found for pure BVgQMAA micelles, both decreasing with
increasing amount of PLb-PEG attached to the micelles. In mice, a prolonged blood
circulation time in the range of several hours was exclusively observed when fully
PEGylated micelles were injected, but not for partially or +#REGylated carriers.
Further, the former micelles were the only ones showing an enhanced accumulation in a
subcutaneous tumor model 24 h after intravenous injection. The amount of drug delivered
to the tumor tissue by the micelles was sufficient to suppress tumor growth for up to 21
days after a single dose injection and photoirradiation step. The potential of complex

micelles on the basis of BVQMAA MCMs could thus be proven.
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Zusammenfassung

Zusammenfassung

Diese Dissertation behandelt die Herstellung von polymeren Nanostrukturen unter
Verwendung von Polyelektrolyten, sowie die Erzeugung und Charakterisierung von
Interpolyelektrolytkomplexe (IPEK) und deren Verwendung in medizinischen bzw.
therapeutischen Fragestellungen. Der therapeutische Nutzen solcher Strukturen verbindet
die zwei Teilgebiete dieser Arbeit. Im ersten Teil wird die nichtvirale Transfektion von
Kulturzellen {n vitro) mit Hilfe von neuen verzweigten Polykationen, insbesondere von
sternférmigen Polymerarchitekturen, auf Basis von Pegi{thethylamino)ethyl
methacrylat) (PDMAEMA) untersucht. Der zweite Themenkomplex behandelt die
Struktur von kompartimentierten Polymermieal die sich durch Selbstanordnung von
geladenen TriblocH erpolymeren ausbilden. Dabei wurde vorrangig die Komplexbildung
mit entgegengesetzt geladenen Polyionen untersucht. Schliel3lich wurde die Fahigkeit
solcher komplexen mizellaren Strukturen zum Mdkftransport in der Krebstherapie
sowohl an Kulturzellen als auch an Tiermodellen getestet.

Zum Verstandnis von StruktWirkungsbeziehungen wurde eine Materialbibliothek aus
sternformigen DMAEMAPolymeren unter Verwendung der  kontrollierten
Polymerisa i ons met hodansAatromr atdi ¢ a lausggherid yvore r i z a't
verschiedenen Initiatormolekilen, hergestellt. Es konnten lineare sowie sternformige
Polymere mit verschiedener Armzaht (35 und 2GArm-Sterne) erzeugt werden. Fir
jede Klasse von Polyeten wurden mehrere Proben mit verschiedenen
Molekulargewichten (= Armlangen) synthetisiert. Alle DMAEMZolymere wurden
dann fuar die Komplexbildung mit PlasmiRNA in  verschiedenen
Mischungsverhaltnissen von PDMAEMB3tickstoff zu DNAPhosphat (N/P Verhilis)
verwendet und die resultierenden Polyplexe auf ihre Transfektionseigenschaften hin
untersucht. Fur die Bestimmung der jeweiligen Zytotoxizitat und des Anteils an
erfolgreich transfizierten Zellen (definiert als Transfektionseffizienz) wurden Ovarien
Zellen aus chinesischen Hamstern (CKO verwendet. Es zeigte sich, dass in der Regel
ein N/P Verhaltnis zwischen 5 und 10 fur eine erfolgreiche Transfektion bei gleichzeitig
geringer Zytotoxizitat erforderlich war. Des Weiteren wurde der Trend einer
Verringerung der durch die Polymere verursachten Zytotoxizitat mit steigendem
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Verzweigungsgrad bei vergleichbaren Molekulargewichten gefunden. Polykationen
unterhalb eines kritischen Molekulargewichts von ca. 20 kDa zeigten keine relevante
Transfektionseffizien unabhé&ngig vom N/P Verhaltnis. Die PDMAEM3Rerne mit etwa

20 Armen (SIPDMAEMA), ausgehend von einem Silsesquiokémopartikel als
Initiatormolekl, zeigten eine Uberragende Transfektionseffizienz in -BRHQellen,
gekoppelt mit einer geringen Zytotaxgt. Diese verbesserten
Transfektionseigenschaften konnten auch in anderen Zelllinien bestatigt werden, obwohl
diese als sehr viel schwieriger zu transfizieren gelten. Darunter befanden sich unter
anderem konfluente, nicleilende C2C12 Zellen sowie aliferenzierte humane -T
Lymphozyten. AuBerdem konnten die guten Transfektionsergebnisse-RiDVGAEMA
ebenfalls mit Mizellen aus einem amphiphilen Diblockcopolymer erreicht werden. Die
Mizellen bestanden aus PolybutadidockPDMAEMA (PB-b-PDMAEMA), wobe die
Kern-SchaleStruktur der Mizellen in Losung der von sternférmigen Polymeren ahnelt.
Dies wird als Hinweis auf ein generelles Deskyinzip gedeutet: PDMAEMA
Strukturen, die viele Arme ausgehend von einem gemeinsamen zentralen Punkt haben,
sind bei @r nichtviralen Gentransfektion besonders effektiv. Beide Polymere (Si
PDMAEMA und PBb-PDMAEMA Mizellen) zeigten aul3erdem eine hohe Effizienz bei
der RNA InterferenZTherapie, da siRNA ebenfalls effektiv in verschiedene Zelllinien

transportiert werdekonnte.

Der zweite Themenkomplex dieser Dissertation behandelt die Struktur ionischer
kompartimentierter Mizellen, nachdem diese mit entgegengesetzt geladenen
Polyelektrolyten komplexiert wurden. Abschlieend wurde die F&higkeit solcher
Strukturen zum Woistofftransport in therapeutischen Anwendungen untersucht. Als
Basis fur diese Untersuchungen dienten kompartimentierte Mizellen, die aus dem
amphiphilen und amphoteren Triblockterpolymer Polybutatienk-poly(1-methyl2-

vinyl pyridinium)-blockpolymetharylsdure (PBo-P2VPgb-PMAA; BVgMAA) durch
Selbstassemblierung in wassrigen Losungen eine-BehaleKorona Struktur ausbilden.

Der Kern dieser Mizellen besteht aus PB, wahrend sich die diskontinuierliche Schale aus
einem IPEK aus P2VPqg und PMAA zusammsetzt. Nach aul3en hin werden die Mizellen
durch eine dichte Korona aus Uberschissigem, nicht an der Komplexbildung mit P2VPq
beteiligtem, PMAA stabilisiert. Da die Korona Ketten bei ausreichend hohem pH Wert
negativ geladen sind, konnten sie fur die Kombpikelung mit diversen Polykationen

6
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sowie doppelt hydrophilen Diblockcopolymeren mit einem kationischen Block verwendet
werden. Sofern sich das fir die Komplexierung verwendete Polykation von dem bereits
vorhandenen P2VPq unterschied, wie zum Beispiel irle Faon quaternisiertem
PDMAEMA (PDMAEMAQ), bildete sich ein neues Kompartiment auf dem
urspringlichen Kern (PB und P2VPg/PMAA IPEK) der Mizellen aus. Dieses
Kompartiment bestand aus dem IPEK zwischen PMAA und zugegebenem Polykation und
lie3 sich von der rsten Schale in elektronenmikroskopischen Aufnahmen deutlich
unterscheiden. Es hatte die Form einer durchgangigen Schale, wenn die BVgMAA
Mizellen eine kurze bis mittlere Korordinge hatten (345 550 MAA Einheiten pro
BVgMAA Kette). Wurde fir die Komplesildung anstelle eines Homopolymers ein
amphiphiles Diblockcopolymer mit einem positiven und einem wasserldslichen aber
ungeladenen Block verwendet, so konnte eine kolloidale Stabilitat der erzeugten
komplexen Mizellen Uber den gesamten Mischbereich zweisciMizellen und
Polykatioren erreicht werden. Oberhalb einer kritischen Menge an zugegebenem Homo
Polykation wardagegeneine Aggregation und makroskopische Phasenseparation der
Mizellen zu beobachten.

Bei BVgQMAA Mizellen mit einer besonders langen PMAAotona (1350 Einheiten)
wurde eine unregelmalRige Verteilung des neu gebildeten IPEK anstelle einer
durchgéngigen Schale bei der Zugabe von Polykdtiomopolymeren um den Kern
gefunden. Als Ursache fir diese neuen Strukturen wird eine Grenzflachenmingnierun
zwischen ursprunglichem Kern und neu gebildetem Kompartiment vermutet. Die
Minimierung wird ermdglicht, da die besonders lange Korona das neue Kompartiment
effektiv gegen eine Wechselwirkung mit dem wassrigen Medium abschirmen kann und so

die LosungsStabilitat der gesamten Mizelle nicht negativ beeinflusst wird.

Abschlielend wurden die Mizellen aus BVgMAA auf ihre Effizienz im Transport von
hydrophoben Wirkstoffmolekulen fiir eine photodynamische Krebstherapie (PDT) sowohl
in Zellkultur als auch in Mausemit Tumormodellen getestet. Durch die Komplexbildung
der Mizellen mit dem doppelt hydrophilen Diblockcopolymer Rglys§in)-block
poly(ethylenglykol) (PLELb-PEG) konnte die Zusammensetzung der MiKeltona von
reinem PMAA kontinuierlich zu einer PEKorona verandert werden. Der Einfluss der
Korona auf die biologischen Eigenschaften der Mizellen in Abhangigkeit ihrer
Zusammensetzung konnte so untersucht werden. Bei einem hohen Anteil an

zugegebenem PLb-PEG wurde eine stabile, neue Mizellstruktur geemdwobei sich

7



Zusammenfassung

das neu gebildete IPEKompartiment in Zylinderform senkrecht auf dem Mizellkern
stehend ausbildet. Bei Untersuchungen der durch die Wirksagfénden Mizellen
verursachten Zytotoxizitat konnte ein deutlicher Einfluss der KeFusammendgeung
gefunden werden. BVgQMAA Mizellen ohne Pi-PEG zeigten die hochste Zytotoxizitat
gegenuber humanen Lungenkrebszellen (A549). Diese Zytotoxizitdt wurde mit
steigendem Anteil an PLb-PEG in der Mizellkorona stetig geringer, wobei der Trend
gut mit de in die Zellen aufgenommenen Menge an Wirkstoff korrelierte. Vollstandig
PEGylierte Mizellen zeigten die geringste Menge an zellular aufgenommenem Wirkstoff
und die geringste Zytotoxizitat. In Mausen wurde eine verlangerte Blutzirkulation im
Bereich mehnmer Stunden nach intravendser Injektion lediglich fir vollstandig
PEGylierte Mizellen beobachtet, wahrend teilweise oder nidbGyHerte Mizellen
innerhalb kurzer Zeit nicht mehr im Blutkreislauf nachweisbar warenAuch eine
signifikante Akkumulation in @bkutanen A549umoren 24 h nach der Mizell
Verabreichung wurde nur fur vollstandig PEGylierte Mizellen gefunden. Die Menge an
Wirkstoff, welche durch die Mizellen in den Tumor transportiert wurde, war ausreichend,
um nach einmaliger Injektion der Mizellamd einer einzigenLaserBestrahlung eine
effiziente Wachstumsunterdriickung des Tumors Uber einen Zeitraum von 21 Tagen zu
erreichen. Somit konnte das Potential der BVgMAA Mizellen fir einen

Wirkstofftransporin vitro undin vivo erfolgreich nachgewiesemerden.
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Chapter 171 Introduction

ANanomedicineo is a catchy name for recent
of nanoscopic dimensiorfsr the treatment or diagnosis of various disedsealthough

the definition is rather vague, the size of such systems is in between that of small
molecule drugs (up to several nanometers) and m&imad objects, resulting in specific
beneficial properés. Nanomaterials are comparable in size to proteins, enzymes or
viruses and are therefore well suited to specifically interact with biological systems on a
cellular or sukcellular level. Compared to small molecule drugs a higher degree of
complexity isinherent to those materials, leading to a ruitictionality of the overall
system. For example, in cancer therapy many drug delivery systems (DDS) have been
developed from nanostructured materials, which show increased availability of the drug
in the or@nism through a prolonged circulation time in the bloodstream, an enhanced
accumulation in the targeted tissue through targeting mechanisms as well as selective
release or activation of the drug at the desired site. All these properties of nanoscopic
DDS a@n result in a more effective treatment or diagnosis as compared to conventional
methods. Depending on what type of a material is used for the medical application they
can be classified into three different categories, namely inorganic, organic or hybrid
materials. Quantum dots are wkhown examples for inorganic imaging agents in
fluorescence microscopynd iron oxide nanoparticles are currently in clinical trials for
magnetic resonance imagfngPurely organic platforms can be found in the
superstructtes of selassembled small molecules such as liposdroesn polymeric
systems such as polymer miceflasd polymer vesicles (polymersomég€)onsequently,
hybrids are a combination of both types of materials into a single DDS. In the following,
polymeic systems capable of delivering therapeutically active substances will be

described in more detail.
1. Polymer-Aided Drug Delivery

1.1.Polymer-Drug Conjugates

A pioneeringideafor the use of polymers in therapeutic applications iwasducedby
Helmut Ringsdorin 1975 when he proposed the cldmcept

his approach a polymer chain is used to covalently connect several functional molecules,

13
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such as a therapeutic drugnd a targeting moiety, into one mdfiiinctional

macromolecule§cheme 11).

The main advantage of such a combination as proposed by Ringsdorf was in the larger
availability of the drug in the organism through an increase in blood circulation time due
to the higher molecular weight and a better solméilon of poorly watesoluble drugs

by linking them to hydrophilic macromolecules. The idea of attaching specific targeting
molecules to increase the localization of the drug at the desired site was already included
in this approach. Due to the ease oémical modification of synthetic polymers, the
original concept has been explored in much more detail and was considerably expanded
to include a wide variety of macromolecular delivery systems for therapeutic
applications’*? The design of biocompatibféand degradable polyméfs'® together

with the use of chemical linkers, which release the coupled drugs at appropriate
conditions have pushed the field forward and several polgmegy conjugate

formulations are tested in clinical trials or have alrelaglgn approved for therapeutic use
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Scheme 11. Ringsdorf’'s model for a pharmaceutically active polyhery conjugate Repinted with
permissiort.

1.2Important Concepts in Drug Delivery: Stealth Effect and EPR

A highly successful synthetic material aiding in the transportation of drugs inside living
organisms is poly(ethylene glycol) (PEG). Many DDS are ultimately formulations
containing PEG in some form. It is an uncharged, wstérble polymer that is
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extensvely used in many kinds of consumer products, such as shampoos, créemes, gels,

etc. and is synthesized by anionic polymerization of ethylene oxide. Therefore, PEG is

also referred to as poly(ethylene oxide) (PEO) and both names are used regularly. For
thergeutic applications PEG is an ideal polymer, because it igamon, biocompatible

and has protein repellent properties. Compared to other polymers with similar properties,

i.e. polyoxazolines, it has the advantage of FDA (U.S. Food and Drug Adminietrat

approval for many applications, consequently triggering an extensive use of PEG
pol ymer s I n therapeutic probl ems affd res:
Originally, the term of PEGylation referred to the conjugation of therapeutically active
molecules (small molecule drugs, proteins, peptides, DNA, etc.) to PEG chains in order to
increase the solubility in water and to protect the respective molecule from degradation,
e.g.by enzymes, or immunogenic recognitidrin the meantime, however,gherm is

being broadly applied to many kinds of PEG containing structures used in a medical
context, for example organic and inorganic nanoparticles, surface coatings and polymeric
micelles®® ?* Many of the desired properties found for PHfBg conjugats are also

occurring for PEGylated particles, where the PEG coating leads to increased circulation

time in the bloodstream and a reduction of 13pecific interactions especially with

proteins, which is summarized in a-sca | | ed fAshi el diecg® o PELC
Depending on the designated application, the molecular weight and grafting density
(mushroom or brush conformatf@hof PEG chains have to be adjusted.

Connected to the beneficial properties conferred by PEG on DDS, a passive targeting
mechaism occurring for solid tumors in cancer therapy, known as etiganced
permeationand retention(EPR) effect has been largely responsible for the success of
nanoscopic DDS in that fiefd. It was first described by Maedgt al.>* in 1984 and is
based orthe specific vascular structure in solid tumors, characterized by a high vascular
permeability together with an impaired lymphatic drainage as compared to normal tissue,
which allows DDS of a specific size range to preferentially accumulate inside tbe tum
tissue. In order to make use of the EPR effect, the nanoscopic carrier system needs to
have a prolonged blood circulation time in the order of several hours, usually associated
with a size in between approximately L8600 nm and a dense shielding lagegventing
protein adsorptioA> Molecules with a size below 10 nm are rapidly cleared through the
kidney, while larger particles up to 15 um primarily accumulate in liver and spleen and

are cleared through the reticuloendothelial system (RESdwever,if both the surface
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coating, e.g. PEGylation, and the size of the drug carrying system are appropriately
chosen, already a significant improvement of therapeutic efficacy can be observed due to

increased tumor accumulation originating from the passigetiag by EPR!

1.3Polymer Micelles and Vesicles

Apart from employing covalent polymer drug conjugates, the of polymeric carrier
systemswhich physically encapsulate active molecules can have certain benefits.
Amphiphilic block copolymers selissemble into micellar aggregates with a hydrophobic
core and a hydrophilic shell in aqueous solution, similar to micelles from srmkdtule
amphphiles. At appropriate hydrophobic to hydrophilic balance in the block copolymer,
the formation of polymer vesicles, also called polymersomes, is favored. These structures
have a hydrophobic membrane encapsulating a large -filldr compartment and
resenble liposomes or cellular structures. In contrast to micelles from surfactant
molecules, the molar critical micelle concentration (cmc) of polymeric micelles is lower
by several orders of magnitude and their stability against dissociation is consequently
significantly higher® The core of the micelles is well suited to incorporate drug
molecules, protecting them from degradation or unwanted interaction with the organism,
i.e., systemic toxicity. Typically, the size of such polymeric micelles is in theerah@0

i 200 nm and therefore ideal to make use of the EPR effect, mentioned above. A dense
brush formed by the wataoluble polymer chains in the corona of the micelles prevents
agglomeration of the micelles with each other through steric repulsionhiadérs
recognition by the RES.g.in case of PEG. Consequently, by incorporating drugs into
micellar carrier systems the pharmacokinetic properties can be significantly altered as

compared to the free drdd.

In systems suitable for the transportatioihhydrophobic drugs, druigpcorporation is
based only on hydrophobic interactions. Therefere, a given diblock copolymer can in
principle be used for the transportation of many different kinds of hydrophobic drugs,
which makes the system more versatilenthgpolymerdrugconjugate. In cancer therapy,
doxorubicin and paclitaxel are two examples for drugs commonly used in polymeric

micelle carrier systems, where some formulations are currently undergoing clinical trials.
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Polymersomes are weduited to cary large amounts of hydrophilic drugs in their
agueous compartment. Additionally, hydrophobic drugs can be incorporated into the
polymersomal membrane offering additional options for the delivery of active agents or
reporter molecule$ Additional complexity can be achieved, when smaller vesicular
structures are incorporated inside a larger polymersome, mimicking cellular
compartments.Polymersomes have been prepared from a number of different diblock
copolymers, usually amphiphilic ddrk copolymers. However, several examples exist
using polyion complex formation of double hydrophilic copolymers with oppositely
charged homopolymers or diblock copolymers for vesicle formafichThese systems

are often also called PICsomes and amanysing candidates for delivering both anti

cancer drugs and nucleic acids.

Besides hydrophobic cargo, polymer micelles can also be used to interact with ionic guest
molecules, such as ionic drugs, proteins or polynucleotides. Generally, double hydrophil
diblock copolymers with one ionic block are utilized in this approach and a complex
between guest molecule and ionic block of the block copolymer forms the core of the
micelle. The group of Kazunori Kataoka has contributed significantly to the field wit
micelles from PEGlockpoly(amino acid) diblock copolymers. By using a RBEIGck
poly(glutamic acid) block copolymer the group could incorporate acomaining
platinum drugs Figure 1-1), which are selectively released in the slightly acidic

environnent of lysosomes in cancerous célts?
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cis-diamminedichloroplatinum(ll) (1,2-diaminocyclohexane)platinum(ll)
Cisplatin, CODP DACHPt aqueous complex Platinum drug-loaded micelles

Figure 1-1. Schematic diagram for the formation of platinum drug carrying micelles-tRE(&Ilu) mixed
with platinum drugs (A) forms a metal polymer complex (B), which-astfembles to drug loaded micelles
(C) in aqueous solution. Reptedwith permissiort?
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A substantial benefit of using synthetic polymer DDS in therapeutic applications is the
high versatility, which stems from the rather easy chemical modification of synthetic
polymers. Material propertiesan be tailored to the desired application through the
correct choice of monomers constituting the polymer. However, chemical versatility is
much greater than just a good selection of the materials creating the main chain of the
polymer. Through pogpolymerization modification reactions further functionalities or
additional properties can be introduced to an already existing polymer system, thereby
greatly enhancing the usefulness of the DDS. One such example is the conjugation of
targeting functions to pgmer micelles. While passive targeting is based on the inherent
properties of the carrier system and the target tissiethe special vascular structure in

solid tumors utilized by particles of a certain size range in case of the EPR effect, the
conjugation of specific targeting molecules allows very selective recognition of tissues or
cell types. This is due to preferential binding of the target function to complementary
recognition sitesd.g.cell receptors) on the targeted cell type. As a consegu@ot only

is the accumulation in the target tissue enhanced, but it can also occur in a much more
selective fashion in a complex biological environment. Through the binding event of a
DDS bearing targeting functions, an enhanced uptake into the cellsecenduced. An
inefficient cellular uptake is one of the drawbacks occurring in-teng circulating

DDS, exactly because they are not recognized by the RES but neither by the cells to be
treated. Several types of targeting functions have been tedted hitro andin vivo so

far, and these include peptides, proteins, sugars, antibodies and small m8lecalesf

these cases the targeted cell line overexpresses certain receptors allowing for a
preferential binding of the polymer micelles with the correct targeting moiety. Typically,
the targeting molecule is conjugated to a terminal functional grolye gieriphery of the

watersoluble corona to minimize sterical hindering.

Other chemical modifications can help to further increase the efficacy of DDS. For
example, chemical crosslinking can enhance the stability of polymer micelles against
dissociationwhen injected into the bloodstream. By using disulfide bonds as part of the
crosslinking connection the DDS becomes more stable in a regular medium, but can
selectively disassemble in a reductive environment found inside targeted cancér¥ells.
Creatng DDS that are sensitive to their environment in such a way that they selectively
release their cargo through an external triggering event would be very useful in

controlling the location and dose of a delivered drug molecule. Various approaches have
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beenreported for the creation of environmentally sensitive polymer micelles, which can
disassemble upon external triggers, facilitating a fast drug refedeélsing triggering
events that are either a part of the natural biological environment of tletethrigssue
(specific pH® or reductive environment) or that can be applied minimasively (light
irradiation, magnetic fields, ultrasound or temperature) by an external source have been

successfully implemented into polymeric micelle carrfers.

1.4Photodynamic Therapy

Photodynamic therapy (PDT) is one example for a minimasive treatment approach
using an external triggering event (light). Specific moleculessaled photosensitizers
(PS), can create a cellular toxicity upon illumination wiilght of appropriate
wavelengtt?” * The method is still under development, but shows great promise for the
treatment of certain types of cancer (skilung and colon cancer) as well as some
dermatological disorderS.Amongst others, the expected bfitsefrom PDT as an anti
cancer therapy are the localized and externally controlled cytotoxicity due to light
activation as well as having new drug molecules to overcomerdaigfance of certain

tumors. A brief explanation of the PDT mechanism is givethé following.

Through light absorption, the PS molecule reaches an excited state and can return to the
ground state by creating reactive oxygen species (ROS). These ROS can be produced
either through direct interaction between the PS and oxygen mede@ulpe Il reaction)

or by first abstracting hydrogen from cellular components (Type | reaction), creating
radicals, which in turn lead to the formation of ROS. ROS are strongly cytotoxic because
of their high reactivity, which disrupts essential celldlamctions through the attack on
proteins, enzymes and other cellular molecules. Once created, the ROS quickly reacts
with any molecule in its vicinity, leading to a spatially limited radius of action. By
precisely controlling the dimension of the illumied areae.g.through the use of lasers,

the method produces a strictly localized toxic effect. Mlominated areas, even in the
presence of PS show only negligible toxicity. A successful PDT therefore needs three
components, namely PS accumulation desthe target tissue, light of the appropriate
wavelength reaching the desired site and a supply of oxygen, typically dissolved in the
agueous environment. From these criteria some of the drawbacks of PDT also become

apparent. The PS needs to accumulatbeatarget tissue in a homogeneous fashion and a
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large effort has been made at rendering the typically hydroptrimolecules more
hydrophilic in order to improve tirebioavailability*® Humans treated with PDT drugs
showed skin irritation, because wfispecific accumulation in the whole skin and had to
avoid sunlight for weeks after the treatment. Since light must be able to reach the targeted
area, only those types of tissue and organs can be treated, that are easily accessible with a
light source elter directly (skin) or with endoscopic methods (colbladderand lung).

The penetration depth of the light has to be sufficiently high and PS of the new generation
usually absorb light between 60B00 nm, where the absorption of the tissue is low and
penetration depth can be increased. Finally, the oxygen supply can become problematic,
especially for very efficient ROS producing drugs, because diffusion from the
surrounding tissue is typically slower than the oxygen consumption due to ROS
production. Oty a few PDT drug formulations have been approved for use on humans so
far,* but the methodpens up many attractive possibilities for a new cancer therapy,
when the above mentioned drawbacks are finally overcome. Incorporating PDT drugs

into polymer mic#les might be one step towards that g8al.

1.5Complex Drug Delivery SystemsMulticompartment Micelles

Thus, with the many possibilities to introduce different functions or physical properties in
polymer micelles, this type of delivery system rapidlyveleped from a simple
encapsulation agent helping to solubilize a single drug to a-foalttional and highly
sophisticated nanomedical device tailored to effectively treat the respective disease. In
this context, the option to deliver two or more diffgractive molecules simultaneously

is an important feature of a truly multifunctional DB&'$® By delivering two drug types

for the same disease a synergistic effect can oecgufrom delivering both a gene and

an anticancer drug to a tumor, and tlgan lead to improved treatment efficiency and
strongly reduced tumor growffi.If a reporter molecule and a drug are transported
simultaneously, such a DDS can be used for concurrent diagnostics and treatment.
Recently, such systems combining both therape@und diagnostic properties were termed

as fAtheranosticd devices to emph&$™me their
principle, any kind of diagnostic technique can be combined in a carrier system with an
appropriate drug. In some casdé®ady the drug molecule combines both these features,

i.e. a fluorescent anttancer drug (for example all PDT drugs).
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Often, different active molecules can be problematic to incorporate in the same part of a
simple coreshell micelle. Specific environmés need to exist inside of such a device to
accommodate each active agent. Multicompartment micelles (MCMs) have great
potential of fulfilling these criteria and were first proposed by Ringstdot Segregated
compartments are formed, when immisciblelymer blocks are forced together in
micellar structures® >**One way to ensure the phase separation to occanmvoroscopic

level is by using triblock terpolymers. Consequently, the first published examples used
fluorocarbon and hydrocarbon blocks tiblock terpolymers, due to the strong phase
separation between the two watesoluble blocks™ *° In the meantime, however, also
triblock terpolymers without fluorinated blocks have been shown to form similar
structures.”” °® The different chemicalresironments inside the phase separated core of
such complex structures allow for the incorporation of chemically different guest
molecules® ®° Besidesa pure therapeutic use of such structures, MCMs have great
potential as a templating material for exgenin nanoparticle synthests,as nane
reactors for chemical reactidAsaind as building blocks in a hierarchical sasembl§?

to mesoscopic materials. So far, only very few examples of an actual therapeutic use of
MCMs from triblock terpolymers withmore than one guest molecule exist. This is
probably due to the synthetic effort necessary to produce triblock terpolymers with
adequate homogeneity and in sufficient quantity. The group of Christine Jéréme used
MCMs from miktoarm star terpolymers made pbly(ethylene oxideytar-poly(2-
vinylpyridine)-star-poly(e-caprolactone) (PE®2VPR-PCL) to incorporate a hydrophobic

dye as a model drug, while simultaneously using thesehsitive P2VP block for
exposing in acidic environment a targeting functimnjugated to that block. They
studied the uptake behavior of the micelles in dependence of the protonation state of the
pH sensitive blockn vitro as well as the drug release kinstin diluted conditions. Also,

Yamauchi etl.®®

recentlyreported orthe use of a polystyrergockpoly(acrylic acid)
block-poly(ethylene glycol) triblock terpolymer for the preparation of MCMs which carry
a hydrophobic fluorescent dye in the core and a platinum drug in the poly(acrylic acid)
compartment, while the PEG oma stabilizes the overall micelle. They demonstrated a
dosedependent decrease of the cell viabilityvitro and tracked the micelles through the
fluorescent dye. In summary, multicompartment micelles have great potential for tackling
some of the open ellenges in efficient drug delivery, especially in the field of

combinatorial therapy where multifunctional drug carriers, capable of delivering several
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drugs at once are needed. For the synthetic effort necessary in creating such systems to be
worthwhile, the full potential of a selective drug release of several drugs independent of

each other and in specific cellular locations must be realized in the future.
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2. Delivery of Genes

AGene therapyo summari zes a ther#@apleatic aj
acquired diseases, where defective or missing genes are replaced by an appropriate
exogenous gene introduced into the €&IP” Also the dowmregulation (silencing) of

overactive genes by means of RNA interference can offer promising and ystgvio
unavailable therapeutic tod$A human gene therapy approach is especially promising

for certain types of diseases that are otherwise difficult or even impossible to treat so far.
These include genetic diseases like severe combined immunodefidremegphilia or

cystic fibrosis, but also acquired ilinesses like cancer or AIDS could potentially be
addressed with gene theraSyOne of the biggest challenges for gene therapy is the
effective introduction of foreign genetic material into the targek tscause several

hurdles exist that protect against just such an event. Consequently, significant efforts have
been made in creating delivery vehicles (0
overcome the different cellular barriers and sudoéigsdeliver their cargo to the target

(nucleus or cytosol). Inevitably, the delivery of genes for fighting disease in patients will

need delivery vehicles capable of delivering their cargo in a complex living organism and

not just in cell culture. Thisreironment offers special conditions, which additionally
complicate the process of gene delivery before the vector has even reached the target cell
and encounters its inherent defense mechanisms. It follows that the same challenges

discussed above fam vivo drug delivery apply here as well.

However, the intentional modification of cells, summarized under the title of genetic
engineering, by introducing recombinant DN vitro is an important field in its own

right. Many drug molecules are difficult toqauce by fully synthetic means because of
multi-step procedures requiring protectiveyps, stereselective catalysiand multiple
purification steps. Cells can produce these drugs by enzymatic means with absolute
stereeselectivity and in high quantitwhen genetically engineered to do so. Since the
cells are cultivated in cell culture in a bioreactor, many of the restrictions that apply to an
in vivo delivery system are absent for this application. Therefore, even vectors which
might not be suitable foa gene therapy approach can still be very effective for the
delivery of genesn vitro where matters of delivery efficiency and production cost might

be more important than blood circulation times or organ distribution.
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All delivery vehicles, regardless their final use, are usually divided in two categories,
namely viral and nowiral vectors. Some significant differences between the two types
exist, leading to specific challenges that need to be overcome before a widespread use can
take place.

2.1Viral Vectors

Viruses are heavily used as delivery vehicles for genetic material, because they evolved
specifically to introduce their own genome into the host cell. As a result, the delivery
efficiency of viral vectors is very high and in many cases spemfvards a certain cell

line. In addition, viruses can stably incorporate the transported DNA sequence into the
host cell genome ensuring continued gene expression, which can be beneficial in the
treatment of certain diseases. However, some drawbackdaxisral vectors. The most
significant drawback is the possibility of an immune response of the organism, posing a
significant risk to the patient. Also, a repeated application of viral carriers in the same
patient could result in a loss of transfectafficiency, due to recognition of the virus by

the immune system. Furthermore, laggale production and chemical modification of

the virus capsid is challenging, the latter potentially leading to a change in the self
assembly of the three dimensionatug structure. Some restrictions on the size of the
transported DNA can also apply, due to the highly defined structure of the virus.
Nevertheless, most clinical trials performed on gene therapy so far usaekviral

vectors®® 70

2.2Non-Viral Vectors

Alternative transfection methods, often based on synthetic molecules or atrtificial
particles, have been developed in recent years to overcome the-rabotiened
drawbacks of viral vectors. Among-anetalt hos e
nanopaticles coated with DNA that are shot into the celés well as cationic molecules

such as lipids and polymetsAll of these methods are generally considered to be less
effective and selective in delivering their genetic cargo as compared to their viral
competitors and in most cases only a transient expression of genes can be achieved, since

they are lacking mechanisms to permanently introduce the transported DNA sequence
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into the host genome. For somentviral systems, but especially in polymeric vastoa
significant cellular toxicity is observed in many cases. Still, significant effort has been put
into improving the performance of nmral vectors, aided by the ease with which
chemical modifications can be made on the systems.

2.3Barriers to a SuccessfulDelivery of Genes

The process of a successful delivery of nucleic acids to the target site in the cell with
special consideration of the barriers encounteredouteis exemplarily described in the

following by example of a polycationic neuiral gene delivery vector.

On its own, the uptake of free DNA in cells is inefficient, because of the size and negative
charge of the DNA. Consequently, methods that make use of delivery mechanisms
inherent to the cell (liposomes and polymers) rather thate Horce (gene gun and
electroporation) first need to compact the DNA to particles of smaller size and neutralize
the negative charge of the DNA phosphate groups. Both processes occur when
polycations form polyion complexes with nucleic acifigggre 1-2, I). Such complexes

ar e al so ter med aspoflpyell epcltexod syd eorcofmpher
additionally protect the DNA against enzymatic degradation. The properties of polyplexes
like size and charge are mostly influenced by the choice of thegimn and do not
strongly depend on the DNA used, but even if these physicochemical parameters of
polyplexes are known, it is not possible to predict their transfection beH3wdnen

mixing DNA and polycations to form polyplexes, generally, an exodésgolycation
(calculated as the ratio of positive to negative charges or nitrogen over phosphorus, N/P)
is used and this leads to the formation of polyplexes with an overall positive charge.
These can now efficiently bind to the negatively charged cethlonane, significantly
enhancing their cellular uptalke vitro (Figure 1-2, 1l). Cellular uptake of the polyplexes
depends on a multitude of factors such as size, charge, surface chemistry, the presence of
targeting functions and possibly also mechanicedperties of the polyplexes. It
constitutes one of the most critical steps in gene delivery, although a high polyplex uptake
is by no means a guarantee for a strong transgene expression. The uptake behavior is also
known to vary with cell type, where diffent pathways may be used, which complicates
matters furthef? An uptake through an endosomal pathway is the most common

mechanism of polyplex entry into cells.
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Figure 1-2. Barriers to gene delivefiy Design requirements for gene delivery systems deline ability to

() package therapeutic genes; (Il) gain entry into cells; (lll) escape thelywsuwmmal pathway; (1V)
effect DNA/vector release; (V) traffic through the cytoplasm and into the nucleus; (VI) enable gene
expression; and (VII) remain biompatible. Repntedwith permissior?

Once the polyplex is inside of an endosomal compartment in the cell, it needs to be
released into the cytosol and further travel to the nucleus in case of DNA delivery
(Figure 1-2, 1ll), while for siRNA delivery reaching the cytosol is often sufficient.
During the transport of endosomes to lysosomes-AiBdiated proton pumps acidify the
interior of the endosome, finally leading to the activation of nucleases capable of
degrading the DNA Several polymeric vectomake use othis acidification for an
endosomal escape. This can be either through a controversially distpssedss called
Aproton s pon §é where the kigh buffdrifySdpacity of polycations like
poly(ethylene imine) (PEI) leads to a water influx and finally bursting of the endosome.
Other polymeric systems have used cell penetrating peptide seq§emcaynthetic
functions’ mimicking these peptides for interrupting the endosomal membrane and
facilitating a release of the polyplex from the endosome. Also thdetisery of small

molecules assisting in endosomal escape has been shown.

Even after a polyplex has successfully entered the cytosol of the target cell, there are still
several barriers to overcomegfore the DNA has reached its designated destination. The
mobility of macromolecules and particles, such as polyplexes, is strongly hindered in the

cytosol,i.e., due to the cytoskeleton and the high viscosity of the cytosol originating from
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the high preein content. Viral vectors can rely on active transport mechanisms such as
microtubules, which are generally not available for polymeric vectors unless still enclosed
in the endosome. Instead polymeric vectors have to form complexes of sméib size
increase mobility. Nucleic acid degradation is a reoccurring problem in the cytosol and a
premature release of the DNA from the complex is detrimental for transfection efficiency
mainly for reasons of rapid DNA degradation. However, for the genetic informattion

the DNA to be accessible it must eventually be released from the polyplex, otherwise
transgene expression is hindered. Finding a system with a balanced binding strength
towards the DNA, where on the one hand stable complexes that protect the DNA from
degradation are formed while still allowing for a release at the correct timepoint, is

critical.

The final barrier for DNA delivery to eukaryotic cells is the nucleic membrane and the
DNA has to cross it in order to induce a successful expression of theddgsne Figure

1-2, V). Pore complexes can actively transport even large molecules through the
membrane and into the nucleus, but appropriate targeting ligands have to be presented in
order to activate these pore complexes. Another possibility is daahgiar division,

where the nucleic membrane breaks down for a short period of time. The lack of pore
complex activating peptides is the reason why many polymeric vectors are only efficient
in dividing cell lines, while transfection performance drops mseyen nondividing cell

lines.

Many of the processes involved in the successful delivery of exogenous genetic material
to a target cell are not fully understood yet. It is therefore difficult to make any prediction
on the transfection performance of awnpolymer vector and in many cases careful
mapping of the parameter space is necessary to find optimal transfection conditions.
Since performance can vary strongly with each different cell line and also depends on
factors like the presence or absence eusy proteinsn vitro, this process has to be
repeated for each vector when applied to a new target.

As mentioned above, the delivery of genes unidevivo conditions constitutes a
formidable challenge for most transfection systems, especially forviranones.
Polyplex stability can be a problem under physiological conditions (increased salt
concentration, competing polyions, serum proteins, etc.) and dissociation of the complex
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can lead to DNA degradation, while an aggregation of polyplexes os#ogiation with
proteins in the bloodstream can lead to fast clearance. For intravenous injection of
polyplexes the problem of sufficient accumulation at the target site and avoidance of
recognition, already discussed for ardincerdrug carrying polymemicelles, arises as

well. Some solutions are found in the charge neutralization and shielding of the
polyplexes, for example through PEGylation, although this generally results in lower
uptake efficiency in the target cells. A direct injection of the pelgs to the target
tissue can overcome the problems associated with insufficient accumulation; however, it

does not automatically guarantee a successful gene transfection.

2.4 Polymeric Vectors

Many different polymers with positive charges have been defste their potential in
transfection. Most of these polymers have amino groups as the charge bearing species and
some typical representatives of polymeric +vinal carriers are depicted iRigure 1-3.
Polylysine was one of the first polymers to be usadtlie transfection of cells and has
reached prelinical trials as a block copolymer with PE&° PElin both its branched

and linear architectures has shown remarkably high transfection efficiency and is
considered as the figo bede dslivea/n Many dheémicdlor pol )
modifications have been proposed to further increase the transfection efficiency and
especially at addressing the problem of its rather high cytotoffcitgeveral
commercially available transfection reagents such as Ex@®esdd jetPEI use linear PEI

in their formulations. Szoka etl. first used poly(amido amine) dendrirsdor nucleic

acid transport andeveral different dendritic molecules hakeen studied in detalil
because ofheir branched architecturand highly defned structure®™ # Recently, some

reports used phosphonium containing polymers as an alternative material, proving their
principal capability for the delivery of genas vitro, while exhibiting rather low

cytotoxicity as compared to ammonium containpogymers®>°
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Figure 1-3. Polymer structures of polycations regularly used asviiah transfection agents.

To better understand the individual mechanisms that govern a successful delivery of
genes to the target cell, it is a necessity to heeledefined starting materials. Aimost all
synthetic polymers have a distribution of their molecular weight and therefore represent a
mixture of individual polymer chains of varying length. Furthermore, reproducibility is
only given up to a certain poinsince both molecular weight and molecular weight
distribution can vary significantly between individual batches. If the distribution of a
polymer sample is broad, it becomes difficult to discern between the individual
contributions of the different chaimsaking up the overall mixture. Therefore, polymers
with a narrow molecular weight distribution, a good control over the molecular weight
and high reproducibility between batches is to be preferred. Additionally, access to
different polymer architecturesan be interesting, since material properties can be
significantly influenced through the thre@mensional connection of the monomers in a
polymer. By using monomers that can be polymerized with controlled or living
polymerization methods, such differeriymer architectures in combination with narrow
molecular weight distributions have become avail&b® with the resulting polymers of
defined molecular weight and controllable architecture, the aim éstablish structure
propertyrelationships fopolymeric vectors and possibly even define some guidelines for

the design of successful polymeric gene carfférs.

Poly(2(dimethylamino)ethyl methacrylate) (PDMAEMA) is a polycation that can be
easily prepared by living polymerization methods like rebdgsaddition fragmentation

chain transfer (RAFT) polymerizatidii,atom transfer radical polymerization (ATR®),
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as well as anionic polymerizatirand has shown promising performance as awiat

gene carrief? Similar to many other polymeric genamsfection agents an increase in
cytotoxicity that is coupled with an increase in transfection efficiency could be observed.
Several studies on the influence of the molecular weight on transfection efficiency and
toxicity have also been perform&t.** Much effort has been put into decoupling an
effective transfection from a significant cytotoxicity. At the very least a decrease of the
toxicity to bearable levels, while maintaining a high transfection efficiency has been the
aim of several studies. It iselieved that part of the toxicity stems from the non
degradable nature of the PDMAEMA.. Several groups have therefore prepared DMAEMA
containing polymers that can be cleaved into smaller building blocks under physiological
conditions, albeit with ambiguoussults on both transfection efficiency and toxi¢ry?

A copolymerization of PDMAEMA with other monomers or conjugating PEG to
PDMAEMA could successfully reduce the toxic effects of the polymers in many cases.
However, not in all cases did a reductiohthe toxicity also lead to an increase in
transfection efficiency? The influence of architectural changes to the PDAMEMA
structure was also tested for improving gene delivery efficacy.-lMear polymer
architectures can be synthesized for PDMAEMA daample by using muHunctional
initiator molecules. Both stahaped*'®? branchet® °“and cylindrical brustike'®

polymers were subsequently tested for their transfection performance and showed
superior results as compared to their lineameeparts. Georgiou etl. were the first to

use stasshapedPDMAEMASs for gene transfectiorthey prepared the polymer through

an Afairrmt o method with a crosslinking monome
polymerization of DMAEMA!%'%® Several othr groups have made use of such

branched structures in the meantime. In summary, PDMAEMA offers many possibilities

to elucidate the mechanisms of gene transfection, due to its chemical versatility.

Despite these tremendous improvements in controlling tigmer architecture and
molecular weight distribution, many open questions remain unanswered for the moment.
Controversial and even conflicting results are repeatedly reported in the literature. In
many cases a comparison between different studies isulliffbecause transfection
protocols, cell lines, reporter genes and material characterization methods are chosen
based on preference or availability by the respective groups rather than by standardized
rules. This is a major drawback that needs to beeaddd in the future in order to better

coordinate the individual efforts of each group.
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As an outlook for nanomedicine, polymeric materials have a good chance of significantly
contributing to the field in the future. Polymers are chemically versatile@ameasily be

tailored to their respective use by skilled synthetic chemists. However, to be able to
correctly design the materials, polymer chemists and material scientists in general need to
closely collaborate with scientists from other disciplines litelogy, biochemistry,
pharmaceutical and medical sciences, who have a deep understanding of the processes
and related challenges specific to living organisms. Only through a clever design of
materials that takes into account all the available knowlefigeeodifferent disciplines

will a significant improvement become possible, rather thapingf or a Al ucky

from a single discipline.
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3. Aim of this Thesis

The motivation of this thesis was to explore the potential of polyelctrolyte stamctures
especiallyfor therapeutic applications.

In polymeric gene delivery, wavestigatedstructureproperty relationships of branched
polycations in gene delivery, irparticular of stasshaped architectures. A better
mechanistic understanding of the relevant processes involved in the transport of nucleic
acids by means of polymeric vectors would help to improve the material performance.
With controlled radical polymezation methods and mufiunctional initiator molecules,

a vast library of polymeric structures was accessible that was previously nearly
unexplored for transfection. Information about the influence of macromolecular
parameters like molecular weight or deg of branching on transfection results might

yield some gener al A d evisal ggne delivery.e s 0 f or i mprov

Multicompartment micelles are a relatively new class of nanostructured materials, which
have potential use in several fields. Here, wanted to investigate MCMs from
BVgMAA triblock terpolymers, and were particularly interested in expanding the
functionality of this system as well as creating new MCM structures. The incorporation of
new, additional compartments in the micelles wouldease the complexity and could
lead to previously unknown micelle structures. Using individual compartments for the
incorporation of active molecules opens many possibilities for therapeutic applications,
especially if more than one functional aspect of M&M is put to use. Applying the
MCM system from BVgMAA triblock terpolymer to a therapeutic application was the
ultimate goal.
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Chapter 21 Overview overthe Thesis

Chapter 2 - Overview over the Thesis

This thesis consists of seven chapters including five publications, which are presented in
Chapters 3to 7.

Structural characterization of polyelectrolyte nstnacturesn aqueous solution and the
therapeutic use arising from geematerialsis the common topianifying the different
chapters. Two different types of polymeric materials were used in the work, which can be
divided into staishaped polycations on one side and multicompartment micelles (MCMs)

from ionic triblock terpéymers on the other.

In close collaboration with the group of Process Biotechnology at the University of
Bayreuth, we explored the biological properties of -steaped polycations for the
delivery of genetic material (transfection) into eukaryotic cdlts better understand the
relationship between chemical modifications on the molecular level and biological
properties relevant to the transfection prociess,cytotoxicity and transfection efficiency

(TE) were the main criteria of interest, | synthedize variety of different polymer
structures that were subsequently tested against several types of cell lines. We found
general design criteria for stahaped vectorsChapter 3 and 4 and could use them to
create materials with significantly enhancednsfaction properties Ghapter 4) as

compared to previously used polymers.

In the second part of the thesis, from a starting material consisting of MCMs from
triblock terpolymers which have a negatively charged corona in aqueous solution, |
investigated thepossibilities to alter the micellar structure towards higher complexity
through the interaction with oppositely charged (block)mmlymers Creating new
compartments or changing the surface chemistry of the micelles by means of
interpolyelectrolyte compl (IPEC) formation was of particular intere€h@pter 5 and

6). Some of these new MCMs were then used to investigate the influence of the corona
chemistry on biological properties, while simultaneously demonstrating good drug

carrying capacity sufficierfor anticancer therapin vitro andin vivo (Chapter 7).

The most important results from each of the different parts are discussed in the following.
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1. Influence of Polymer Architecture and Molecular Weight of Poly(2
(Dimethylamino)ethyl Methacrylate) Polycations on Transfection
Efficiency and Cell Viability in Gene Delivery

Poly(2(dimethylamino)ethyl methacrylate) (PDMAEMA) is an ideal candidate for
investigating structurproperty relationships in nowiral gene delivery, because well
defined polymes with varying morphologies can be synthesized by means of controlled
polymerization methods such as atom transfer radical polymerization (ATBR)

shaped polycations have only recently been used in gene transfection and there was some
evidence for asuperior transfection performance of this specific polymer architecture
reported in the literature.®> We were especially interested how structural parameters,
such as the arnrmumber and armength of staishapedpolycatiore, influence their
transfection propertie®y using ATRP, | prepared a material library consisting of linear,
3-arm, and 5armstar polymers with different molecular weights for each type of
polymer. The two stas haped DMAEMA pol ymers wérirespol yme
approach using multifunctional initiator molecules on the basis of sugars (glucose and
saccharose). The final polymer library contained twelve polymers in total and covered a

molecular weightange froml6 to 158 kDa (se€able 2-1).

40



Chapter 21 Overview overthe Thesis

Table 2-1: Nomenclature and molecular characterization of the linearnB8 and Sarm DMAEMA
polymers synthesized with ATRP.

Architecture Name N / Moleculé® M, [kDa]® PDI®
L1i1o 108 17.1 1.12

Linear Lsoo 518 81.7 -
Lsso 881 138.7 1.73
L1000 1003 157.9 1.80
S-395 95 15.9 1.26
S-310 210 34.0 1.16
3-Arm S-3300 296 47.5 1.12
S-3600 596 94.7 1.12
S-3710 710 112.6 1.13
S-5580 575 91.9 1.09
5-Arm S-5700 699 1114 1.12
S-5920 919 146.0 1.10

®calculated from the NMRnolecular weight’determined from NMR conversion dafajeasuredia SEC
with DMAc as eluent and poly(methyl methacrylate) as standard.

The same polymerization conditions were used for all three types of polymer
architectures anavell-defined starshapedPDMAEMA s with narow molecular weight
distributionswereobtained. Thermpolyplexeswere formed with plasmid DNA (pDNA) in
increasing ratios of PDMAEM#Aitrogen/DNAphosphate (N/P ratio) to test them for
their cytotoxicity as well as TE in Chinese Hamster Ovary (&&k) cdls. For ease of
data analysis, the concentration dependent cytotoxicityfdatach polymer samplgas
converted into a single value, defined as the lethal complex concentration%oobthe

cells (LCGo) which could then be plotted against timelecular weight Kigure 2-1a).
Interestingly, a trend was found that points towards a reduced cytotoxicity (higky LCC
value) with increasing degree of branchfng comparable molecular weighis., 5-arm

stars are less toxic tharaBm stars which iturn are less toxic than linear polymers.
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Figure 2-1: (A) Plot of the LCGy-values of various PDMAEMAS against the molecular weight of the
polymer. LCGg-values were calculated from MTT experiments using @&lOcells. The symbols
represent linear (sques), 3arm star (triangles) and-&m star (stars) PDMAEMA. (B) Fraction of
transfected cells plotted against the relative viability for the polyplexes from DMAEMA polymers at N/P
ratios 2 (black), 5 (dark grey), 10 (light grey) and 20 (open symbols)aérage number of monomers per
polycation is given next to each entry. Data represent mean value of three independent experiments. The
arrow represents thgeneralcourse of a polycation through the graph wiitbreasingN/P ratio (from grey

= low to bladk = high N/P ratio).

Cellular toxicity can have a direct influence on the ES,cell death decreases the

production of reporter genes. It is therefore reasonable to directly connect the toxicity of a
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given N/P ratio with the corresponding TE. To havehhait these important parameters
visualized in one graph, we introdukca plot of the TE against relative viability for all
N/P ratios in the polymer library as depictedRigure 2-1b. This new type of graph
allows the reader to quickly identify the polyneematerial and N/P ratio with ideal
transfection propertiese. the data points that appear in the upper right quadrant number
2. Additionally, this type of graphicely illustrateghe effect of increasing the N/P ratio
for a certain DMAEMA polymer,tarting with low toxicity and TE, then going through a
tradeoff region between increasing TE and toxicity, while finally the toxicity dominates
andresults in adecrease TE. This behavior is illustrated by the arrowRigure 2-1b.

From the dataset we daolufurther find that polymers below a critical molecular weight of
approximately 20 kDgcorresponding to 130 monomer units in case of PDMAEMA
exhibit no significant transfection, suggesting that polymers with an intermediate
molecular weight and dranched architecture would be good candidates for gene

delivery.

2. NancParticulate Non-Viral Agent for the Effective Delivery of pDNA
and siRNA to Differentiated Cells andPrimary Human T Lymphocytes

With the knowledge from the polymer library containing linear,aBd 5arm star
DMAEMA polymers described i€hapter 2.1, we then tested the transfection properties
of a starshaped PDMAEMA with 20 arms (HIDMAEMA). This polymer had been

obtained againyy ATRP-fiicete method wusing a multi

nanoparticle as thieitiator (Scheme2-1a).
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@ K/&*
?fz. NS

Si-PDMAEMA PB-b-PDMAEMA Micelles

Scheme 21. (A) Chemical structure of stahaped SPDMAEMA synthesizediiafi ¢ efrier st 6 met hod by
ATRP; (B) Staflike PDMAEMA micelle selfassembled from amphiphilic PBPDMAEMA diblock
copolymer.

Despite its large molecular weight {M 730 kg/mol), we could achieveery good
cellular viability coupled withextremely high transfection efficiencies in CHQ cells

(74 % TB with 93 % rel. vability on averagehat surpassed the best results from the
figold standard poly(ethylene imine) (PEI) (5@ TE with 94 % rel. viability on
average). In various cell linethat are generally considered to leore difficult to
transfect than CH&1 cells, the SPDMAEMA performed better relative to PEI as is
exemplarily shown for C2C12 cell§igure 2-2). These cells stop dividing when the
culture plate is densely populated (confluent), which significantly hinders successful
transfection formost polymeric vectors. Furthermore, the confluent C2C12 cells could
easily be differentiated into myotubes through a change of the cuth@dium
composition. In all of the cases-BDMAEMA (Figure 2-2, open symbols) gave higher
TE for every single transfection experimeas compared to PEIRigure 2-2, closed

symbols).
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Figure 2-2. Analysis of the percentage of transfected cells against the relative viability after transfection in
C2C12 cells. Transfection efficiencies in dividing,(* ), nondividing myoblasts & , A) and myotubes

(p , r ) are plotted against the viability. Black symbols: PEI, white symbol®BIAEMA. Data shown

are from individual transfections.

The superior transfection performance of-FIDMAEMA is based on itsgeneal
architecture, where a multitude of polymeric arms emanate from a common center, rather
than the specific polymer sample: When polymeric micelles from an amphiphilic diblock
copolymer (polybutadienblock PDMAEMA,; PB-b-PDMAEMA) comprising a PB core
andPDMAEMA corona, which resemble a stlraped architectut&cheme 21b), were

used for gene delivery, a comparable performance to thatPDBIAEMA was found.

Both types of nanostructures could also transfect human T lymphocytes with pioMNA
efficiently as compared tthe standard method of electroporation for thesk types
Additionally, RNA interference could also successfully be performed with both
polymeric vectors of stdike architecture, reaching up to 40 % silencing efficiency of the
targetedgene in human T lymphocytes. The remarkable transfection performance of this
class of polymers, combined with the large number of different cell lines it can be applied
to, especially for nomlividing or differentiated cells, makes these 4itee polymes

highly interesting materials fan vitro gene delivery.
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3. Double-Layered Micellar Interpolyelectrolyte Complexes T How
Many Shells to a Core?

MCMs are highly complex nanostructures with possible applications in templating, as
nanoreactors, for carrygy catalysts and in biomedical drug deliveryimaging By using
triblock terpolymers it is possible to obtain MCMs with two chemically different
compartments in the core of the resulting micelles. However, increasing the number of

distinguishable comptaments to more than two is generally very difficult.

Here, we establisheda new route for the formation of distinguishable and chemically
different compartments in MCMs from ionic triblock terpolymers by using the negatively
charged corona of those micalléor IPEC formation with oppositely charged polyions.
The original MCMs used in this work foed through seHassembly of poly(butadiene)
blockpoly(1-methyt2-vinyl pyridinium)-block-poly(methacrylic aciyi (BVgMAA) in
agueous solutionThe MAA corona sthilizes the micelles and is easily accessible for
further reactions. First, we used quaternized PDMAEMA (PDMAEMAQ), which retains
its positive charge even at high pH values (pH = 10) where PMAA is fully deprotonated.
Upon mixing the polycation solution witBVgMAA micelles, an IPEC was immediately
formed, which collapsed onto the core of the micelles. This new IPEC compartifent (2
IPEC) comprising PDMAEMAqQ and PMAA could be distinguished in cryogenic
transmission electron microscopy (cfy&M) measurement$rom the original intra
micellar IPEC shell (Vg/MAA). Furthermore, a complete second layer was formed
(Figure 2-3, left sidg leading to an oniotype morphology. Nostomplexed MAAfrom

the original micellar coronaerved to stabilize the micelles in sidm below a critical
complexation ratio. The"2 IPEC layer was found for 3 different block lengths of the
MAA block in BVgQMAA micelles, ranging from 345 to 550 units. The length of the two
DMAEMAqQ homopolymers (157 and 820 units) used for complex foonadid not
significantly affect structure formation. If complexation ratios close to charge neutrality

were reached, a macroscopic phase separation with precipitation of the MCMs was found.

This macroscopic precipitation at high complexation ratio wasdadowhen instead of a
homopolymer the double hydrophilic diblock copolymer of PEBDMAEMAQ was
usedfor IPEC formation Figure 2-3, right side). The new layered compartment from
PDMAEMAQ/MAA IPEC developed as beforbut the colloidal stability of the ptcles
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was retained even at charge neutralization, because the PEG segment served as stabilizing

corona chains.

PDMAEMAq PEG-b-PDMAEMAq

’{°V+o{’ﬁ:

[ PB core

Hl " IPEC (Vg/MAA)

— PMAA corona

Hl 2" IPEC (MAA/PDMAEMAQ)
M reEG

BVgMAA / PDMAEMAq

BVgMAA / PEG-b-PDMAEMAq

Figure 2-3: Schematic pathway for the formation of doulsgered IPECs from BVgMAA triblock
terpolymer micelles and either PDMAEMAQ homopolymers (left) or a BERDMAEMAQ diblock
copolymer (right). Scale bars in the insets represent 40 nm.
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4. Micellar Interpolyelectrolyte Complexes With a Compartmentalized
Shell

Next, we used BVgMAA micelles with a very long MAA corona of 1350 urdtsl
otherwise nearly identical block lengths of the remaining two bldokghe complex
formation with oppositely charged polycatioi$ere,we found a nvel arrangement of

the newly created compartment instead of the previously layered one in micelles with
short to medium MAA block length.

The original incentive behind using BVgMAA micelles with a very long cordiigufe

2-4a) was tocreate more than one additional compartment in an dgmaarrangement,
through the consecutive addition of different polycations. By using a very long corona of
1350 units as compared to a maximum of 550 units that were previously used, colloidal
stablity even with multiple layers of IPEC compartments should be achieved. In that
sense, the proposed approach would be similar to a-tgyeryer procedure, without
alternating between the addition of positively and negatively charged polyions.
Additionally, we were interested to see whether an increase in the charge density of the
polycation would lead to a change in the IPEC compartment structure, more dense
compartment. For this purpose a new polycation, oly(@-((2-
(dimethylamino)ethyimethylamim)ethyl methacrylate) (PDAMA), with a similar
structure to that of PDMAEMA but carrying two amino groups per repeating unit, was
synthesized by reversible addition fragmentation (RAFT) polymerization and
subsequently quaternized to give PDAMAQ,.

After analyging the complexes from lonrgprona BVgQMAA micelles with PDAMAQ by
electron microscopy, we found that complex formation had successfully occurred, but the
new compartment was anisotropically distributed around the original core of the micelles
(Figure 2-4b). Instead of a layered structure, up to three individual patches of newly
formed IPEC decorated the core. The structures are not kinetically trapped, but-even re
form when dialyzed from high salt conditiombiere the IPEC compartment disintegrates
(Figure 2-4¢) to low salt conditionsKigure 2-4d). Essentially, the same structures as for

direct mixing at low salt conditions were found again.
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Figure 2-4. cryo-TEM micrographs of BVgMAAgsse micelles (A) in pH 10 buffer; (B) after the complex
formation with PDAMAQ; (C) after further addition of 500 mM NacCl; (D) after dialysis back to original pH
10 buffer. The scale bars of the insets represent 50 nm.

The patchy IPEC compartment structuresvedso independent of the polycation used for
complexation, as demonstrated by using PDMAEMAg. Finally, we identified the corona
length as the determining factor for the occurrence of this specific structure: In micelles
with a MAA-block length of only 40@inits, again a layered arrangement of the new IPEC
compartment was observed. We explain the formation of both types of structures (layered
and patchy IPEC) through the interfaces generated between the new IPEC compartment
and both the original micellar o and the solvent. For micelles with a short corona, a
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patchy arrangement of the newly formed IPEC would quickly lead to an interface
between IPEC and solvent, which could then lead to further aggregation of the structures
and loss of colloidal stabilityThe long MAA corona in the micelles used here permits a
stabilization of the micelles even for anisotropic arrangements of the IPEC compartment.
Such a patch instead of a layered morphology allows for an energy minimization of the
interface between new BZ and original core, which is not possible in the case of short

corona micelles.

5. Multicompartment Micelles with Adjustable Poly(ethylene glycol)
Shellfor Efficient in Vivo Photodynamic Therapy

In the last part of this thesis | explored the capacftyM&Ms based on BVgMAA
micelles to act as a drug delivery system (DDS). For this, | spent time in the laboratory of
Prof. Kazunori Kataoka in Tokyo, Japan, and the results presented in the following were

obtained in collaboration with his group.

A hydroplobically modified porphyrazine derivate was chosen as a model hydrophobic
drug for the encapsulation in BVgQMAA micelles. This drug can create reactive oxygen
species(ROS) when illuminated with light in the near infrared region and is therefore
capable ofacting as a photosensitizer (PS) in photodynamic cancer therapy (PDT). The
drug was incorporated into the polybutadiene core during theass#imbly step of the
BVgMAA triblock terpolymers. The MCM system allowed us to investigate the influence
of the cobna composition on the biological properties of the DDS, by taking advantage
of the complex formation with a double hydrophilic and positively charged diblock
copolymer poly(-lysine}blockpoly(ethylene glycgl(PLL-b-PEG) in the same approach
asdiscussd in Chapter 2.3 Simply by adjusting the mixing ratio ¢fie added diblock
copolymer, we were able to gradually change the composition of the micellar corona from
pure MAA to PEG.
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o
P Hy~obrot

NH,
PLL,,-b-PEG,,
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Figure 2-5. Preparation of porphyrazine derivate containing BVQMAA e from BVT triblock
terpolymer, followed by corona modification with PIPEG diblock copolymers and creicEM
micrographs for the resulting structures of two BVgMAA/PRPEG complex micelles. The scale bars in

the insets represent 50 nm.
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At high compéxation ratios close to charge neutrality we found a novel micellar
morphology of the MCMs, where the newly formed IPEC is of cylindrical shape and
oriented perpendicular to the surface of the micellar déigrife 2-5). The reason for this

new morphologyvas identified as the very short block length of the PLL block (40 units)
as compared to the MAA blocks (400 and 1350 units). At high complexation ratios the
system is forced into a cylindrical bottlebrush structure to accommodate the large PEG
chains (270monomer units) of PLb-PEG, which would not be possible in a layered
arrangement of the PLL/MAA IPEC.

Using PLL as the cationic block with its primary amifies contrast to the quaternyar
amines in PDMAEMAqg or PDAMAG further allowed a facile fixatio of the corona
composition through amide formatiornvia activated ests. After fixation,
BVgMAA/PLL -b-PEG micelles retained their cylinden-sphere morphology even under
highly challenging conditions (high salt concentration), indicating a stabilityicéliar
structure even when getting in contact with sexgntaining medium or when injected

into the bloodstream.

For the evaluation of their drug carrying capabilities and biological properties, the
micelles were first tested in cell culture. Human lwagcer cells (A549) were treated
with micelles havingan increasing degree of PEGylation. A strong decrease of the
relative viability {.e. increase in toxicity) was observed for all drug carrying micelles
upon illumination Figure 2-6a), while nonilluminated micelles resulted only in minor
toxicity, proving the photodynamic activity of the DDS. Ndrug carrying micelles, on

the other hand, did not contribute significantly to the overall toxicity. A strong
dependence of the pheitaduced toxicity on the arona composition was found, where
nonPEGylated micelles showed highest toxicity that gradually decreased with increasing
degree of PEGylation. We found that the uptake behavior into the cells can be controlled
through the corona compositioirigure 2-6b) and noRPEGylated micelles had the
highest uptake into A549 cells decreasing with increasing-BRPEG complexation

ratio, correlating well with trends in toxicity
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Figure 2-6. (A) In vitro PDT effect. Relative viability of A549 cells after treatmefittmBVqMAA 40¢/PLL-
b-PEG micelles and 15 min photoirradiation. (B)vitro uptake of drug in A549 cells after 24 h incubation.
(C) In vivo drug accumulation in subcutaneous A549 tumor model 24 h post injection of BVgMAAIPLL
PEG micelles (n = 4). (Dn vivo PDT efficacy study (n = 5). Evolution of the tumor volume with time
(Illumination at tumor site on day P.: 1/5 tumor regression. *p > 0.05; **p < 0.0D1.

A strong influence of the corona composition on the behavior of the MCMs in animals
was alscseen in the subsequentvivo study. Only fully PEGylated micelles with a near
neutral z-potential and dense PEG shell showed a prolonged blood circulation time in
female balbc nu/nu mice in the range of several hours. Non partially PEGylated
micelles were almost completely cleared from the bloodstream within the first hour after
intravenous injection. Longirculating micelles could successfully accumulate in
subcutaneous A549 tumor models in these mice 24 h after injection by passive targeting
via the enhanced permeation and retention (EPR) effect, as shdwguire 2-6¢. The
amount of drug deliveredto the tumor by the BVQMAA?LL-b-PEG micelles was
sufficient to suppress tumor growth up to 21 days after a single dose injection and

photoirradiationstep Figure 2-6d). We could therefore successfully demonstrate the
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drug carrying capacity and therapeutic efficacy of BVgQMAA MCMs, while the
interactions of the micelles in biological surroundings could be tuned by controlling the

corona composition.
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6. Individual Contributions to Joint Publications

The results presented within this thesis were obtained in colladromith other persons
andwere previously published. In the following the individual contributions of each co
author are specified. Thestarisk indicates the corresponding author(s) of the respective

publication.

Chapter 3

This work has been published Biomacromoleculed2, pp. 42474255 (2011under the
title:

Al nfl uence of Pol ymer Ar chi t ec tRoly(2 and
(dimethylamino)ethyl methacrylate) Polycations on Transfection Efficiency and Cell
Viability in Gene Deliveryo

by Christopher V. Synatschke, Anja Schallon, Valérie Jérébme, Ruth Freitag*, and Axel

H. E. Miller*

This work was conducted in collaboratio wi t h t he chair of AProc
the University of Bayreuth. | synthesized all materials, conducted their physicochemical

characterization and wrote the manusc¢ricept that:

A. Schallon was involved in the planning of the experimentdppeed all of the cell

culture experiments and corrected the manuscript.

V. Jérdbme, R. Freitag and A.H.E. Miller were involved in scientific discussions and

correcting the manuscript.
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Chapter 4
This work has been publishedBiomacromolecule$3, pp.3 4 6 31 3 4 7 dnde(tBe0 1 2 )
title:

ANanopart i-YinallAgent &r tivedifective Delivery of pDNA and siRNA to
Differentiated Cells and Primary Human T Lyn

by Anja Schallon, Christopher V. Synatschke, Valérie Jéréme, Axel H. E. Muller , and
Ruth Freitag*

This work was conducted in collaboration wi
the University of Bayreuth. | synthesized all materials, conducted their pkgtsérnical
characterization and wrote parts of the manusceiptept thatA. Schallon was involved

in the planning of the experiments, performed of the@dture experiments and wrote

parts of the manuscript.

V. Jérébme and R. Freitag were involved in scientific discussions, planning of the cell

culture experiments and wrote adf the manuscript.

A.H.E. Muller was involved in scientific discussions and corrected the manuscript.

Chapter 5

This work has been published$oft Matter7, pp. 17141725 (2011 under the title:

A D o u-balyeeed Micellar Interpolyelectrolyte ComplexesHow Many Shells to a
Core?o0

by Christopher V. Synatschke, Felix H. Schacher*, Melanie Fortdelnkus Drechsler
and Axel H. E. Mller*

| conducted all othe experiments @hwrote parts of the manuscript, except that:

F.H. Schacher synthesized the BVT triblock terpolymers, wrote parts of the manuscript

and was involved ithe planning of the experiments.
M. Foértschand M. Drechsleconducted all of the cry@EM measurements.

A.H.E. Miller was involved in scientific disissions and corrected the manuscript.
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Chapter 6

This work has been published iMacromoleculesi6, pp. 6466474 (2013)under the
title:

AMi cell ar I nterpolyelectrolyte Compl exes

by Christopher V. Synatschke, Tina I. Lobljrgelanie Fortsch, Andreas Hanisch, Felix
H. Schacher*, and Axel H. E. Mdller*,

| synthesized the BVT and BVgMAA polymers, was involved in the planointhe

experiments androte the manuscripexcept that:

T.l. Lobling performed all other synthesighysicechemical characterization and

corrected the manuscript.
M. Fortsch conducted all of the chidEM measurements.
A. Hanisch assisted with BVT synthesis and corrected the manuscript.

F.H. Schacher and A.H.E. Mullerere involved in scientific discussens and corrected

the manuscript.
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Chapter 7

This workhas beempublishedn ACS NandDOI: 10.1021/nn4028294inder the title:

AMul ti compart ment Mi c ePbly(ethglenewglytol) Shalldgr ust abl e

EfficientinvivoPh ot odynami ¢ Therapyo

by Christopher V. Synatschke, Takahiro Nomoto, Horacio Cabral, Melanie Fortsch,
Kazuko Toh, Yu Matsumoto, Kozo Miyazaki, Andreas Hanisch, Felix H. Schacher,

Akihiro Kishimura, Nobuhiro Nishiyama, Axel H. E. Muller*, and Kazunori Kataoka*

This work wasdone incollaboration with the group of Prof. Kazunori Kataoka at the
University of Tokyo, Japan. | conducted aflthe experiments and wrote the manuscript,
except that:

T. Nomoto was involved in planning of the experiments, conducted some of fluorescence

microscopy measureme&nand corrected the manuscript.

H. Cabral conducted part of the animal experiments, was involved in the planning of

experimeis and corrected the manuscript.
M. Fortsch conductedlaof the cryo TEM measurements.
K. Toh and Y. Matsumotoanducted fluorescence miscopy measurements on animals.

K. Miyazaki assisted within vivo PDT efficacy measurementand corrected the

manuscript
A. Hanisch assisted with BVT synthesis and corrected the manuscript

F.H. Schacher, A. Kishimura, N. Nislagma, A.H.E. Midller and K. Kataoka were

involved in scientific discussions and corrected the manuscript.
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Chapter 3

Influence of Polymer Architecture and Molecular Weight of
Poly(2-(Dimethylamino)ethyl Methacrylate) Polycations on
Transfection Efficiency and Cell Viability in Gene Delivery

transfected cells [%)]

rel. viability [%]

The results of this chapter have been publisheBiomacromolecu@sas:

Al nfl uence of Pol ymer Architectur-e and
(Dimethylamino)ethyl Methacrylate) Polycations on Transfection Efficiency and Cell
Viability in Gene Deliveryo

by Christopher V. Synatschke, Anja Schallon, Valérie Jér&uth Freitg, and Axel H.
E. Miiller

Repinted with permission fromBiomacromolecule®2011, 12, 42474255 Copyright
2011 American Chemical Society.
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Abstract

Nonviral gene delivery with the help of polycations has raised considerable interest in
the scientific community over the last decades. Herein, we present a systematic study on
the influence of the molecular weight and architecture of pdigiethylamingethyl
methacrylate) (PDMAEMA) on the transfection efficiency and the cytotoxicity in CHO
K1 cells. A library of well defined homopolymers with a linear and-skteaped topology
(3- and 5arm stars) was synthesizet atom transfer radical polymerizatigATRP).

The molecular weights of the polycations ranged from 16 to 158 kDa. We found that the
cytotoxicity at a given molecular weight decreased with increasing number of arms. For a
successful transfection a minimum molecular weight was necessary, l#npelymers

with a numbefaverage molecular weight, M below 20 kDa showed negligible
transfection efficiency at any of the tested polyelectrolyte complex compositions. From
the combined analysis of cytotoxicity and transfection data, we propose thatepsly
with a branched architecture and an intermediate molecular weight are the most
promising candidates for efficient gene delivery, since they combine low cytotoxicity

with acceptable transfection results.
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Introduction

The transport of foreign genetigaterial into eukaryotic cells, or DNA transfection, by
means of notviral vectors has been an active field of interdisciplinary research for
several decadées. With efficient vectors it should be possible to find new ways of
treatment for genetic disess or significantly improve the production of therapeutic
proteins® The use of viruses, although widespread in DNA medicine, as delivery vehicles
raised some concerns in termsimmunogenicity, pathogenicity and oncogenicity.
Furthermore, viruses stolimitations in the size of the DNA that can be transported and
chemical modifications as well as largeale production can be difficult. Synthetic
vectors can potentially overcome those limitations, while achieving acceptable, albeit at
present much loer transfection results compared to their viral competitors. Therefore, a
lot of effort has been put into the development of-wiwal vectors, including polycations
and their derivates. One of the most efficient polycations for gene delivery, whicb is als
considered to be the fAgold standardo in th
either in its branched or linear form, mostly with a molecular weight around 28*%Da.
Another promising candidate is poly(@imethylamino)ethyl methacrylate)
(PDMAEMA). A vast amount of articles have been published on the use of PDMAEMA
or its copolymers for the delivery of genetic matelfaf For systematic studies, this
material is better suited than branched PEI, since the monomer can be polymerized in a
controlled manner, e.g. through group transéerd anionic polymerizatiéft 2 or with
controlled radical polymerization methods like atom transfer radical polymeriZation
(ATRP) and reversible addition (chain) transfer polymerizatio®y using such
controlled polymerization procedures, narrow molecular weight distributions are obtained
and more complex polymeric architectures, including-s@ped or branched polymers,
can be producetf?’ Such welldefined structures with a maximum of homogeneity a
mandatory for establishing structuie property relationships. This is of particular
importance, since evidence is building up in the pertinent literature, thalinean

polymers show better transfection properties than their linear countéfparts.

Starshaped polycations, in particular, have recently raised considerable interest as
genedelivery agents. By connecting the arms of the molecule to a central core, a more
dense structure is obtained in solution compared to the corresponding linearrpolyme
Georgiouet al. were the first to use stahaped PDMAEMA and some copolymers as a
mimic of dendritic structures for gene delivéfy! In their works, they used gup
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transfer polymerizatioto first synthesize the arms and subsequently, througtdthigoe

of a bifunctional crosslinker, connected these arms to a common center, thereby creating
the star polymers. This smlled armfirst method allows good control over the length of

the arms and is especially appealing because the synthesis of metittifial initiators is

not necessary. A drawback of this method is the retention of linear precursors, probably
due to a lowering of solution viscosity, reduced chain mobility or termination reattions.
Also, the final number of arms is hard to contrad, it is difficult to obtain large libraries

of polymeric samples with similar armumbers. In their first publication on PDMAEMA
stars®® Georgiou et al. compared seven stahaped samples where the amomber

varied between 2D 70. Since then, other @ups also reported on their results with star
shaped PDMAEMA? often using the coréirst approach for the preparation of the
materials>**’ For example, Liet al. used a functionalized cyclodextrin as an ATRP
initiator to create stashaped polymers from different cationic monomers. They found the
primary and tertiary amine containing polymers to be more effective than quaternized
ones, but none of the materialssaable to reach transfection levels of PEClearly,
parameters such as the molecular weight, but also the architecture can have a significant

influence on the outcome of a transfection experiment.

However, systematic studies of these parameters omah&fection characteristics to
our knowledge only exist for linear DMAEMA (eolymers, but not for steshaped
architectures. Linear homopolymers prepared from free radical polymerization with a
number average molecular weight betweeni21381 kDa wereanalyzed with regard to
their toxicity and transfection by van de Wetergtgal. and more recently by Laymaat
al. (M, from 2.5 to 400 kDaj}® *®The uptake as well as the toxicity of linear PDMAEMA
up to a molecular weight of 40 kDa was studied witloféscently labeled polymers
prepared from ATRP, although no genetic material was transpSrtedally, three
individual groups investigated the influence of polymer architecture by preparing

copolymers of DMAEMA with poly(ethylene glycol) or methacrgaterivates theredf:
40, 41

In this study, we systematically analyze the effect of both molecular weight and
polymer architecture on critical parameters for gene delivery. A library of three polymer
architectures containing linear-a8m stars and -&m stars, with molecular weights

ranging from 16 to 158 kDa, was synthesiagd ATRP. The polymers were then
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evaluated in their ability to transfe€@hinese Hamster Ovary (CHKL) cells together

with their cytotoxicity for these cells.

Experimental Part

Materials
Anisole (p.a., 99 %), copper(l) bromide (CuBr, 99.999 %]dithethylamino)ethyl
methacrylate (DMAEMA, 98 %), ethyl-Bromoisobutyrate (EBIB, 98 %) 1,1,4,7,10,10

hexamethyltriethylenetetramine (HMTETA, 97 %) and trioxar@ 99 %) were

purchasedrbm SigmaAldrich (Steinheim, Germany). Copper(ll) bromide (CyBE 99

%) was from Fluka. Dioxane and acetone (both p.a. grade) were obtained from Fisher
Scientific (Leicestershire, UK) and VWR International (Ismaning, Germany),
respectively. The DMAEMA mnomer was passed through an aluminium oxide (basic,
SigmaAldrich) column prior to use in order to remove the stabilizer. EBIB was distilled
under vacuum and stored under nitrogen atmosphere at 4 °C before use. All other
chemicals were used as receivedr Flialysis a Spectra/Por 3 (MWCO = 3500,
Spectrumlabs, Rancho Dominguez, Canada) dialysis membrane from regenerated
cellulose was used-@,5dimethylthyazoly2)-2,5diphenyl tetrazolium bromide (MTT)

and Hoechst 33258 were from Sigma Aldrich (TaufkerchGermany). MiliQ water was

used for the preparation of all aqueous solutions. Polymers were prepared as 0.5 mM
stock solution in MilltQ water. Cell culture materials, cell culture media and solutions
were from PAA (Célbe, Germany). Serum reduced mmadiOptiMEM was from
Invitrogen (Carlsbad, California, USA). Plasmid DNA was prepared by using the
EndoFree Plasmid Kit from Qiagen (Hilden, Germany) and diluted in-Rilli

Synthesis

All polymer samples were prepared by ATRP. A detailed descriptiorea$yththesis
of the starshaped ATRP initators based on glucose and saccharose is published
elsewheré? Briefly, for the starshaped polymers DMAEMA (50 g, 0.318 mol, 160 eq.),
CuBr (228 mg, 1.540° mol, 0.8 eq.), CuBr(88.8 mg, 3.980* mol, 0.2 eq.)trioxane
(5 g, 0.056 mol) and anisole (145 g, 1.34 mol) (flask 1) as well as the respective initiator
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(here glucoséased initiator with five initiation sites per molecule, 368 mg, @@8

mol, 1 eq. of initiation sites), HMTETA (458 mg, 1@9° mol, 1 eq.) and anisole (5 g,
0.046 mol) (flask 2) were weighed into sealable flasks and separately degassed with
nitrogen for 15 minutes. The initiator solution (flask 2) was then transferred with the help
of a syringe and minimal contact to air to themoamer solution (flask 1). The
polymerization was started by stirring the reaction mixture in a thermostated oil bath at 60
°C. For the determination of the conversion NMR spectroscopy was used and the
integrals of the vinyl protons (6.2 and 5.6 ppm) weoenpared to the integral of the
trioxane signal (5.15 ppm). At appropriate conversion, samples were withdrawn from the
reaction mixture under nitrogen atmosphere, then opened to air, diluted with dioxane and
dialyzed against a mixture of dioxane and M@liwater. The highest conversions that
were reached in this manner were up to 60 %. In order to remove anisole, residual
monomer, copper salts and other low molecular weight impurities the dialysis solution
was subsequently changed from low to high waterterds (9:1; 7:3; 1:1 and 1:2).
Complete dialysis lasted for at least four days under continuous stirring and frequent
exchange of the solvent. The pure polymers were obtained as white powder after freeze

drying.

To reach high molecular weights for thedar PDMAEMA the polymerization was
carried out with acetone as the solvent for the ATRP. Earlier attempts in our group, where
anisole was used as the solvent, had resulted in broad molecular weight distributions and
insufficient molecular weights. Here, MAEMA (100 g, 0.636 mol, 3000 eq.), CuBr
(121.7 mg, 8.440“ mol, 4 eq.), CuBr(9.5 mg, 4.2@0° mol, 0.2 eq.), trioxane (10 g,

0.111 mol) and acetone (295 g, 5.08 mol) were weighed into a sealable flask. EBIB (41.4
mg, 2.1220* mol, 1 eq.), HMTETA (26.2 mg, 8.9600* mol, 4.2 eq.) and acetone (5 g,
0.086 mol) were mixed in a separate sealable flask and both solutions were degassed with
nitrogen for 15 minutes. The initiatior solution was then transferred under a nitrogen
atmosphere to the monomer dau and the polymerization was started by heating the
final mixture to 40 °C. Again, conversion was monitored with the help of NMR
spectroscopy and samples were drawn at appropriate conversions. The highest conversion
that was reached for the final samplas 40 %. Purification of the linear PDMAEMA

was performed analogously to the sthaped samples.
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Characterization

NMR spectroscopyAll NMR spectra were recorded on a Bruker Avance (Ultrashield)
300 instrument (300 MHz) in deuterated chloroform (Deut&mBH, Kastellaun,
Germany) as solvent. The signal of CKi®hs used for calibration (7.26 ppm fot).

Size exclusion chromatography (SEChe apparent molecular weights and their
distributions of the PDMAEMA samples after dissolving them overnighéwetermined
with a SEC system using dimethylacetamide (DMAc) with 0.05 % lithium bromide as
eluent at a flow rate of 0.8 mL/min. The equipment consisted of orechrsin and two
analytical columns (PSS GRAM, 4@nd 18 A pore size, 7 mm particle sizehc a
refractive index (RI) detector. The measurements were performed at 60 °C and linear
PMMA standards with a narrow molecular weight distribution and methyl benzoate as

internal standard were used for calibration.

Plasmid DNA

Plasmid peEGFIN1 (4.7 kb) (Clontech Laboratories, Mountain View, California
USA) encoding for the eGFP (green fluorescent protein), was used in all transfection
experiments. The plasmid was amplified Escherichia coliDH5 alpha strain in TB
medium to sufficient quantities by uginstandard molecular biology techniques,
including harvesting and purificationa Qi a g e n -®mep kitsi Rlaamid DNA (pDNA)
concentration and quality were determined bysoBgo ratio and by agarose gel
electrophoresis, respectively.

Mammalian Cell Line and Culture Conditions

The Chinese Hamster Ovary CHQ (CCL-61, ATCC) cell line used in the
transfection experiments was maintained in RPMI 1640 cell culture medium
supplemented with 10 % FCS, 100 pg/mL streptomycin, 100 IU/mL penicillin, and 2 mM
L-glutamine (Growth medium). Cells were cultivated at 37 °C in a humidified 5 % CO
atmosphere.
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Complex Formation

pDNA/polymer polyplexes were prepared at room temperature using 3 ug pDNA and
varied amounts of the respective polycation stock solutiomactueve the indicated
PDMAEMA-nitrogen/DNAphosphate (N/P) ratios. For this purpose, the pDNA was
diluted in a final volume of 200 pL of 150 mM Na€&blution. The required polymer
solution was added in a single drop to the pDNA solution and the mixture was
immediately vortexed for 10 sec at full speed, followed by incubation at room

temperature for 30 min.

Transfection of Mammalian Cells

Cells were seeded in 2 mL growth medium at a densityxof@ cells/well in 6well
plates 24 h prior to transfectio@ne hour prior to transfection, cells were rinsed with
PBS and supplemented with 2 mL OptiMEM. The polyplex suspension (200 pL) was
added to the cells and the plates were centrifuged for 5 min at 200 g and placed for 4 h in
the incubator. Afterwards, theedium was removed, 2 mL of fresh growth medium were
added, and the cells were further incubated for 20 h. Cells were harvested by
trypsinization and resuspended in PBS. The relative expression of eGFP fluorescence of
1x 10" cells was quantifiedia flow cytometry using a Cytomics FC 5@@uipped with
the CXP Analysis research softwafBeckman Coulter, Krefeld, Germany). The
parameters of the device were set, so that the fluorescence intensity value of the control
cells (nontreated) was below 100. All ¢glshowing a fluorescence intensity above this

value were recorded as transfected.

MTT Assay Cytotoxicity Studies)

The cytotoxicity of the polyplexes at various N#Rios was evaluated in 9ell
microtitre plates by the MTT assay following essentidilg transfection protocol. The
CHO-K1 cells were seeded in growth medium at a density of 2 xdl/well 24 h prior
to the experiment. One hour prior to the experiment, the medium was discarded and
serumfree growth medium was added. Cells were incedbatith the indicated polyplex
preparation for 4 h, then the medium was replaced by seomtaining medium
(analogously to the transfection protocol above). After 20h incubation, cells were rinsed
with PBS and further incubated in 200 uL MTT solution (@&'mL in PBS) for 2 h. The
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solution was aspirated, replaced with 200 uL DMSO and mixed at 150 rpm for 5 min to
dissolve the formazan crystals produced in the reaction. Absorbance was then measured
at 580 nm in a microplate reader (Genios Pro, Tecan Gi@bdidlsheim, Germany) with
untreated cells serving as controls. The lethal complex concentrationjlMZ&3 defined

as polymer concentration of the complex at which 50 % of metabolic activity could be

measured.

Statistical Analysis

Group dataarerepertd as mean N SD. For tr#estwdsect i or
used to determine whether data groups differed significantly from each other. Statistical
significance was defined as havingr7®lues < 0.05 for significance andvBlues < 0.01
for greatsignificance. To determine the significance of more than two groups of data,

ANOVA was used with a definedValue < 0.05 for significant differences.
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Results and Discussion

The aim of this work was to study the influence of polymer architecture and molecular
weight on both transfection efficiency (TE) and cytotoxicity of DMAEMAsed
polymers in gene delivery experiments. For this purpose, a library of three different
polymerarchitectures, namely linearsa8m and 5arm stars, was synthesized by means
of ATRP. We chose this controlled radical polymerization method, as it allows a precise
control of the molecular weight of the resulting polymers, while ensuring narrow
molecubr weight distributions. This is in contrast to many other studies published in the
pertinent literature, where the PDMAEMA used for the transfection experiments is
frequently preparedia free radical polymerization. Such polymers typically have a broad
molecular weight distribution, especially in case of larger molecfi€.with such
polydisperse samples it is almost impossible to discern the influence of the individual
species. Instead meaningless average values are determined. Any systematatiovesti
of the influence of molecular parameters (architecture, molecular weight, etc.) on the
gene delivery ability requires instead polymers with a minimal heterogeneity in these
parameters. This becomes even more important for architectures with adugipexity
such as stars. Furthermore, when ATRP is used to prepare the polycations, functional
endgroups remain on the polymer chains, which can be used for subsequent
modifications such as fluorophore labelling, as was demonstrated in an earlier

publication?®

Polymer Synthesis and Characterization

The polymerization process of the linear and -steped samples is depicted in
Scheme 31. We used a corfirst approach with functionalized sugars (gluédsand
saccharogé) as initiators for the stgvolymers Gcheme 31B andC, respectively). Due
to steric hindrance, the actual arm number per molecule is lower than the number of
initiation sites. In our experience, the average -aumber for the glucoskased
polymers is around three arms per mole@uid we confirmed this for the-Foo sample
through alkaline cleavage of the arms, where an average number of arms of 3.1 was
determined. PDMAEMA from the sacchardsased initiator usually has slightly more
than five arms (5.4 5.6)%* A detailed descpition of the synthesis of the initiators and

synthetic procedure for the cleavage of the arms has been published preVidusly
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A) B) C)
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Scheme 31: Synthesis of the PDMAEMA samples with linear (AjaBn (B) and Sarm (C) starshaped
architecture, from theespective initiatorvia ATRP. Due to steric hindrance not all initiating sites of the

star initiators can form polymer chains. The bottom line shows a schematic representation of the respective
polymer architecture
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Table 31: Nomenclature and moleculaharacterization of the linear,-88m and Sarm DMAEMA
polymers synthesized with ATRP. Molecular weight averages were calculated from NMR conversion data
and PDI was determined with SEC.

Architecture Name N / Moleculé® M, [kDa]® PDI®
L110 108 17.1 1.12

Linear Lsoo 518 81.7 -
Lsso 881 138.7 1.73
L1000 1003 157.9 1.80
S35 95 15.9 1.26
S-310 210 34.0 1.16
3-Arm S-3300 296 47.5 1.12
S-3s00 596 94.7 1.12
S-3710 710 112.6 1.13
S-5580 575 91.9 1.09
5-Arm S-5700 699 1114 1.12
S-5920 919 146.0 1.10

%calculated from the NMRnolecular weight’determined from NMR conversion dafaeasuredria SEC
with DMAc as eluent and poly(methyl methacrylate) as standard.

As shown inTable 3-1, for each architecture we synthesized a series of polywitrs
increasing average molecular weights. The name of each sample is given as the polymer
architecture in capital letters, while the subscripts denote the average number of
monomers per molecule as determined from the NMR conversion data. SEC
measurementsonfirmed controlled polymerization conditions, as polymers show a rather
narrow molecular weight distribution, at least for the-staaped polymers. One of the
linear polymers (kyg could not be detected in the SEC measurements, even at high
polymer cancentrations (> 5 mg / mL). The reason for this remains obscure. Additionally,
the polydispersity indices (PDI) of the linear polymers are considerably higher than those
of the starshaped samples. This could be an indication of an uncontrolled polynoerizat
of the linear samples, caused for example through a complex formation between the
growing polymer chains and the copper catalyst. Also, PDMAEMA is known to interact
with the column material during size exclusion chromatography, which has to be
suppressd through the addition of salt to the eluent. An interaction of the sample with the

column material would also result in a broadening of the molecular weight distribution
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and should be more pronounced for the linear samples, because of their less dense
structure and increased hydrodynamic radius compared to the branched structures. For all
further discussions, in particular the nomenclature of the polymers, the molecular weight
determined/ia NMR was used.

Cytotoxicity Studies by MTT Assay

The polycationlibrary was then used to systematically study the effect of both
molecular weight and polymer architecture on cytotoxicity and gene delivery efficiency
in mammalian cells. All experiments were performed using Chinese Hamster Ovary
(CHO-K1) cells, as thigell line is well established in our group and also commonly used
for recombinant protein production in the biopharmaceutical industry. The cytotoxicity of
the polyplexes from the indicated polymers at different N/P ratios was determined by
MTT assay. Theresults are shown ifrigure 3-1, where the average of the three

experiments is given as the residual cell viability relative to an untreated cell population.
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Figure 3-1: Relative viability of CHOK1 cells incubated with polyplexes made of lineagréh and 5arm
PDMAEMA of varying molecular weights at increasing N/P ratios (1, 2, 5, 10, 20 andngQpation
period was 4 h with polyplexes in serdree media and 20 h igrowth media at a cell seeding density of
2 x 10° cells/well. The results are expressed as a percentage of the control cell culture. Data represent mean

+SD,nO 3. T h e-te§ was dsechtd detertmine the N/P ratios that significantly differ f@ored
viability (*, P < 0.05; #, P < 0.01).

As shown in Figure 3-1, all polyplexes became toxic at a sufficiently high
concentration of the polycation (N/P ratio), as can be seen from the decreasing average
relative viability of the cells. A decrease aébility with increasing N/P ratio can be seen
for all polymers used for complex formation except the ones with the lowest molecular
weights, namely Lip and S3gs, which show the lowest cytotoxicity (highest residual cell
viability) at intermediate N/P t@s. Both low molecular weight polymers showed no
significant cytotoxicity (P < 0.01) in the Studerntes$t. Only at N/P = 50 foriko and at
N/P = 20 for S3ys a significant difference (P < 0.05) was observed in the Studéets t
compared to 100 % Mdity, indicating a slightly toxic behavior. Polycations in general
are toxic to cells as they interact with various important anionic species found in
biological systems including the membrane lipids, (poly)nucleotides and many proteins.

6. 47 As the N/P-ratio increases, the fraction of noomplexed polycations in the
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preparation and hence the cytotoxicity increases. The smallest polycations included in our
investigation on the other hand show low general toxicities and can be considered quasi
non-toxic in the investigated range.

In order to simplify the amount of data and allow a better comparison between the
individual polymers as well as the different architectures, the sbG80 % lethal
concentration of complexes at a fixed DNA concentratioh)evavas determined for each
polyplex solution. The LCg value then indicates the polycation concentration where the
viability compared to the control cells reached 50 %. The value was extrapolated from a
plot of the viability against the polymer concetita (see Schallogt al?® for details). In
Figure 3-2 the LCGy values are plotted against the molecular weight of each polymer in
a double logarithmic scale. A smaller L§&alue represents a more toxic polymer, since
a lower molar polycatiooncentration is necessary to reduce viable cell numbers to 50
%. A steady decrease of the L§Gralue with increasing molecular weight of the
polycations can be seen frdfigure 3-2.
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Figure 3-2: Plot of the LCGy-values (50 % lethal complex concentoafi of various PDMAEMAS against
the molecular weight of the polymer in a double logarithmic scale. The symbols represent linear (square), 3

arm star (triangle) and-&m star (star) PDMAEMA. LCgg-values were calculated from MTT experiments
with CHO-K1 cels.
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More importantly, when the different architectures are compared for a similar
molecular weight, the-arm star polymers show the lowest toxicities, followed by the 3
arm stars and finally the linear polymers. Our data therefore hints towards a dexfreas
cytotoxicity of PDMAEMA with increasing armumber. In this context, a study by
Newland et al. is of interesf® The authors describe a highly branched PDMAEMA
prepared through the copolymerization of DMAEMA with ethylene glycol
dimethacrylate. In the experiments, they observed a decrease in the cytotoxicity of
irregularly branched PDMAEMA compared to linear PDMAEMA, which suggests that
polycation cytotoxicity may decrease not only with increasing-rmumber as indicated
by our results, but in gendras a consequence of increased branching. Similar trends

were also described by Xt al. for different types of branched DMAEMA polyméers.
26, 37

The reasons for the cytotoxicity of polycations in general and PDMAEMA in
particular, have been investigdtin several studies. It was found that polycations have a
tendency to interact with the cellular membrane and membrane pri5téfis.decrease
in the membrane potential was observed, which points towards the formation of holes in
the cellular membrar® Furthermore, an interaction of the polycation with important
proteins and RNA in the cytosol has been speculated pme general conception is
that polymers carrying more charges per molecule, e.g. larger polycations, are more toxic,
because theydve a stronger tendency to bind negatively charged peptides and eventually
precipitate within the cytosdl: *®In a recent study with wellefined linear PDMAEMA
from ATRP it was found that these polymers induce cytotoxicity through a cooperative
effectfrom both membrane disruption and apoptdsidowever, the specific mechanism
may also depend on the cell tyfeAs a consequence of this observation, several groups
have synthesized degradable polycations made from small building blocks, which indeed
showed a reduced cytotoxicity compared to their-degradable analogué%>

However, such an explanation canbetapplied here, since the polymers used in this
study are not biodegradable. The reduced cytotoxicity is therefore very likely a result of
the unique stashaped architecture of those molecules. A-sit@iped molecule has the
highest density in the corehich decreases with increasing distance from the ¥drke
interaction of the various positively charged nitrogen atoms in such a star with rather
flexible polyanions such as pDNA should not be hampered significantly. In fact little
differences can bebserved in the stability of polyplexes from the same type of
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polycation, regardless of its architectdtén case of a putative interaction with a globular
protein molecule or even more importantly the phospholipids in the cellular membrane,
however, we ppose that not all nitrogens in a stlwaped polymer can participate in the
interaction, since those from the inner part of the star would be sterically excluded. Since
interaction with the phospholipids and the concomitant formation of holes in the
memlrane is an important mediator of cellular cytotoxicity, branched and in particular
starshaped and dendritic polymers should be less toxic than their linear counterparts,
while transfection efficiency would not necessarily be affected.

Transfection Studies

In order to investigate the structdenctionrelationship in regard to gene transfer
capability, the polycations were then evaluated as transfection agents. We chose the eGFP
transgene and flow cytometry for analysis, since the choice of a reponteragsay
proved not to be crucial for the experimental outcome, as recently reviewed by van Gaal
et al®® In order to successfully transport genetic material into the nucleus of eukaryotic
cells, several barriers have to be overcdrrest, the DNA has tde condensed by the
polycation into small and positively charged particles, so called polyplexes. These
polyplexesthen have to be transported into the cell through the cellular membrane. The
commonly accepted mechanism for the uptake of polyplexes lsyiela endocytosis?
>" Alternatively, it was proposed that some polycations (e.g. dendrimers) have the ability
to directly penetrate the cellular membrane, as could be shown in experiments on model
membranesg® In any case, after crossing the celturaembrane the polyplex needs to
protect the genetic material from degradation. Furthermore, the polyplex has to be

transported to the nucleus before the genetic material crosses the nuclear membrane.

When all of these barriers have successfully beencowes, the genetic information
can be processed leading to the expression of transgenes. In our case, the transgene was
the enhanced green fluorescent protein (eGFP). Successfully transfected cells appear
green in this case and thus are easily detectedolydytometry. From these data, the
transfection efficiency (TE) was calculated as percentage of green fluorescent cells within
the total cell population analyzeBligure 3-3. N/P ratios above values of 20 were not
tested, as the cytotoxicity of the polyioas at N/P = 20 increases (sEmure 3-1)

generally resulting in a low TE.
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Figure 3-3: Average transfection efficiency (TE) of linearsaBn and sarm DMAEMA polymers of
varying molecular weights using CHKL as hosts and eGFP as reporter proteinlsGeére used at a
seeding density of 2 x ¥(er well in 6well plates. The transfection efficiency was determined for
increasing N/P ratios (2, 5, 10 and 20) for each polymer and N/P ratio combination. Statistical significance
was tested by ANOVA and Stadts ttest and TEs showing differences (P < 0.05) were denote®#ta
represent mean values of five independent experinieBi3.

The average TE was compared at various N/P ratios for polymers with different
molecular weights and architecturésgure 3-3). The lowest TEvalues determined were
close to 1 % (ko with N/P = 5 and S5 with N/P = 2), these polycations can be
considered almost nemnansfecting. Higher N/P ratios were also tested, leading to an
increased cytotoxicity without any sigicant change of the TE (data not shown).
Possibly, small polycations cannot form sufficiently stable complexes with the DNA in
order to condense and protect it from degradation. An insufficient buffering capacity of
small polycations in the context dfig proton sponge effect could also be a possible
reasort”” ®°The highest TE values were aroundil¥8 % (Ligooat N/P = 2 and S;qo at
N/P = 5). A direct comparison with published studies on the TE of PDMAEMA is
difficult, because most prior studiessdilss a relative fluorescence intensity of the

expressed proteins and do not disclose the absolute number of transfected cells. The first

80



Chapter 31 Influence of Polymer Architecture and Molecular Weight on TE and Cell Viability

publication on PDMAEMA stars by Georgi@i al*>° indeed is one of the few examples
where the percentage of transfecteells is determined and they achieved maximum

efficiencies close to 20 %, which is very close to our own results.

A closer analysis of the results showed only a partial influence of the N/P ratio on the
TE. Optimal N/P ratios leading to the highest sfaation were generally between 5 and
10. In that range, major differences between all othean8 5arm star polymers were not
observed. We also analysed the mean fluorescence intensity (MFI) in the eGFP
expressing cell population, but could not deteny aignificant differences of the
expression level of the transgene ($égure 3-S1). Therefore, in case of a successful
transfection the transgene expression per cell seems to be independent of the DMAEMA
polymer used here. Thus, TE values are suffidierstssess the efficiency of the delivery
of the pDNA to the cell. Within one polymer sample, N/P = 2 displayed a significantly (P
< 0.05) lower TE than all other tested ones. Fdsgp a bellshaped dependence of the
transfection with the N/P ratio waeund. For the other stahaped samples the overall
transfection may also decrease at higher N/P ratios, thus completing tishameit
dependence. However those N/P ratios were not tested, because they lead to rather high
cytotoxicity (Figure 3-1). Bell-shaped patterns have often been described for
PDMAEMA in the literature. Potential explanations given are on the one hand an
insufficient condensation of the DNA leading to an ineffective penetration of the
membrane at low N/P ratios. On the other handgarge excess of polymer induces
cytotoxicity and hence a decrease of &/ 18

For the linear architecture the N/P ratio seems to be less important as long as the
cytotoxicty stays below ~30 %. The molecular weight has a much bigger influenge. L
did not transfect at any N/P ratio tested. Values comparable to the best TE obtained for
the star polymers could be achieved by increasing the degree of polymerizat®20(
1000). In contradiction to published data showing that TE increased with raolecu
weight of linear polymer$ *®we never saw significant differences between the TE of
Ls2o Lsso and Ligoo A slight tendency towards more efficient transfection at low N/P
ratios correlating with low cytotoxicity was observed, but it did not reaahsscal

significance (P > 0.05).

In contrast to the linear polymers, the stars need a higher N/P ratio for efficient

transfection. An explanation might be that the accessibility of nitrogens in the core of the

81



Chapter 371 Influence of Polymer Architecture and Molecular Weight on TE and Cell Viability

starshaped polymers is decreased. Consetiyy not all nitrogens would be able to
interact with the DNA and a larger quantity of polymer would be necessary to
compensate for the negative charge. Therefore, better results were achieved at higher N/P
ratios for the stashaped architectures.

Transfection Efficiency against Viability

The differences in trends of the TE with molecular weight andrhiiB discussed
above makes an interpretation of the influence of the molecular architecture for
polycations of a given molecular weight difficuMoreover, for optimal results, TE
should be considered together with cytotoxicity. In reality, the most efficient polymers for
gene delivery are often also quite toxic. The gold standard PEI can be seen as a general
example for thig® Figure 3-4 shows arevaluation of the polymers used in this study

according to both TE and cytotoxicity at varying N/P ratios.
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Figure 3-4: (A) Percent of transfected cells plotted against the relative viability for the polyplexes from
linear (squares),-S (triangles) and S (stars) DMAEMA polymers at N/P ratios 2 (black), 5 (dark grey),

10 (light grey) and 20 (open symbols). Percent of tratefiecells were defined as amount of cells
expressing the transgene related to all cells. The relative viability was calculated as metabolic activity of
treated cells compared to untreated control cells. The average number of monomers per polycation is give
next to each entry. Data represent mean value of three independent experif@en8chematic
representation of the evolution of the combination of TE and relative viability of PDMAEMA polycations
with increasing N/P ratio. The darker color in the arrepresents the gradual increase in N/P ratio, where

as an increasing blue staining in the background indicates more transfected cells and increasing red staining
more dead cells.8s are divided into four quadrants, 1: high cytotoxicity, high TE; 2: dgtotoxicity,

high TE; 3: high cytotoxicity, low TE; 4: low cytotoxicity, low TE.
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For an easier understanding and in order to categorize the eRigess 3-4A was
further divided into four quadrants according to the following criteria: Transfectioreabov
10 % was defined as ndefficiento, while a
acceptable range. In consequence, the most effective gene delivery vehicles tested are
found in quadrant 3,e. they combined a high TE with low cytotoxicity. Th&a most
effective polymers identifiable frofRigure 3-4A are Liggoat N/P ratio of 2 and-S7q at
an N/P ratio of 5. The two other linear polycations with a high molecular wegghamd
Lszoat N/P ratio of 2 also fall in this quadrant, but show a giidbwer TE. From the S
series, both 8300 and S3710 at N/P ratio of 5 show efficient transfections with still

acceptable cytotoxicity.

The nontransfecting but also netoxic polymers are located in quadrantHg(re 3-
4A). Interestingly, these ai@l starshaped polymers at N/P ratio of 2, indicating that at
least for the stashaped polymers a certain N/P ratio has to be surpassed, before
transfection can take place, as described above. Somehafad polymers of varying
molecular weight and ar numbers at N/P ratio of 5 are also located in quadrant 4, but
show a little higher transfection capabilitye. TEs between 5 and 10 %. For these
polymers the optimal N/P ratio probably lies somewhere between 5 and 10, since at an
N/P ratio of 10 theifE is higher, but the cytotoxicity also increases, shifting them to the
middle of the diagram. Also in this segment are the low molecular weight polymers L
and S3gs at all N/P ratios (except-Sys at N/P = 20, which is found in quadrant 3) tested.
Therefore, we propose that a certain critical molecular weight or alternatively a critical
amount of nitrogens per molecule exists below which a successful transfection cannot
take place. This critical value was observed for both linear andtsidged PDMAEMA,
indicating an independence of the polymer architecture. Since this study used only one
type of polymer, it was impossible to distinguish between the effect of molecular weight
and number of nitrogens per molecule. However, from the literature it isrktiav PEI
gives excellent transfection results at an average molecular weight of 25 kDa (~580
nitrogens per molecule), while 2 kDa PEI (~47 nitrogens per molecule) is rather
inefficient® Although not explicitly tested, we would expect a rather pooroperdnce
from a 25 kDa PDMAEMA (~160 nitrogens per molecule), pointing towards a greater

importance of the number of nitrogens rather than the molecular weight.

In quadrant 3, undesirable properties of the polycations in regard to gene delivery are
combined as those polymers show both a low TE and a high cytotoxicity. Not
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surprisingly, the majority of the entries in this segment come from polyplexes at N/P 20.
This is consistent with the increased cytotoxicity at increasing N/P ratio. The transfection
efficiency decreases, since a large amount of cells is killed through the influence of the
polymers at high concentrations. As discussed before, the polymers at N/P ratio of 10 that
end up in this quadrant probably signify the upper limit for an effectiveféetian, as

the cytotoxicity of the polymers starts to play a more important role in the whole process.

With increasing N/P ratios the entries kigure 3-4A move through the different
guadrants. This is schematically visualizedrigure 3-4B. Generally, at low N/P ratio
the polymers show no transfection (linear polymers may be an exception to this) and
negligible cytotoxicity. With increasing N/P ratio (approximately N/P ratio 5), at first the
transfection also increases, while the cytotdyistays at acceptable levels. At an even
higher N/P ratio of 10 the cytotoxicity of the polymers starts to play a major role and a
shift to the left side of the diagram can be seen. Finally, at the highest tested N/P ratio of
20, both viability and TE deease again, moving the entries for this N/P ratio to the lower
left corner. Interestingly, the maximum TE value of each polymer is found at a relative
viability between 70 90 %, indicating that a certain cytotoxicity cannot be avoided in a
successful ansfection.

From these results, we propose that the most efficient polycations for gene delivery
should have a branched architecture together with an intermediate molecular weight. The
former ensuring a comparatively low cytotoxicity for a given molecweight (higher
LCCso value) compared to the linear analogues. Noticeably, the architecture of the
polymer has no detectable influence on the TE as long as the mimmoienular weight
required for efficient transfection is reached. Therefore, branchgthpadt architectures
might be a promising tool for achieving an optimal balance between a maximum number

of transfected cells together with a minimal cytotoxicity.

Conclusions

With increased branching, e.g. arm number, a trend to less toxic behavigivaha
molecular weight of the respective polycations could be seen. The transfection
experiments were more difficult to interpret, since they gave a high variance. We found,

however, that there is a certain minimal molecular weight necessary in oraéarctoa
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significant transfection. Additionally, at least for the sthaped polymers, an increase in
molecular weight does not necessarily result in an improved gene delivery. Our data
suggests, that an ideal combination between low cytotoxicity andraigsféction should

be achievable with a branched structure displaying an intermediate molecular weight. In
the future, it needs to be clarified, whether -staaped polymers with more than 5 arms
can further reduce the cytotoxicity, which could lead toirmerease in transfection

efficiency. Also, other structures of e.g. irregularly branched polymers should be tested.
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Chapter 4

Nano-Particulate Non-Viral Agent for the Effective Delivery of
PDNA and siRNA to Differentiated Cells andPrimary Human
T Lymphocytes
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A N a-RadiculateNon-Viral Agent for theEffective Delivery of pDNA and siRNA to
DifferentiatedCells andPrimary Human TLymphocytes

by Anja Schallon, Christopher V. Synatschke, Valérie Jérbme, Axel H. E. Muller and
Ruth Freitag*

Repinted with permission fromBiomacromolecule012 13, 3463 3474 Copyright
2012 American Chemic&ociety.
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Abstract

Delivery of polynucleotides such as plasmid DNA (pDNA) and siRNA to-digiting

and primary cells by nowmiral vectors presents a considerable challenge. In this
contribution, we introduce a novel type of PDMAEMYased stashaped navparticles

that (i) are efficient transfection agents in clinically relevant and difftcaltansfect
human cells (Jurkat T cells, primary T lymphocytes) and (ii) can efficiently deliver
siRNA to human primary T lymphocytes resulting to more thar®®6iencing of the
targeted gene. Transfection efficiencies achieved by the new vectors in-fsegum
medium are generally high and only slightly reduced in the presence of serum, while
cytotoxicity and cell membrane disruptive potential at physiological pél law.
Therefore, these novel agents are expected to be promising carriers farahagene
transfer. Moreover, we propose a general design principle for the construction of
polycationic nanoparticles capable of delivering nucleic acids to the -ahentoned

cells.
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Introduction

The interest in designing fully synthetic remal vectors for gene delivery has never
waned,* although in the past the application range of such agents was limited. Compared
to viral vectors? 2 transfection efficiencies of newiral vectors in general are low and
none of the known agents can efficiently transfect-diording and/or differentiated
cells.* For some innovative medical therapies, e.g. RNA interference (siRNA), delivery is
still considered a substantial bottleneti¢ Currently used nowiral delivery agents are
typically based on cationic polymers, polypeptides, or lipid, with poly(ethylene
imine), PEI, being a major player in the field of commercial products.

The perfornance of nowviral transfection agents is typically discussed based on the
various stages of the delivery process. The poor performance efimbrvectors in
transfecting suspension or ndividing cells has been linked to problems in transfection
complexattachment to the cellular membrane leading to inefficient endocytasisito a

presumed inability to transgress the intact nuclear membramspectively.

In recent years, we have nevertheless seen a number of studies, which link size and
structue of nonviral polycationic transfection agents to their performante.
Increasing size of the polycation often correlates with improved transfection efficiency,
but also with an increase in cytotoxicity; the latter being presumably due to a more

prorounced disruptive interaction with the cellular membralfe.*®

Concomitantly
evidence is building up that ndimear polymer structures are more efficient transfection
agents than linear polymers of the same sizel®™® In this context, poly(2
(dimethylamino)ethyl methacrylate) (PDMAEMA), first described in the f8id 6 s by
Cherng and cavorkers, ?° has become an important probe molecule in transfection
studies, since PDMAEMA can be synthesized by a number of controlled polymerization
methods (e.g., aonic polymerization and atom transfer radical polymerization (ATRP)).
Thus, rather homogeneous polycations of different topologies (e.g. linear, branched)
become available. In this context, suitable methods for theficstesynthesis of nanro
particularmulti-armed DMAEMA stars using ATRP have recently become available,

22 extending the basis for detailed investigation of structumetion relationships. In
addition, such star shaped architectures can also be produced by using block copolymers

which can selfassemble to micelles structures given suitable solv&h®he resulting
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polymeric micelles have a low critical micelle concentration (cmc), leading to a high

stability in aqueous solutions, showing many advantages in biomedical applicdtions.

Analysis of transfection and cytotoxicity data as a function of polycation size and
structure published by several groups including our own in the'past? 2% 2" ?fed to

the hypothesis that polycations with sséiaped architecture constitufgomising
candidates for efficient transfection agents, although in general for a given structure, PEI
based structures were superior to, e.g., PDMAEbB&&ed ones. Georgiou et al. found
that for optimal polymer architecture with ideal pK value star PDMAEMA
homopolymers are transfection agents comparable to the dendrimer Sufpeffect
Recently, Xu and cavorkers reported similar transfection efficiency and reduced
cytotoxicity for starshaped PDMAEMA homopolymers with a cyclodextrin core
compared to branchePEI (bPEI). *° However, all these data were obtained in standard
cell lines, neither nodividing cells nor human primary T lymphocytes were ever tested
in this context. Moreover, it is commonly assumed that the transfection of such cell types

is difficult or nearly impossible using polycationic agefits.

Although PDMAEMA and several of its copolymer variants have been widely studied as
transfection agents for plasmid DNA with varying results (see above), only recently have
researchers begun to focus eiRNA delivery **** mediated by PDMAEMAbased
polymers.®*3® A comparative study has, e.g., shown that micelle architecture, based on
triblock copolymers, facilitates an overall release of sSiRNA compared to the PDMAEMA
homopolymer or a PEGylated formutat of this polycation, thereby resulting in a potent
gene silencing effect? Recently, PEGylated polycaprolactone nanoparticles with grafted
short PDMAEMA-arms on the surface were reported as being more efficient than PEI
and Lipofectamin®in delivering siRNAin vitro andin vivo (i.e., in Hela cell line and the
corresponding tumor model}* The only existing agent for efficient siRNBased gene
knockdown, in human primary T lymphocytes, is Nucleofectioff which is on the
other hand intrinsicallyastricted tan vitro and ex vivoapplications. In this context, as
recently shown by Weber and -emrkers, *® gene knockdown and delivery do not

always correlate.

In this contribution, we introduce novel polycationic nanoparticlefBVIAEMA: star
with 20 arms emanating from a silsesquioxane initiator core-RMIMAEMA: self-

assembly of an amphiphilic  polybutadiebleckpoly(2-(dimethylamino)ethyl
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methacrylate) diblock copolymer) based on multi PDMAEE#Ns emanating from a
common center. This structusbows, to our knowledge, a never observed capability for
the transfection of primary and nalividing cells by adequate biocompatibility.
Moreover, the SPDMAEMA shows also improved transfection efficiency (compared to
PEI) in nonadherent Jurkat cells,e, a suspension cell line known as diffictdt
transfect and in standard cell lines such as GHHOHEK 293. The novel agents can
furthermore efficiently deliver siRNA into primary human T lymphocytes and into
recombinant CHO cells. As far as we asa@itour data show, for the first time, that a
polycation can be used successfully to deliver siRNA into human primary T lymphocytes

and leading to the specific knadown of the targeted gene.

Experimental Section

Materials

Milli Q water was used to prepe aqueous solutions and for dialysis. Anisole ¥99
CuBr (99.999 %), CuBe (>99 %), 1,1,4,7,10,1Mexamethyltriethylenetetramine
(HMTETA, 97 %), iodomethane (>99%), tetrahydrofuran (THF, >99.9%),
(trimethylsilyl)diazomethane (2 M solution in diethgther) and 1,3;frioxane (>99%)

were from Sigma&Aldrich (Munich, Germany) and used as received. Dioxane (p.a.
quality) was from Fisher Scientific GmbH (Schwerte, Germany). The 2
(dimethylamino)ethyl methacrylate monomer (DMAEMA, 98 SigmaAldrich) was
passed through an aluminum oxide column (basic, Sigltiach) prior to use in order to
remove the stabilizer. -@,5dimethylthyazolyl2)-2,5diphenyl tetrazolium bromide,
Hoechst 33258, and branched poly(ethylene iminefEh 25 kDa) were from Sigma
Aldrich, linear PEI @PEI, 25 kDa) from Polysciences Europe GmbH (Eppelheim,
Germany). Polycation stock solutions were 500 pM in Milli Q water.,oRPB
PDMAEMA 24 (M,, = 53,500 g/mol, PDI = 1.07), prepared as described elsewfieras
kindly donated by Fet Schacher, Macromolecular Chemistry II, University of Bayreuth.
Cell culture materials, media, and solutions were from PAA Laboratories (Coélbe,
Germany). Serum reduced medium GM&EM was from Life Technologies GmbH
(Darmstadt, Germany). The Ribnjugatéd ant-rCD3, FITGconjugatedantrCD4 and
FITC-conjugated isotype control antibodies used for immunostaining were from BD

Biosciences (Heidelberg, Germany). Blood was obtained from the Bavarian Red Cross.
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Plasmid pEGFMN1 (4.7 kb, Clontech, USA) encoding fthe enhanced green fluorescent

protein (EGFP) driven by the cytomegalovirus immediate early promoter was used in

most of the transfection experiments. The pIVEX@R plasmid (4.3 kb, Roche Applied

Science, Germany), encoding for the human urokinaser uthge control of a T7
promoter, was used i n -EQGEFrPt reoxl p rtersasn ofnedc tp loans
plasmids were amplified iB. coliDH5 alpha strain in LB medium to sufficient quantities

using standard molecular biology techniques, including fordsaing and purified using

the EndoFree Plasmid Kit (Giga Prep) from Qiagen (Hilden, Germany).

Polymer Synthesis

For the synthesis of SIDMAEMA, 34.4 mg (2.867 x IBmol) of the silsesquioxane

>4’ were mixed

initiator (synthesis and detailed characterization as publisteewher
with 46 pL (1.691 x 1d mol) HMTETA and 5 g anisole in a glass flask and sealed with a
rubber septum (Solution 1). In a separate flask 4.9 g (0.0312 mol) DMAEMA, 19.3 mg
(1.346 x 10" mol) CuBr, 7.2 mg (3.223 x 10mol) CuBk, 0.53 g trioxane, and 7 g
anisole were mixed and the flask was sealed with a rubber septum (Solution 2). Both
solutions were degassed with nitrogen for at least 15 min. Solution 1 was then transferred
under nitrogen to Solution 2 with a syringe. The nm@twas briefly stirred, a sample for
NMR conversion analysis was withdrawn, and the polymerization started by heating the
mixture to 60°C in an oil bath. Progress of the polymerization was monitored by
following the monomer consumptiovia *H-NMR by compaing the integrals of the
signals of the two vinyl protons of DMAEMA (6.21 ppm and 5.61 ppm) with that of the
internal standard signal of trioxane at 5.14 ppm. After 205 min a conversion of 42 % had
been reached and the polymerization was quenched by ga@oith opening the flask to

air. For purification the reaction mixture was dialyzed against a dioxane/water mixture
(initial composition 9:1). Dioxane contents were lowered subsequently to 7:3, 1:1, and
1:2, and finally to pure water. Dialysis lasted fourf@ays under continuous stirring and

the final polymer was obtained by freedmying.

Starlike polymer micelles (MielPDMAEMA) were prepared by dissolving 144 mg
PBoogrb-PDMAEMA 40 (2.7 x 10° mol, M, = 53500 g/mol, PDI = 1.07) in 6 mL THF in a
glass flak (40 mL), equipped with a magnetic stirrer bar. 10 mL of PBS buffer were
added dropwise to induce micelle formation. THF was allowed to partially evaporate

through stirring the open flask overnight at 25°C and any residual THF was then removed
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through dalysis against PBS for 6 d with regular exchange of the dialysis solution. The

final polymer concentration was 10.65 g/L.

Polymer Characterization

GPC measurements for RBb-PDMAEMA4, were performed on a Waters instrument
with four PSSSDV gel columns§ pm) with a porosity range from 1@ 1¢* A (PSS
Mainz, Germany) and THF containing 0.25 wt. % tetrabutylammonium bromide as
eluent. A differential refractometer was used for detection and narrowly distributed
polystyrene standards for calibration. Tretedmination of the hydrodynamic radius, R

of SFPDMAEMA (Milli Q water; 1 g/L polymer conc.) and MiEDMAEMA (PBS

buffer; 10 g/L polymer conc.) was performed by dynamic light scattering (DLS) in sealed
cylindrical scattering cells (d = 10 mm) at an angf 90° using an ALV DLS/SL:SP

5022F instrument consisting of an ALSP 125 laser goniometer with an ALV 5000/E
correlatorandaHdle | aser with the wavelength & =
the solution was filtered through a 5 um pore sifterfto remove any dust particles. The
CONTIN algorithm was applied to analyze the obtained correlation functions. Apparent
z-average hydrodynamic radii were calculated according to the SEokstein equation.

The <R>;, app.Was taken as the average of three individual measurements. The copper
content of the SPDMAEMA was determined by inductively coupled plasma optical
emission spectroscopy (IGPES) using a Varian VistBro radial machine. For the
determination of the arnmumber and size in SIDMAEMA a previously published
procedure was used’ i.e. the arms were cleaved off and analyzéal GPC as linear

polymers.

Potentiometric Titration

Measurements were performed on an automatic titration machine (Titrando 809,
Metrohm) equipped with a pH electrode (Unitrode, Metrohm, 6.0258.000) and calibrated
with Merck buffer solutions. Titrations were performed with 0.1 N HCI solution (Titrisol,
Merck) in triplicate on 35 mL of polymer solution (0.5 mg/mL in MilliQ water)
previously adjusted to a pH of 11.5. HCI solution was added dynamically (increment of
addition was automatically adjusted between 5 .M00uL depending on the steepness of

the curvefor optimal resolution) and under continuous stirring every 30 seconds until a
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final pH of 2.8 was reached. The respective apparentvpkies were taken as the pH

value at a protonation degreeof% (U = 0.5) from the potentior

Zeta Potential Measurement

For zetapotential measurements, polyplexes were prepared in 1 mL of a 150 mM

agueous NaGs$olution containing a total of 15 ug pDNA, following otherwise the
0transfection pr ot epotentiabmeasorememtsamemedormedckih o w. Zet
triplicate using the standard capillary electrophoresis cell (DTS 1060) of the Zetasizer

Nano ZS (Malvern Instruments, Ltd., UK) at room temperature.

Cell Lines andCulture Conditions

CHO-K1 (CCL-61, ATCC), CHGEGFRVEGFA (recombinant CHQ@ells constitutively
expressing EGF®), HEK-293 (CRL:1573, ATCC), and Jurkat (TH52, ATCC) cells
were maintained in RPMI 1640 culture medium, A549 (€185, ATCC) and C2C12
(CRL-1772, ATCC) cells in DMEM culture medium, V88 (CCL-75, ATCC) and L929
(CCL-1, ATCC) in MEM cell culture medium all supplemented withi 120 % fetal calf
serum (FCS) (as recommended by ATCC), 100 pg/mL streptomycin, 100 IU/mL
penicillin, and 2- 4 mM L-glutamine. Cells were cultivated at 37°C in a humidifieth 5

CO, atmosphere For induction of differentiation, C2C12 cells were grown near to
confluence in growth medium and the medium was switched to DMEM supplemented
with 10% horse serum. The differentiation, verified by the appearance of multinucleated
and elongated myotubesgcurs after 2 to 4 days. To assess the homogeneity of growth
arrested and differentiated C2C12 cells, approximately 1°Xix&d cells were analyzed

by flow cytometry. For this purpose, the cell pellet obtained after centrifugatiomior 5

at 200 gwas resuspended in 2 mL Dulbeee®S (DPBS), 2nL ice-cold 70% ethanol

were added dregvise and the mixture stored for at leadtqurs at-20°C. Cells were
stained with 2ug/mL Hoechst 33258 and analyzed in a Cytomics FC 500 flow cytometer
(Beckman Coulterkrefeld, Germany) equipped with a violet (4@%) laser.
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Isolation and Cultivation of Human Primary T Lymphocytes

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of healthy
donors by FicolD density gradient centrifugation (Lympéyte separation medium LSM
1077, PAA Laboratories), according to the
(containing typically 7G 100 % lymphocytes according to the supplier) were washed

three times with DPBS by centrifugation for dn at 300g. The freshly isolated
peripheral blood lymphocytes (PBLs) were seeded »atl@ cells per mL in QPBL

medium (PAA Laboratories), which contains phytohemaglutinin (PHA) and stimulates

the growth of T cells. Two to five days cultivation in this medium w@#$cient to reach

~95 % CD3 cells with blasted morphology. CD3 expression was analyzed by
immunostaining using a PéonjugatecanttCD3 anti body (according

instructions). Immunofluorescence was analyzed by flow cytometry.

Transfection of pPDNA

For transfection of the adherent cell lines, cells were seeded at a density of 2esL0

per well in 6well plates 20 h prior to transfection. One hour prior to transfection, cells
were rinsed with DPBS and supplemented with 2 mL ®{fM medium. For
transfection of CHO cells in the presence of serum,-MEM was replaced by RPMI
1640 supplemented with 20 FCS. Polyplexes were prepared by mixingg3pDNA in a

final volume of 200 pL of aqueous 150 mM Naggllution with sufficient amounts of the
respective polycation stock solution, added in a single drop, to achieve the intended N/P
ratio (polymer N/DNA Pratio). Solutions were vortexed for 10 sec and incubated for 20
min at room temperature for polyplex formation. The polyplex suspensiorp{900as

added to the cells and the plates were centrifuged for 5 n@i@Oaggand placed for 4 h in

the incubator Afterwards, the supernatant was removed by aspiration, 2 mL of fresh
growth medium were added, and the cells were further incubated for EOr
transfection of the suspension cells (Jurkat), two hours prior to transfection, cells were
rinsed with DPBS ath seeded at 5 x 1@ells per well in 1.3nL Opt-MEM medium (6

well plates). The polyplex suspension (200 prepared as described above) was then
added to the cells and the plates were centrifuged for 5 ni2d0agand placed for 4 h in

the incubator. Aerwards, 0.5nL of the medium was removed taking care not to disturb
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the cells, 2 mL of prevarmed fresh growth medium were added, and the cells were

further incubated for 28.

For primary human T lymphocytes, transgene delivery was carried out 3aypsafier
PBMC preparation and cultivation in QPBL medium. 5 R délls were placed in 11/5L
Opti-MEM medium per well in évell plates. 200 uL of the polyplex suspension prepared
as described above were added and the plate placed for 4 h in the incAfiataards,
0.5mL of the medium was removed taking care not to disturb the cells, 2 mL of
prewarmed fresh QPBL medium were added, and the cells were further incubated for
48h. Electroporation of T lymphocytes was performed as previously desciibed.
Briefly, 20 pg DNA were pulsed with 50 1 cells in OptiMEM at 250 V, 95QuF
(BioRad Gene Pulse X Cell). Immediately after electroporation, cells were incubated for
10min at 37°C followed by transfer into prearmed fresh QPBL medium (2 mL) in a
6-well plate.

For analysis, adherent cells were harvested by trypsinization and suspension cells by
centrifugation and resuspended in DPBS. For determination of the viability, dead cells
were identifiedvia counterstaining with propidium iodid@I) or trypan ttue. The relative
expression of EGFP fluorescence ok 10° cells was quantifiediia flow cytometry.

Cells were initially evaluated by scatter properties (FSC/SSC) in order to select a region
representing single neapoptotic cells (elimination of dead lisg debris and cellular
aggregations). This gated region (R0O) was further analyzed for fluorescence (PI/EGFP).
Dot plots with log of the red fluorescence intensity (PI) on tagiz and log of the green
fluorescence intensity (EGFP) on theaxis were ued to estimate the percentage of
EGFRexpressing cells in the main napoptotic cell population (gate R0O). Negative
controls (N/P 0, nottransfected cells or cells transfected with an irrelevant pDNA) were
used to set the position of quadrants separd@fRé-positive living cells (upper left),
GFPpositive dead cells (upper right), Glregative living cells (lower left) and GFP
negative dead cells (lower right). These quadrants were applied for the analysis of
transfected cells and percentage cell numltetal cell number in the gated region were

calculated for each quadrant.
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Delivery of siRNA

siRNAs were: hCD4 i RNA ( sGCAAULBECUBAGBGUGUUCGGAUUGACUGG

3, (antis e n s & GCAGBANAUCCGAACACUAGCAAUUGC-3 6 ; EBIRNAP

( s ens el ) AAGCBGACCCUGAAGUUCAUCUGCACC-3 ' (antiilsense)
GGUGCAGAUGAACUUCAGGGUCAGCUU-3 6 (al | EurofiThe MWG
siRNAs were obtained as duplex and solubilized into 1x siMAX universal buffer (6 mM
HEPES, 20 mM KCI, 200 uM Mg@G| pH 7.3; Eurofins MWG Operon). EGFRNA

and hCD4siRNA were used as negative control in the experiments involving CD4
knockdown in T lymphocytes and EGFP knockdown in CHGFRVEGFA cells,
respectively. For siRNA delivery into EGFP expressing CHO cells (BBPRVEGFA
cells*?), cells wereseeded at a density of 0.25 x°H@lls per well in 24well plates 20 h

prior to delivery. One hour prior to delivery, cells were rinsed with DPBS and
supplemented with 0.2 mL OgMEM medium. siRNApolyplexes were prepared by
diluting siRNAs stock solutio (10uM) in a total volume of 5QiL Opti-MEM to the
indicated final concentration and adding sufficient amounts of the polycation stock
solution to reach the desired N/P ratio. The mixture was immediately mixed by vortexing
at full speed followed by incaion at room temperature for 15 min. The polyplex
suspension (5AL) was added to the cells, the plates were centrifuged for 5 r2id0ag

and placed for 4 h in the incubator. Afterwards, the supernatant was removed by
aspiration, 1 mL of fresh growthedium was added, and the cells were further incubated
for 20h (StPDMAEMA) and 30 h (SPDMAEMA and MicPDMAEMA). The relative
expression of EGFP fluorescence of 10° cells was quantified. For determination of the
viability, dead cells were identifieda counterstaining with propidium iodide. Cells were
initially evaluated by scatter properties (FSC/SSC) in order to select a region representing
single norapoptotic cells (elimination of dead cells, debris and cellular aggregations).
This gated regionR0) was further analyzed for fluorescence (PI/EGFP). To assess the
efficiency of the siRNA to knockdown the EGFP expression, the median fluorescence

intensity (FI) values were compared.

For siRNA delivery to T lymphocytes, cells were washed twice with D&BSEplated in

250 pL OptiMEM in 24-well plates at X 10° cells per well for 1h prior to transfection.
Polyplexes were prepared and added to the wells as described above. The plates were
centrifuged for 5 min a200 gand placed for 4 h in the incubatéfterwards, 70QuL of

prewarmed fresh QPBL medium were added per well and the cells were further
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incubated for at least 2#without removing the complexes or replacing the medium until

subsequent analysis by flow cytometry.

Analysis of CD4Expression

For analysis of CD4 expression, cells were harvested by centrifugation (200irg

4°C) and resuspended in DPBS. T lymphocytes expressing CD4 receptors were
identified by immunofluorescencga staining the cells with FIT€onjugatedantrCD4

orFITGconj ugated i sotype control antibodies (ac
on the day of siRNA delivery and at least 24 h after delivery. Dead cells were identified

via counterstaining with propidium iodide. The relative expression of CD4 was qadntifi

via flow cytometry.

Cells were initially evaluated by scatter properties (FSC/SSC) in order to select a region
representing single neapoptotic cells and to eliminate debris which always compose a
significant fraction in an activated primary lymphocg c e | | culture (gate
by (SSC/PI) in order to select the living cells-(Pe gat i ve popul ation) (ga
expression of the CD4 protein was assessed in histogram plots (green fluorescence
intensity on the »axis and cell number orme yaxis) representing the intensity of the

CD4-FITC fluorescence (CD¥': fluorescence intensity between 70 and 170; ¥4

fluorescence intensity > 170) in the living T lymphocytes (defined as-pmuidation of

gate Al ymphoo and gate #dAlivingo).

Cytotoxicity / Vitality Assay (MTT)

The toxicity of the polycations was tested (concentration range 0.001 mg/mL to 5.0
mg/mL, 8 replicate experiments each) according to the ISO 19988tocol by MTT
assay using L929 murine fibroblasts, cultured in MElpplemented with 1% FCS, as

test cells. The cells were seeded at a density>oi( cells per well 24 h prior to the
experiment in 9avell plates. The concentration of the MTT stock solution wasgimL.

As 100 % viability control, untreated cells weerused. The absorbance was measured

using a plate reader (Genios Pro, Tecan, Germany); wavelength 580 nm.
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For T lymphocytes, the MTT assay was performed as follows. 16" kuman T
lymphocytes in 500 pL OpMEM medium were transferred into 1.5 mL Epperi@o

tubes. The polymer was added and the cells were incubated for 4 h at 37°C in the
incubator. Then, the OpMEM medium was replaced by QPBL medium. All medium
exchange and washing steps were done by centrifugation (22@tirg 4°C). The cells

were further incubated for 20 h. Then cells were rinsed with DPBS and further incubated
in 200 pL MTT solution (1.0 mg/mL in RPMI 1640 without phenol red) for 2 h. The
tubes were centrifuged for 5 min 800 g the MTT solution was discded and 200 pL
isopropanol were added to the cell pellet. The tubes were mixed at 150 rpmifot®
dissolve the formazan crystals produced in the reaction. Absorbance was measured at 580
nm in the microplate reader with untreated cells serving asotenfor data evaluation,
Origin 6.1 (OriginLab Corporation, Northampton, USA) software was used,-ftalg

was plotted logarithmically and a nonlinear fit was used to obtain tagvalues.

HemolysisTest

The membrane damaging properties of the pelgrwas quantified by analyzing the
release of hemoglobin from human erythrocytes, according to Parnham and Wetzig.
The erythrocytegontaining blood fraction obtained after Fi€dligradient separation

was centrifuged af00g for 10 min. The obtainedetlet was washed three times with
cold DPBS pH 7.4 by centrifugation @0g for 10 min and resuspension in the same
buffer. Polymer solutions were prepared in DPBS buffer and 100 pL were added to the
erythrocytes (100 pL) to give final concentrationshe range of 0.001 to 5.0 mg/mL and
incubated for 60 min under constant shaking at 37°C. After centrifugat@ ¢ 10

min), the supernatant was analyzed for released hemoglobin at 580 nm. The absorbance
was measured using a plate reader (Genios Reoanll Germany). For comparison,
collected erythrocytes were washed with DPBS and either lysed wi#t 0r2&on X-100
yielding the 100% lysis control value (fo) or resuspended in DPBS as referencg.(A

The analysis was repeated with blood from at Is&xsndependent donors. The hemolytic

activity of the polycations was calculated as follow:
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% hemolysis = 100*(A Ao)/(A100T Ap)

with A: absorbance of the sample;of absorbance at 10% hemolysis, A absorbance

at 0% hemolysis.

Statistical Analysis

Group data are reported as méam . e . m. For transf ettesivan r esul t
used to determine whether data groups differed significantly from each other. Statistical

significance was defined as having P < 0.05.
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Results andDiscussion

Polymer Synthesis andCharacterization

As basis for the investigation, a wekfined 20armed star (SPDMAEMA) was
synthesizediia ATRP of DMAEMA, from a silsesquioxane initiator corgoheme4-1a)

based on a procedure previously published by one of our gréupsogress of the
polymerization was monitored by following the monomer consumptiartH-NMR as
evidenced by the decrease in the integral of the two vinyl protons at 6.21 ppm and 5.61
ppm Trioxane was added as an internal standard to the mixture, because it gives a
characteristic signal at a chemical shift of 5.14 ppm and does not participate in the
reaction. The polymerization was quenched at%2monomers conversion, which
correspondsa an average degree of polymerization (DP, or number of DMAEMA units
per molecule) of 4,570, or a number average molecular weiglaf I30 kDa assuming

that the monomers were homogenously distributed among all growing particles. Due to
steric hindrance, at all putative initiation sites of the silsesquioxane initiator can be
expected to start a polymer cHdiand the number of arms per star is therefore below the
theoretically possible 58. In order to determine the average number and length of the
arms, hese were cleaved off and their molecular weight distribution was determined by
gel permeation chromatography (GPC). The number averagd Me arms was 23,500

Da, and the weight average,Mvas 33,500 Da, which corresponds to a polydispersity
index (PDI)of 1.42 and a DP of 235 monomers per arm. From this, an average number of
19.5 arms was calculated for the producedPBMAEMA. The number of arms is in
good agreement with the values of 19 to 24 arms that have been determined for ether star
shaped polynts prepared using the same initiatdrA z-average hydrodynamic radius,
<Rw>z, app, Of 37.2 + 3.5 nm was determined for thePEIMAEMA by dynamic light
scattering (DLS).

It is known that branched poly(ethylene imine)REI) shows a high buffering capggc

because of the large number of nitrogen atoms in its chemical structure. -CThkedo
Aproton sponge effecto is a result of this
effective escape of PHlasedpolyplexes from the endosome, explainitige high

transfection efficiency of this polymef: >3

We conducted potentiometric titration experiments for th€ BMAEMA starshaped

polymer as well as for-BEI. From the titration experiments apparent, p&lues of pk
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app(D-PEI) = 7.05 and pKapp(SI-PDMAEMA) = 6.73 were determined. The titration was
performed at a mass concentration of 0.5 mg/mL in MilliQ water (corresponding to molar
nitrogen concentration of 11.6 mM and 3.13 mM foiPBl and SIPDMAEMA,
respectively) with 0.1M HCI solutiorb-PEI had a larger buffering region ranging from
pH 9.67 4.2 than SPDMAEMA, which showed a buffering effect from pH 8.94.6.

The overall amount of buffered HCI was greater fePHl (2.61 mL) than for Si
PDMAEMA (1.25 mL), which is explained by thegher molar nitrogen concentration of
b-PEI. In the buffering region relevant for the endosomal environment (pH5).4-PEI
shows a slightly better buffering capacity by mass concentration thRDSAEMA,

with 1.27 mL of buffered 0.1M HCI for-BEI and0.94 mL for SiPDMAEMA.

Elemental analysis of the polycations indicaiteigr alia the presence of 15.5%m Cu,

i.e. not all of the copper catalyst had been removed from the final product during dialysis,
probably due to strong binding by the PDMAEMA anHowever, given the low
cytotoxicity of StPDMAEMA, see below, significant release of copper ions during

application is unlikely.

To demonstrate the general potential of maitth starshaped polycationic nanopatrticles
as polynucleotide delivery vehidga second structure of similar design was produized
selfassembly (formation of stdike micelles) of an amphiphilic diblock copolymer. For
this purpose, polybutadierdock-poly(2-(dimethylamino)ethyl methacrylate) (RJ3b-
PDMAEMA,4) was synthesead via sequential living anionic polymerization as
previously published* The diblock copolymer had a numksrerage molecular weight,
M, of 53,500Da and a very narrow PDI of 1.07. A micellar, sthaped gene delivery
agent, MiecPDMAEMA, was obtainedvia the selfassembly of PByb-PDMAEMA 240
into micelles upon a change in solvent from THF, which solubilizes the entire diblock
copolymer, to PBS, which only solubilizes the PDMAEMA blo@clieme4-1b). An
<Rw>;, app. Of 27 + 3 nm was determined for thHdic-PDMAEMA by DLS. The
hydrodynamic radii of the two delivery agents are thus in the same range.
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Scheme 41. Synthetic procedure for I DMAEMA preparation from multfunctional initiatorvia ATRP
(a) and selassembly of amphiphilic diblock copolymer BBb-PDMAEMA 4, to Mic-PDMAEMA star
shaped micelles (b).

The first step in polynucleotides delivery is the formation of polyplexes between the
polycationic delivery agent and the negatively charged polynucleotide. Surface charge of
polyplexes is an important factor especially for unspecific uptake into cetiddwrptive
endocytosis mediated by proteoglycarfsWe determined the zeta potential of the Si
PDMAEMA and MicPDMAEMA polyplexes at various polymer N / DNA-matios
(Table 4-S1). The zeta potential of the polyplexes increased with increasing N/P rdtio an
at N/P ratios equal to or larger than 5 positive values up to +10.5 mV were obtained.

pDNA Delivery by StPDMAEMA

The StiPDMAEMA was tested by standardized transfection procedures, using EGFP as
reporter gene, in a panel of model cell lines includidigeaent (CHGEK1, HEK-293, Wk

38, A549) and suspension (Jurkat) cells. In addition, C2C12 cells were used as model for
nondividing and differentiated cells and human T lymphocytes were used as example for

primary cells. BPEI (25kDa), i.e. the standard meviral transfection agent used in our
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group, served as control. While depending on -fi®o and cell type, transfection
efficiencies were consistently higher for-FDMAEMA than for BPEI at slightly
reduced cytotoxicities T@ble 4-1). This included theJurkat cells, where the best
transfection efficiency was 46% + 3.7 for SiPDMAEMA compared to 6.2 * 2.6 for

b-PEI (n2 5). In order to exclude a false positive measurement, we also performed
transfection with a bl ank prpseredidfébfedband r o |
Figure 4-S2 clearly demonstrate that the measured increase in fluorescence in the Si
PDMAEMA transfected cells is due to EGFP expression and not to an increased
autofluorescence of the cells due to polymer accumulation. JceKatare suspension
cells, which are difficult to transfect with netiral vectors because they sparsely
internalize cationic complexe$§' The low values obtained for-BEI are in accordance
with the data from the literaturé *°and were thus expecteghile the much better value
obtained for SPDMAEMA were a first indication for a fundamentally different

performance of this transfection agent.
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Table 4-1. Transfection efficiency and cell viability after transfection with polyplexes basedRi lard
Si-PDMAEMA.

Cell line Transfection efficiency (%) Viability (%)

PEI Si-PDMAEMA PEI Si-PDMAEMA

N/P5 36.6+12.0 59.8 +18.9 95.3+3.7 93.7+4.4

CHO-K1 N/P 10 49.1%+17.6 73.5+8.0 94.4+ 3.9 92.9+3.0

N/P 20 40.9+20.6 70.5+6.3 87.3+8.7 91.6+3.2

N/P 5 n. d. 0.2+0.2 n. d. 98.5+0.7

Control plasmidf N/P 10 n. d. 16+£1.1 n. d. 97.4+28

N/P 20 n. d. 0.8+0.1 n.d. 95.0+1.9

N/P 5 235+97 33.9+15.0 83.9+10.1 88.0+6.8

HEK -293 N/P10 36.1+8.2 50.3 +15.1 82.7+14.3 90.8+5.9

N/P20 32.8+7.7 55.2+15.2 79.1+17.7 83.4+9.6

N/P 5 20.3+3.1 9.8+35 71.0+6.5 76.8+7.3

Wi-38 N/P 10 19.2+3.9 26.9+55 66.6 +5.7 73.3+6.4

N/P20 21+17 209+6.4 39.4+16.6 53.8+7.9

N/P5 21.7+21.2 45.8 + 28.0 93.2+4.7 91.4+40

A549 N/P 10 36.1+14.2 48.6 +22.0 74.8+7.9 86.0+9.4
N/P20 20.0+7.7 43.0+9.8 48.7 +16.1 70.1+21.3

N/P 3 0.6+0.4 24.1+0.0 81.4+29 76.6 + 4.8

Jurkat * ¢ N/P5 20+1.4 33.3+27 84.3+4.2 54.4 +0.6
N/P 10 44+3.1 46.1 + 3.7 69.0 £ 19.3 44.2 +15.3

N/P20 6.2+26 28.6 +16.3 39.9+22.0 53.6 +17.7

N/P 5 n. d. 04+0.1 n. d. 71.8 £3.5

Control plasmid  N/P 10 n. d. 0.3+0.0 n. d. 60.6 +7.7

N/P 20 n. d. 0.4+0.2 n. d. 53.1+24

The cells were transfected with pEGRR (EGFP expression plasmidind in the case of CH®1 and

Jurkat cells additional transfections were performed \&itbontrol plasmid (pIVEX2-8JK, nonEGFP
expression plasmidjo exclude that accumulation of polymer merely induces an increase of the cell
autofluorescence. DNA concentration: 15 pg/mL. The EGFP expression was measured 24 h after
transfection by flow cytometry and analyzed as described in therials and methods sectionhe
transfection efficiency data represent the percentage of living cells expressing EGFP in-dpeptotic

cell population defined by scatter properties as determined by flow cytometry analysis. For determination of
the viability, dead cells were identifiedla counterstaining with propidium iodid&.” Representativéiow
cytometry dot plots are provided in the supplementary informafiagufe 4-S1 and Figure 4-S2). Data
represent mean N%s ne.@mdtdetermi@d.5, safe for
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C2C12 myoblast cells show growth arrest at confluency and differentiate into myotubes
when cultivated in DMEM containing 106 horse serum®’ They are therefore a
convenient cell model to compare the transfection efficiency ePCBMAEMA in
dividing and nordividing cells. The transfection of dividing C2C12 with PEI had
previously been proven inefficiertf In our hands, SPDMAEMA was up to Yold more
efficient in transfecting C2C12 cells thanPiEl, at similar or slightly improved
viabilities. As shown iriTable 4-2, transfection efficiencies between 20 and%Qvere
achieved with SPDMAEMA in dividing C2C12. Values in the same range were
previously only obtained with lipibased transfection rgants; although in most of these

cases higher toxicities were record&f*

Table 4-2. Transfection efficiency and cell viability after transfection with polyplexes basedRi land
Si-PDMAEMA in the C2C12 cell line at N/P ratios 5, 10, and 20.

Cell line Transfection efficiency (%) Viability (%)

PEI Si-PDMAEMA PEI Si-PDMAEMA

Dividing N/P 5 15+23 129+21 90.1+3.1 92.7+0.9
N/P10 48zx14 22.3+2.0 88.3+5.0 90.94+1.7

N/P20 16.6+4.1 27.7+£5.2 79.2+3.3 81.7+21

Non-dividing # N/P 5 0.8+0.5 7.3+£39 88.6+5.9 88.3+6.0

N/P10 27%16 15.8+6.2 82.0+7.3 83.4+84

N/P20 2.7+23 13.4+6.9 63.7 + 14.6 61.3+17.5

Differentiated " N/P 5 1.3+1.3 7.6+32 85.6 +10.0 90.0+£4.9

N/P10 1.9+1.2 18.8+4.7 79.0+£10.0 83.8+8.2

N/P20 1.4+13 11.3+6.8 49.7 + 25.2 542 +16.4

The cells were transfected with pEGNR. DNA concentration: 15 ug/mL. 48 h prior to transfection,
C2C12 cells were cultivated in RPMI supplemented witld &CS(dividing), let grow to confluency in

this medium (nofdividing) or cultivated in DMEM supplemented with 20 horse serum (differentiated).
Prior to transfection, t Wde ve@liingoyahe didstffiebenitomt e
by flow cytometry {: subG1: 0.5%, G1: 81.3%, S: 15.3%, G2/M: 0.5%, ®: subG1: 7.7%, G1: 87.5%,

S: 5.1%, G2/M: 0.2%). The EGFP expression was measured 24 h after transfection by flow cytometry.
Representativow cytometry dot plots are provided iha supplementary informatiokigure 4-S3). The
transfection efficiency data represent the percentage of living cells expressing EGFP in-dpeptotic

cell population defined by scatter properties as determined by flow cytometry analysis. For détermina

the viability, dead cells were identifiada counterstaining with propidium iodid®ata represent mean *
s.e. m. , n O 9.

Moreover, while transfection efficiencies ofHkl decreased considerably, when C2C12

cells were, prior to transfection, gvth-arrested or differentiated into myotubes, this was
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not the case for S’"DMAEMA (Table 4-2 and Figure 4-1). Most importantly, Si
PDMAEMA was not only better than PEI in average but also for every individual

transfection at a N/P ratio of 10 as showifiigure 4-1.
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Figure 4-1. Analysis of the percentage of transfected cells against the relative viability after transfection in
cC2C12 cell s. Prior to transfection, C2C12 cells

differentiated into myotubes (evaluated from the appearance of elongated, multinucleate cells) by culturing
the cells in DMEM containing 1@ horse serum for2daysiidi f f er enti at edo) . For
were formed with either -PEI or SiPDMAEMA and 15 pg/mL pEGFN1 at a N/P ratio of 10. 24 h
posttransfection, the cells were counterstained with propidium iodide to identify dead cells and analyzed
for EGFP expression by flow cytometry. Representative flow cytometry dot plots are given in the
supplementary informationF{gure 4-S3). Transfection efficiencies in dividing, (, * ), nondividing
myoblasts &, A) and myotubesp(, r ) are plotted against the vialyli Black symbols: #EI, white
symbols: SPDMAEMA. Data shown are from individual transfections.

To our knowledge, this is the first time that such efficient gene transfer could be shown in
C2C12 myotubes. The recognized route for nuclear entry of pafek PEI transfection,

is during mitosis when the nuclear membrane breaks d&wine data presented here on

the successful transfectione(, successful translocation of the pDNA into the nucleus) of
nontdividing cells by SiPDMAEMA imply that in contadistinction this transfection
agent does not necessarily require breakdown of the nuclear envelope for delivery of

exogenous pDNA into the nucleus.
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Finally, we included human primary T lymphocytes in our panel, because efficient tools
for their transfectn are rare and would be of high interest not only for research, but also
for medical applications. Most conventional methods fail to efficiently transfect T
lymphocytes and NucleofectiBncurrently the most efficient method for this purpose, is
restrictel to in vitro applications.*> ® For our study, peripheral blood T lymphocytes
were isolated from human blood and transfected wigEbor SiPDMAEMA at various
N/P-ratios or electroporated. Whereas, in the initial experimeR&lbdid not yield more

than 1% and electroporation never more than %0transfected T lymphocytes, -Si
PDMAEMA performed best at N/P 10 yielded transfection efficiencies of up t%.44
The robustness of IDMAEMA as transfection reagent for human T lymphocytes was
subsequently erified at N/P 2.5 to 10 with cells isolated from several independent
donors. The transfection outcomes achieved at N/P 10 were the most successful in terms
of EGFP expressiorF-{gure 4-2). In these experiments, as before, electroporation led to
slightly better results (3 12 % transfected cells) thanREI, but never reached the values
achieved with SPDMAEMA (Figure 4-2A - B). Moreover, relative fluorescence
intensities of SPDMAEMA transfected cells were slightly higher than foiPBI
transfected orelectroporated ones, arguing for higher specific transgene expression
(Figure 4-2C), albeit not of a statistical significance (P=0.01egt). Relative viabilities
were almost independent of the transfection protocol and instead varied in a consistent
mamer with the individual blood donor. In some cases viabilities dropped t%,50
although the majority of the polycation transfected cells showed a relative viabitity of
80% (Figure 4-2D).
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Figure 4-2. Analysis of the EGFP expression and relative viability after transfection in primary human T
lymphocytes. Prior to transfection, peripheral blood mononuclear cells (PBMCs) were cultivated 3or 2
days in QPBL medium to stimulate proliferation of theyinphocytes. On the day of transfection the cells
wer e %CD$ With blast morphology. For transfection, polyplexes were formed with eitfREIor
Si-PDMAEMA and 15 pg/mL pEGFR1 at a N/P ratio of 10. 24 h pesansfection, the cells were
analyzed fo EGFP expression by flow cytometry. Data shown are from individual transfections. Dot plots
with log of the red fluorescence intensity (GPE) on the »axis and log of the green fluorescence
intensity (EGFP) on the-gxis were used to estimate the petaga of EGFRexpressing cells in the nen
apoptotic cell population (gate A) defined by scatter properties (FSC/SSC). The-éx@#eRBsing
lymphocytes were identified as a subpopulation of the Cils. (A) Representative example for the
analysis of the 8w cytometry data. (B) Percentage of EGE&®ressing lymphocytes. (C) Mean
fluorescence intensity (MFI) of the EGFP expressing lymphocytes. (D) Relative viability of the chlls 24
after transfection. The viability is given in percentage of living cellgrarisfected samples versus living
cells of the noftransfected control. Data shown are from 5 individual PBMC samples, each obtained from a
different donor. Results obtained after electroporation are given for comparison.

Biocompatibility of Si-PDMAEMA

The likely compatibility of SPDMAEMA transfection within vivo applications was
assessed by a set of standard methods, comprising transfection in the presence of serum,
as well as cytotoxicity and hemolysis assdyb:PE| was used for comparison. Serum
proteins are known to interact with polycationic transfection agents and lower

transfection efficiency considerabff.Due to its compact shape and its high arm density,
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interaction with serum proteins is apparently reduced in the case-RDNMAEMA,
which performed up to Hold better than ¥PEI in the presence of 28 serum Figure 4-
3).

40
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Figure 4-3. Analysis of the percentage of transfected cafter transfection, in the presence of serum, at
various N/P ratio in CHEX1 cells. CHOK1 cells were trarfected using WPEI (black bars) or Si
PDMAEMA (white bars) in the presence of B®@ FCS at the indicated N/P ratio. For transfection,
polyplexes were formed with eitherREIl or SiPDMAEMA and 15 pg/mL pEGFN1 at N/P ratios of 5,

10, and 20. 24 h postansfection, the cells were counterstained with propidium iodide to identify dead cells
and analyzed for EGFP expression by flow cytometry. The data represent the percentage of living cells
expressing EGFP (it r -apoptdtieceltpepitiort definéddy Scattér propértiegas n o n
determined by flow cytometry analysis. Data represent mesie.m.(n O3). The measured cell viability

was always 88 %.

The toxicities of the polycations were tested by MTT assay according to the ISG3.0993
protocol using L929 mouse fibroblasts cultured in MEM supplemented wié i€tal
bovine serum as test cells. In addition, cytotoxicity assays were also performed with

human T lymphocytes.

Cytotoxicity was tested only for the n@omplexed polycations ¢ncentration range
0.001 mg/mL to 5.0 mg/mL), as these are considered to be more toxic than the DNA
containing polyplexes:* Their investigation thus presents a werase setting. Both PEI

and SiPDMAEMA affected the metabolic activity in a concentratdependent manner
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when they were added to the L929 cells in the indicated concentration range for up to 4 h.
Above concentrations of 0.01 mg/mL-REl) and 0.1 mg/mL (SPDMAEMA), the
metabolic activities of the cells decreased significantly and condensatbove
0.1mg/ mL for b-PEI and 1.0ng/ mL for SFPDMAEMA reduced the cell viability to
nearly D %. In spite of its almost 3fbld higher molecular weight, S DMAEMA was
therefore considerably less toxic to the cells than #irEb The LB, of 0.5 mg/mL
calculated for SPDMAEMA in L929 cells corresponded to 77 times the concentration
utilized in the subsequent transfection assays performed at a N/P ratio ¢?ED.dn the
other hand, had an g of 0.06 mg/mL, which corresponds to 36 times fodymer
concentration used in the standard transfection protocol (N/P 10). With gnSkD
PDMAEMA of 0.27 mg/mL, compared to an k@b-PEI of 0.03 mg/mL for WPEI, St
PDMAEMA also showed an order of magnitude better biocompatibility in contact with

humanT lymphocytes.

Compared to #El, StPDMAEMA also performed better in the hemolysis asSable

4-3). It is thus possible that the comparatively low cytotoxicity BPBMAEMA is due

to its architecture, which reduces surface contact with the cell meentaad thus
decreases membrane destabilization potential. The erythrocytes were incubated with eight
different polymer concentrations in the range of 0.@03.0 mg/mL for 1 h. Compared to
b-PEI, which was found to completely lyse the erythrocyte®.Gatmg/mL, Sk
PDMAEMA showed only moderate hemolytic effects (<%% at physiological pH over

the entire tested concentration range. Its low hemolytic activity and thus presumably low
disruptive potential for cell membranes in general augurs well for anualarge of Si
PDMAEMA-based agents for the vivo delivery of plasmid DNA. However, fan vivo
applications, further modifications of the-BDMAEMA are required in order to mask

the positive charges of the gene vector, which are responsible for uitspeerfactions

with blood components, vessel walls and rapid clearance of the polyplexes from the
bloodstream.®*®” Toward this end, modifi ®%2pbriasns

recently reported introduction of polysulfobetaine into the cationic d§entild be done.
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Table 4-3. Relative release of hemoglobin in percent (meare.m.) by human red blood cells after 60 min
incubation with different concentrations of the cationic polymers at 37°C (n = 6).

Polvmer 0.001 0.005 0.01 0.05 0.1 0.5 1.0 5.0
y mg/mL mg/mL  mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL
16.2+ 262+ 633+ 752+ 1015+

- + + +

b-PEI 01+08 5019 54+31 50 94 129 120 8.4

Si- 132+ 220+ 234+ 341=
+ + + +
PDMAEMA 14+£21 09%x19 09+02 7.1+19 53 15 50 79

siRNA-Mediated Knockdown of GeneExpression inRecombinant CHO Cells and T
Lymphocytes

RNA interference (RNAI) represents a promising technology for -geeeific
knockdown, e.g. in the context of developing new therapeutic approdthtsvever, a
critical facor still limiting the use of siRNA as therapeutic is delivering siRNA to its
intracellular target site as recently review&d’® Recombinant CHO cells constitutively
expressing EGFP® and human primary T lymphocytes were used to evaluate the
potentialof SFPDMAEMA to deliver siRNA into the cells and mediate gene silencing.
Prior to all silencing experiments, preliminary tests were performed in order to estimate
the most suitable siRNA concentration and N/P ratio for gene silencing. Therefore,
referringto published contributions® 725 and 50 nM siRNA were tested in parallel to
various charge ratios (N/P 3 to 20). Optimized conditions were found to be 25 or 50 nM
siRNA and a N/P ratio of 10 gave the best results. A significant silencing effectotvas n
detected for incubation time shorter thanh3@robably due to the high stability of the
targeted proteins (EGFRAO 2 #; CB4 t,= 20 h™® (data not shown). The results
presented below were obtained under optimized conditions and reflechakienal
knockdown achieved so far. In the recombinant CHO cells, knockdown after incubation
with the complexes containing 5 EGFRsiRNA was evaluated by flow cytometry
analysis of the EGFP fluorescence in comparison to cells where delivery of siRNA had
been attempted usingREI (Table 4-4). b-PEI/siRNA polyplexes achieved at most a 16

% reduction of the EGFP expression. This low knockdown efficiency of PEI is in
agreement with data published elsewhéfe’® Si-PDMAEMA triggered a significantly
higherknockdown (54.8%). For both polycations, only a minimal effect on cell viability,
which remained within 8846 of the norransfected cells, was observed. Similar levels

were observed in isolated cases for PDMAEMA/sIRNA polyplexes in lung cancer cells.
79,80
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Table 4-4. Gene silencing in recombinant CHO cells constitutively expressing EGFP.

N/P ratio
0 5 10 15
naked siRNA 5.3 - - -
b-PEI - 0.0 16.0 n.d.
Si-PDMAEMA - 1.7 54.6 51.0

EGFP expression was determined by flow cytometry 30h after siB&ifery using either 4PEI or Si
PDMAEMA. siRNA concentration: 586M at N/P 10. Data represent percentage of knockdown of EGFP
expression compared to control cells. Viabilities were estimated by propidium iodide staining prior to flow
cytometry analysisa.d.: not determined

T lymphocytes are known to be particularly resistant to siRNA uptake enforced by
conventional nowviral delivery methods excepting Nucleofecffo’’ and antibody
fragmentpeptide fusion proteibased delivery.®* Based on the promising results
obtained in the recombinant CHO cell line, we subsequently investigated the potential of
Si-PDMAEMA for knockdown of CD4expression in human T lymphocytes. In
preliminary experiments, screening for optimized delivery comuliti we were able to
show that SPDMAEMA-based delivery of hCD4iRNA led to significantly higher
silencing effect than the one obtained aftdPErbased delivery (data not shown). In
order to confirm this observation, siRNA delivery/knockdown was repeatith T
lymphocytes isolated from another donor. In addition, linear RPE(l 25 kDa) was
used instead of -BEI. Cells mocldelivered with EGFFBIRNA served as control.
Knockdown after 3t incubation with the complexes was evaluated by flow cytometry
analysis. Delivery of the siRNA withPEI had no effect on the level of CD4 expression.
Si-PDMAEMA, on the other hand, achieved a-Bo&l decrease of CD#" and a 2.5old
increase of the CC¥¥ populations, respectivelyTéble 4-5). Viability was agai within

85 % of the nortransfected cells in all cases. This is, to our knowledge, the first time that
a PDMAEMA-based polycation were used successfully to deliver siRNA into human

primary T lymphocytes and leading to the specific kadolwn of the targetd gene.
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Table 4-5. Analysis of CD4 expression 30 h after human T lymphocytes were either mock delivered
(EGFRsIRNA) or delivered with hCD4iRNA (25 nM each).

hCD4-siRNA EGFP-siRNA
CD4Mon CD4™" CD4Mon CD4™"
I-PEI 775 225 79.9 20.1
Si-PDMAEMA 29.6 70.3 69 31

The siRNA was delivered complexed withPEl or SiPDMAEMA (N/P ratio 10). Data represent the
percentage of CO4" and CD#" cells within the viable CD%population. The viability was estimated by
propidium iodide staining prior to flow cytometry analysis. For comparison: cells submitted to the same
medium changes as the transfected ones, but not receiving any siRNA display#d@B47" and 33.5%

CD4°". Representative flow cytometry dot plots and histograms are provided in the supplementary
information Figure 4-S4).

Verification of the General Design Principle for Improved Non-Viral Transfection
Agents

In order to verify our initial hypothesis thatany arms emanating from a common center
is a general design principle for the construction of efficientwi@l polynucleotide
delivery vehicles, stdike polymer micelles (MilPDMAEMA) were produced and their
efficiency as potential transfection reagavas explored under standard conditions in
Jurkat cells. The micelle cofmased structure was as efficient asPBMAEMA as
shown by the achieved transfection efficiency ranging from 11 t& 3fansfected cells
depending on the N/P ratio, although tfecton at N/P ratio of 20 led to high
cytotoxicity (Table 4-6).

Table 4-6. Summary of the Jurkat cells transfection with ditee PDMAEMA-based micelles (Mic
PDMAEMA) in serumfree medium.

N/P ratio Transfection efficiency (%) Viability (%)
N/P 3 115+14 88.1+3.2
N/P 5 31.0+3.0 76.2+13.3
N/P 10 21.2+0.0 79.4+04
N/P 20 35.0x174 32.4+20.9

The cells were transfected with pEGNR (EGFP expression plasmidDNA concentration: 15 pg/mL.
Polymer concentrations were adjusted toitttkicated N/P ratiasThe EGFP expression was measured 24 h
after transfection by flow cytometryhe transfection efficiency data represent the percentage of living
cells expressing EGFP in the rapoptotic cell population defined by scatter propertesletermined by

flow cytometry analysis. The viability was estimated by propidium iodide staining prior to flow cytometry
anal ysi s. Data represent rimvaytoméiry dot piots are pravided i© the ) ;
supplementary informatiofFrigure 4-S5).
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Recently, we have in addition published data showing that magneticsluelie
nanoparticles displaying similar architecture, can efficiently deliver pDNA to -BHO
cells yielding more than 5@ transfected cell$? Taken together, thesestdts sustain
our initial hypothesis that stahaped architectures with a large number of arms
irradiating from the core are efficient neiral vectors. Additional fine tuning of the
composition of the cpolymers to enhance endosomal release couldefuititrease the
transfection efficiency of the stike micelles as recently demonstrated in one monocyte
cell line by Manganiello and eaorkers.®

The ability of MicPDMAEMA to deliver siRNA was tested using the EGFP knockdown

in the recombinant CHO Iie stably expressing this protein as test system. Here also,
preliminary screening of the optimum for siRNA concentration and N/P ratio was
performed (data not shown) and the results presented below reflect data obtained under
these optimized condition&Knockdown after 30 h incubation with the polyplexes (N/P
ratio of 20) containing either EGFSRNA or hCD4siRNA (used as control) was
evaluated by flow cytometryF(gure 4-4).

50 —
40
30
20 -
10 4

L

naked b-PEI Mic-PDMAEMA

Gene expression knockdown (%)

Figure 4-4. siRNA mediated silencing of the EGHRpression in recombinant CHO cells constitutively
expressing this protein determined after delivery witREd or MicPDMAEMA; siRNA concentration:
25nM, N/P ratio: 20. CHEEGFRVEGF cells were either mock deliver¢dCD4siRNA, white bars) or
delivered with EGFRIRNA (black bars). 30 h postansfection, the cells were counterstained with
propidium iodide to identify dead cells and analyzed for EGFP expression by flow cytometry. Data
represent percentage of knockdowf EGFP expression in viable cells compared to-tneated control
cellsmean N s.e.m., n O 3).
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Whereas HPEI/siRNA polyplexes achieved at most a%Qeduction in the fluorescence
geometric mean, Mi®DMAEMA delivery resulted in a 43.866 knockdown andhus
performed almost in the same range as®BMAEMA (Table 4-4). As before, cell
viability was only minimally affected (> 8% in all cases).

Conclusions

The large polycationic nanoparticles introduced here display, to our knowledge, a never
before obsrved capability to deliver nuclei acids to human primary T lymphocytes and to
nondividing cells and thus, have considerable advantages over conventional polycations
for gene delivery. In particular, the proposed new transfection reagent synthesized from
an inorganic core (S"DMAEMA) displays high potentiality for transfection of primary,
nondividing and differentiated cells as well as a broad compatibility with established cell
lines. An additional construct, produced along the same design principtoataihing a
polybutadiene core (Mi€DMAEMA), also showed more efficient pDNAeliveries

than PEI to CHO and Jurkat cells. Furthermore, we established a first proof of principle
that StPDMAEMA and MicPDMAEMA can be used for gene silencing using small
interfering RNA (siRNA) in CHO cells and human primary T lymphocytes. In this
context, polymers based on diblock copolymers are of particular interest because their
production is easy and further modification, e.g., including a targeting sequence, would
bepossible. As far as we know, sfdee architectures reported before were generally less
efficient than conventional transfection reagents for gene delivery in particular when
A hatotdr ansfect o cell s were concer nptiple Thi s  wo
of many arms emanating from a common center results in efficient polynucleotide
delivery vehicles independent of the core material and therefore offers advanced
possibilities for the development improved gene vectors in particular for primasy cel
Moreover, due to its low disruptive potential for cell membranes (hemolytic activity) at
physiological pH and its ability to transfect cells in the presence of serum, Si

PDMAEMA might become an attractive system for furtirevivo evaluations.
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Supporting Information

Table 4-S1 Evolution of the zeta potential with increasing N/P ratio forPBMAEMA and Mic
PDMAEMA polyplexes prepared with at total of 15 ug pRM 1 mL of a 150 mM NaCl solution. Data,
given in mV, represent mean £ s.e.m., n = 3.

Sample - N/P 3 N/P 5 N/P 10 N/P 20
Si-PDMAEMA n.d. -30.7+2.1 -04+4.0 7.4+1.8 10.1+1.2
Mic-PDMAEMA n.d. 0.0+£0.1 7.3+£1.0 8.8+1.3 105+ 0.6

Plasmid -26.9+3.2 - - - -

n.d. = not determined
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Figure 4-S1 Green fluorescencent protein FACS analysis after transfection of Jurkat cells-REhadnd
Si-PDMAEMA. For transfection polyplexes were formed with eithePB or SiPDMAEMA and 15

pg/mL pEGFRN1 at N/P 3 to 20. 24 h pestnsfection, the cells werealyzed for EGFP expression.

Cells were initially evaluated by scatter properties (FSC/SSC) in order to select a region representing single
non-apoptotic cells. This gated region (R0O) was further analyzed for fluorescence (PI/EGFP). Dot plots with
log of the red fluorescence intensity (PI) on thexis and log of the green fluorescence intensity (EGFP)

on the yaxis were used to estimate the percentage of E&dRessing cells in the main napoptotic cell
population (gate R0). Negative controls (contmdntransfected cells) were used to set the position of
guadrants separating Gfg@sitive living cells (upper left), GFpositive dead cells (upper right), GFP
negative living cells (lower left) and GHiegative dead cells (lower right). These quadramievapplied

for the analysis of transfected cells and percentage cell number / total cell number in the gated region were
calculated for each quadrant.
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Figure 4-S2 Transfection of CHEK1 and Jurkat cells with EGFP encoding (pEGRFP and control
(pIVEXUK23) plasmids For transfection polyplexes were formed with eitfieEbor SiPDMAEMA and

15 pg/mL pEGFPN1 or pIVEXUK23 at N/P 10. 24 h poestansfection, the cellgere analyzed for EGFP
expression. Cells were initially evaluated by scatter properties (FSC/SSC) in order to select a region
representing single neepoptotic cells. This gated region (RO) was further analyzed for fluorescence
(PI/EGFP). Dot plots with lp of the red fluorescence intensity (Pl) on thaxis and log of the green
fluorescence intensity (EGFP) on theyis were used to estimate the percentage of E€&fpRessing cells

in the main norapoptotic cell population (gate R0). Negative controlsnt@®; nontransfected cells) were

used to set the position of quadrants separating-f@&iSRive living cells (upper left), GFPositive dead

cells (upper right), GFRegative living cells (lower left) and GHiegative dead cells (lower right). These
guadants were applied for the analysis of transfected cells and percentage cell number / total cell number in
the gated region were calculated for each quadrant.
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Figure 4-S3, Part 2
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Figure 4-S3, Part 3: Green fluorescencent protein FACS analysis after transfection of C2C12 myoblasts

and myotubes with4PEl and SPDMAEMA. Prior to transfection, C2C12 cells were cultivated in growth

medi um ( A; Adi vidingo), or g r o wgish by sulturilgsthe edlls t¢ e val u a
confluencyi ¢Bdi nfigndbo)n or di fferentiated into myotub
elongated, multinucleate cells) by culturing the cells in DMEM containing 10 % horse seruri 3od&/s

( C; fidi f f Eorteansfectiantpaygpléxes.were formed with eithéd?El or SiIPDMAEMA and 15

pg/mL pEGFRN1 at N/P 5, 10, and 20. 24 h pastnsfection, the cells were analyzed for EGFP
expression. Cells were initially evaluated by scatter properties (FSC/SSC)én tordelect a region
representing single neapoptotic cells. This gated region (RO) was further analyzed for fluorescence
(PI/EGFP). Dot plots with log of the red fluorescence intensity (Pl) on #weisxand log of the green
fluorescence intensity (EGEBn the yaxis were used to estimate the percentage of E&§pRessing cells

in the main norapoptotic cell population (gate R0). Negative controls (control:tremmsfected cells) were

used to set the position of quadrants separating-g@&sSRive living cells (upper left), GFpositive dead

cells (upper right), GHRegative living cells (lower left) and GHiegative dead cells (lower right). These

guadrants were applied for the analysis of transfected cells and percentage cell number / total celhnumber i

the gated region were calculated for each quadrant.
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Figure 4-S4 Analysis of CD4 expression after human T lymphocytes were either mock delivered-(EGFP
siRNA) or delivered with hCD4iRNA. Prior to transfection, Peripheral blood mononuclear cEIRIMCs)
were cultivated for 2 3 days in QPBL medium to stimulate proliferation of the T lymphocytes. On the day
of transfect i omCDE8 with blasenolplsology.rFer trabsfedtibn, polyplexes were formed
with either BPEI or SiPDMAEMA and 5 nM siRNA at a N/P ratio of 10. 30 h pdsansfection, the cells
were stained with CD#ITC antibody, counterstained with propidium iodide for estimation of the dead
cells and then analyzed for CD4 expression by flow cytometry. Cells were initiallyate@lby scatter
properties (FSC/SSC) in order to select a region representing singempanpt ot i ¢ cel |l s (gate
and for scatter and fluorescence (SSC/ Ptlegtedcelts or der t c
(ficontrol 8) m bahéeywtseated were us®d wod¥&8CDBhe regic
expression of the CD4 protein was assessed in histogram plots (green fluorescence intensityaais the x
and cell number on the-axis) representing the intensity ofethCD4FITC fluorescence (CDY"
fluorescence intensity between 70 and 170; ®™M4fluorescence intensity > 170) in the living T
lymphocytes (defined asaspbopul ati on of gate Al ymphod and gate dl
histograms overlaysii(c ont r o | cell so: I-R Bhled :a nkdl afRiRIMA Edvicelgo riirSggrda y ;
line).
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Figure 4-S5 Green fluorescencent protein flow cytometry analysis after transfection of Jurkat cells with
Mic-PDMAEMA.For transfection polyplexes were formed withicMPDMAEMA and 15 pg/mL pEGFP

N1 at N/P 5, 10, and 20. 24 h paésinsfection, the cells were analyzed for EGFP expression. Cells were
initially evaluated by scatter properties (FSC/SSC) in order to select a region representing single non
apoptotic cellsThis gated region (RO) was further analyzed for fluorescence (PI/EGFP). Dot plots with log
of the red fluorescence intensity (PI) on thaxts and log of the green fluorescence intensity (EGFP) on
the yaxis were used to estimate the percentage of E&@Rssing cells in the main na@poptotic cell
population (gate R0). Negative controls (control; si@msfected cells) were used to set the position of
guadrants separating Gfg@sitive living cells (upper left), GFpositive dead cells (upper right), GFP
negative living cells (lower left) and GHiegative dead cells (lower right). These quadrants were applied
for the analysis of transfected cells and percentage cell number / total cell number in the gated region were
calculated for each quadrant.
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Chapter 5

Double-Layered Micellar Interpolyelectrolyte Complexesi
How Many Shells to a Core?

EO

Vq + MANa
MANa + Dq

The results from this chapter haween published i&oft Matteras:

fiDoubleLayered Micellar Interpolyelectrolyte ComplexésHow Many Shells to a
Cored

by Christopher V. Synatschke, Felix H. Schacher,* Melanie Fortsch, Markus Drechsler,
and Axel H. E. Mller*
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Abstract

We report onthe formation of doublayered micellar interpolyelectrolyte complexes
(IPECs) from ABC triblock terpolymer precursor micelles and hydrophilic hoano
block copolymers. Polybutadieftdock-poly(1-methyl2-vinyl  pyridinium)-block
poly(sodium methacrylat€PB-b-P2VPgb-PMANa) block terpolymers form micelles in
agueous solution at high pH exhibiting a PB core, a P2VPg/PMANa intramicellar IPEC
(im-IPEC) shell, and a PMANa corona, which is negatively charged. Upon mixing with
either positively charged, quatezed poly(,N-dimethylaminoethyl methacrylate)
(PDMAEMAQ) homopolymers or its doubleydrophilic block copolymer with
poly(ethylene oxide) (PE®-PDMAEMAQ), a further IPEC shell is formed, rendering
coreshellshellcorona aggregates. The effects of @@orof positive to negative charges,
Z.., the composition of the block terpolymer micelles, and the length of the added Dq
block were investigated. We show that within a certaip &gime stable complex
micellar IPECs featuring two distinguishable IPE@ells are formed. The dormed
complex particles were analyzed by dynamic light scattering and cryogenic transmission

electron microscopy.
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Introduction

Selfassembly of block ccand terpolymers in solution has received considerable interest
during the past decade? Typically, such processes lead to the formation of spherical
micelles® * cylindrical or rodlike aggregates! or vesicle€ Particular interest is devoted

to the control of size, size distribution, shape, or the number or typmaidnal groups
present on the surface of such particles. This can be achieved by controlling the kinetics
of the selfassembly process,through changing the polymer composition or
architecturé?® or via the variation of external parameters like the employed sofvefit,

pH,* salinity,** or temperaturé>

Another possibility to influence sefftssembly processes in solution is to employ block
copolymers with charged compartments, or polyelectrolyte satpl?” *’ Such
polyelectrolytes can be natural (e.g., polynucleic acids) or synthetic polyanions or
cations and can be further subdivided into weak (e.g., poly(methacrylic acid), PMAA) or
strong (e.g., poly(styrene sulfonate)) spetieRecent researdinterest in such materials

has been primarily based on intrinsic properties such as water solubility, very strong inter

and intrachain interactions, ionic conductivity, and surface actitity.

Mixing of two different block copolymers with polyelectradysegments bearing opposite
charges in aqueous solution leads to electrostatiassembly and the formation of
interpolyelectrolyte complexes (IPECSF? The driving force is the entropy gain from
the release of the counterio®ich IPECs are hydrophichyet are still able to participate
in dynamic polyion exchange reactions in aqueous nfédialf weak polyelectrolytes
like PMAA are used, the complex formatiésm pH-dependent® In addition, the IPEC
formation is reversible: the addition of large @amts of salt leads to a screening of the
charges and to a breakup of the compléXe¥.If preformed micelles with a charged
corona are mixed with oppositely charged polyelectrolytes, an elegant route towards
complex micellar architectures is opened.isThas been demonstrated for micelles
exhibiting a soft polyisobutylene core and a PMAA cofdrfdor for more complex core

compartmentalized block terpolymer micelfés.

Within this contributionrwe demonstrate for the first time the formation of twdidcsly
different adjacent IPEC shells within the same complex micellar aggregatarting
material we employ multicompartment micelleghibiing a soft polybutadien€PB)
core, a discontinuous shell consisting of an intramicellar IPBEEIREC) betwen

141



Chapter 57 Double-Layered Micellar Interpolyelectrolyte Complexesi How Many Shells to a Core?

guaternized poly@inylpyridine) (P2VPq) and poly(sodium methacrylatejPMANa),

and a corona of exce88VIANa, thus rendering colloidal objects with a negatueface
charge.These micelles are formed if ampholytic block terpolymers, polybutadhiexai-
poly(1-methyl2-vinyl pyridinium)-block-poly(sodium methacrylate) (PBP2VPgb-
PMANa), selfassemble in aqueous solution at pH 10, conditions where methacrylic acid
is negatively chargetf To this is added another solution containingositively chargd
polyelectrolyte being eitherquaternized poly,N-dimethylaminoethyl methacrylate)
(PDMAEMA ) homopolymers of different chain lengtlr the corresponding double
hydrophilic block copolymer with poly(ethylene oxide) (PIB®’DMAEMAQ). This then
resultsin further IPEC formation betwedhe PMANa coronand PDMAEMA g and the

generation of a second IPEC shé&le whole process is shown$themes-1.

BVqMANa - Precursor Micelles

o

Mesof® NB—

4 \ Polybutad g \
olybutadiene EO..D
Dq,, [ im-1PEC (Vq + MANa) 32507
——— . Poly(sodium methacrylate)
Dqszu

H,0, pH 10
Z,.=01-1.0
c~0.1-1glL

Double-Layered IPEC

Polybutadiene
B in-1PEC (Vq + MANa)
[l new IPEC (Dq + MANa)
B Poly(ethylene oxide)

Scheme 51: Schematic pathway for the formation of douldgered IPECs from PB-P2VPgh-PMANa
block terpolymer micelles and either PDMAEMAQg homopolymers (left) or a PEDMAEMAQ diblock
copolymer (right).
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In case of PE&h-PDMAEMA(, thePEOchainsthenserve as the corona of the generated
coresheltshellcorona particle and maintain a goedlubility in agueous media. We
investigated two PDMAEMAqQ homopolymers of different chain length, in shorts2Dq
and D@y, and one doubtbydrophilic block copolymer, E£sDq;s7, the subscripts
denoting the degree of polymerization of the corresponding blockreksirsor micelles
three different block terpolymers, BJg-b-P2VPqor-b-PMANagss, PBsogb-P2VPug-b-
PMANaues, and PBog-b-P2VPaio-b-PMANasse were used. In the following sections a
shorter nomenclature, BVgMANawill be used for the precursor micelless the first
two blocks (B and Vq) have the same degree of polymerization in all cases shown in this
manuscript. The complexations were performed at differgnvalues. We define .Z by
dividing the number of cationic Dg monomer units added to thellarcsolution divided
by the number of free (necomplexed) anionic MANa units present, as shown in

equation §-1).

n
Z, =—— (5-1)
Myana - n\/q

The structure and the stability of the formed micellar IPECs were analyzed using dynamic
light scattering (DLS) and cyrogenic transmission electron microscopy-{&xb).

Experimental

Synthesis

Materials. The solvents for the preparation of the micellar solutions were purchased in
p.a. grade and used as deliver@imethyl sulfate (Me,SO;, >99 %, Aldrich) and
hydrochloric acid (32%) were used ageceived Buffer solutions with pH 10
(H3BO3s/KCI/NaOH) wereobtainedfrom Flukaand contained about 0.3 wt. % sdlhe
initiator for ATRP, ethylbromo isobutyrate (EBIB) was distilled and stored under
nitrogen. HMTETA was distilled prior to use. Anisole (p.a. grade, Fluka) and CuBr (>99

%, Aldrich) were used as received.
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Synthesis of th®B-b-P2VP-b-PtBMA block terpolymersThe linear block terpolymers
were synthesizeda sequential living anionic polymezation in THF at low temperatures
using sedbutyl lithium as initiator. Adetailed description of the synthetic procedamd a
comprehensive investigation of RBP2VRb-PtBMA block terpolymers with different

volume fractions is reported elsewhéte.

Synthesis o0PEO-b-PDMAEMA (EQ2sD1s7). EO-b-D was preparedia sequential living
anionic polymerizatiorin THF using 1,idiphenyt3-methylpentyllihium (DPMPLI) as
initiator. A combination of MALDFTOF mass spectrometry arHi-NMR yielded the
composition Bs,5D157. More details about the synthesis and characterization can be

found elsewherg’

Synthesis 0PDMAEMA (Dis2 and Dsag). D162 Was prepared with Atom Transfer Radical
Polymerization (ATRP) in anisole using an earlier reported profdcthe ratio of
monomer to initiator was 500:1 and the reaction was quenched at ~ 40 % conversion
(followed by'H-NMR). Dys; has a molecular weight of iz = 25.500 g/mol and a PDI

of 1.26, measured with THEEC with additional 0.25 wt. %etra-butyl ammonium
bromide (TBAB). Polystyrene standards were used for calibration, @dc = 29.300
g/mol). The ATRP oDg,owas accomplished in acetone at 60 °C. The ratio of initiator :
CuBr : HMTETA : monomerwas 1 : 4 : 4 : 1200 and the polymerization was stopped at a
conversion of 68 % as determined by NMR. The polymédribited a molecular weight
Mnmr = 130.000 g/mol and DI of 1.51.

Quaternization ofthe P2VP block. PB-b-P2VP-b-PtBMA block terpolymers were
dissolved in dioxane at a concemiion of 1 g/L. Afterwards, M&O; (10 eq
corresponding to the-2inyl pyridine groups) was added and the solution was stirred for
atleast 72 hours a0 °C The resulting solution of polybutadieb&®ckpoly(N-methyt
2-vinyl pyridinium)-blockpoly(tert-butyl methacrylate) PB-b-P2VPg-b-PtBMA was
directly used for the subsequent hydrolysis of the ester moiety &tBhWA block. From

IR measurements and iodometric titrations with diluted AgN@utions we determined

an approximataedegree of quaternization of -BD %. The quaternization of & theEO-

b-D diblock copolymer was performed in an analogous wdgre, a quantitative

quaterniation was achieved as provenNMR spectroscopy*
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Dialysis. Dialysis membrane tubingMWCO 3.500 g/molregenerateaellulose ester)
was purchased from Spectra/Por. Prior to use, the tubes were immersedoimzee

water for 1h to open the pores.

Hydrolysis of thePtBMA block. Solutions of PBb-P2VPg-b-PtBMA in dioxane (c = 1
g/L) weretreated with a Hold excess of hydrochloric acid relative to the ester moieties.
Afterwards, the reaction mixture was refluxed at 120 °C for 24 héutsconverson of

the hydrolysis reaction was confirmed with IR spectrosogpythe disapperance of the
tert-butyl (1393 crit and 1367 ci) and carbonyl (1722 ¢ signals.

Preparation of thé®B-b-P2VPg-b-PMANa (BVgMANa)micellar solutions Directly after
hydrolysis of thePtBMA block, micellar stock solutions (e 1 g/L) were preparetia

dialysis against pH 10 buffer solution.

Complexation reactionsDqi67, D020 and EOs29D 0,57 were dissolved in a pH 10 buffer
solution (VWR®, AVS Titrinom) at a respective concentration of 5 gAfterwards, the
corresponding volumes to reach a certain-value for the definition of Z. see the
Introductior) were added to micellar solutions of BVqQMAN® BVqMANayes or
BVgMANassg (all 1 g/L) in small glass vials and stirred @mbient temperaturdn
general, measurements on the complexes were performed after one week of continuous

stirring.

Characterization

Dynamic light scatteringDLS) All experiments were performed using approximately the
same cacentrations (¢ = 1 g/LPLS measurements were performed in sealed cylindrical
scattering cells (d = 10 mm) at an angle of 90° on an ALV DLS/SBPS5022F
equipment consisting of an AL-8P 125 laser goniometer with an ALV 5000/E correlator
and a HeNe lase wi t h t he wavelength & = 632.8 ni
applied to analyze the obtained correlation functions. Apparent hydrodynamic radii were
calculated according to the Stokemstein equation. Prior to the light scattering
measurements the sampglautions were filtered using Millipore nylon filters with a pore
size of 1.2 (solutions of the quaternized Rg Doy Or the doublénydrophilic
EOs2D0157 in pH 10 buffer)or 5 um(micellar precursors or the douHkyered IPECS)

The polydispersities were determined from unimodal pekihe cumulant analysis.
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Cryogenic Transmission Electron Microscopy (ciyleM): For crye TEM studies, a drop

of the sampl e .%pllgl)twasplaced on a laceyOcardooated coper

TEM grid (200 mesh, Science Services, Miunchen, Germany), where most of the liquid
was removed with blotting paper, leaving a thin film stretched over the grid holes. The
specimens were shock vitrified by rapid immersion iiqaid ethane in a temperati
controlled freezing unit (Zeiss Cryobox, Zeiss NTS GmbH, Oberkochen, Germany) and
cooled to approximatel§00 K. The temperature was monitored and kept constant in the
chamber during all the preparation steps. After freezing the specimens, they wasglins

into a cryetransfer holder (CT3500, Gatan, Minchen, Germany) and transferred to a
Zeiss EM922 Omega EFTEM instrument. Examinations were carried out at temperatures
around100 K. The microscope was operated at an acceleration voltage of 200 kV. Zero
|l oss filtered images (oo E = 0 eV) were take
were registered digitally by a bottom mounted CCD camera system (Ultrascan 1000,
Gatan), combined and processed with a digital imaging processing system (Gatan Digital
Micrograph 3.9 for GMS 1.4).

Zetapotential. The zetgpotential was determined on a Malvern Zetasizer Nano ZS in
conjunction with an MPT2 autotitrator (Malvern). The electrophoretic mobilities (u) were
converted i viathe Seolughomskeequatina les &, uwi &r e d denot e

vi scosilt yf h&ng el mi ventiwatert y of the sol

Size Exclusion Chromatography (SE®our PSSSDV gel columns (5um) with a
porosity range from Foto 10 A (PSS, Mainz, Germany) were used together with a
differential refractometer and a UV detector lat= 254 nm. Measurements were
performed in THF with a flow rate of InL/min using toluene as internal standard.
Narrowly distributed 44 polybutadiene were used as calibration standards.

SEC experiments for theDMAEMA containing samplesvere performedusing bur
PSSSDV gel columns (5um) with a porosity range from 1@o 1¢* A (PSS, Mainz,
Germany) were used together with a differential refractometer and a UV detelcter at
254 nm. Measurements were performed itMFT with additional 0.25wt. %
tetrabutylammonium bromide (TBAB) as eluent and 0.5 ml/min as flow Palgstyrene

standards were used for calibration.
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'H-NMR spectroscopyThe absolute numbewverage molecular weights, ;Mof the
synthesized block copolymers were determinedHWNMR in CDCk (Bruker AC 250
spectrometer) using the )\f the first block, as determined by MALHIoF MS or SEC,
and suitable NMR signal areas of the corresponding bldéss.more details on the

characterization of the block copolymers the reader is referred to the litéfature.
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Results and Discussion

Characterization of the Precursor Micelles

In a recent publication we reported on the preparation of multicompartoenmicelles

in aqueous mad at high pH from polybutadieAgockpoly(1-methyt2-vinyl
pyridinium)-blockpoly(sodium methacrylate) (BVgMANa) block terpolymé¥sThe
micelles consisted of a soft B core, a discontinuous shell of an intramicellar IRPEC (
IPEC) between positively chged Vg and negatively charged poly(sodium methacrylate)
(MANa at pH 10), and, depending on the length, a corona of MANa. They were shown to
react on changes in pH and salinity in a dynamic way. These micelles were used as
Aprecur sor 0 madulte presenfeds withinothis confributiom. elsree block
terpolymer compositions were used. The first two blocks, B and Vq, are of the same
length for all three polymers, while the length of the MANa block was varied. The
solution characteristics of the presar micelles in pH 10 buffer solution were
determined by cryd EM, DLS andz-potential measurements (SEable 5-1).

Table 5-1: Molecular characterization of the BVgMARNABlock terpolymers and the micellar aggregates in
aqueous solution at pH 10.

Polymer Composition® Tg:gﬁb <|_\E;Er:]"]>”c <R[hn>r;]appd PDlapp Z-Fr)r? \t/(;nt.
1 BsooVdi9oMANazss 96 7957 170 0.18 -21
2 BsooV190MANayss 106 935+ 8 146 0.21 -30
3 BsooVqi190MANasso 113 91+11 88 0.05 -36

a: the subscripts denote the respective degrees of polymerization; b: calculated for the individual polymer
chain without taking the counterions into account; c: determined fromTdEd images; d: determineda
DLS at 1 g/L; e: determineda cumulant aalysis.

Representative crydEM images of the precursor micelle3Jare shown iFigure 5-1,

where the proposed solution structure of multicompartment micelles can be confirmed.
The BVgMANg, polymers form micelles with a B core (dark grey), which is decorated
with the im-IPEC consisting of Vg and MANa (small black dots), and a corona of the
remaining MANa (light grey). With increasing length of the MANa block, the micelles

appear more homogeaus in size and shaggeveral micellesor BVgMANas4s exhibita
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nonspherical shapeespecially the core of the micelles shows deformationsHigeee

5-1A), whereas this cannot be seen for polymers with a longer -a@ligdsle block

(Figures 51B and5-1C). Furthermore, some of the BVgMARa micelles seem to be
interconnected by bridgiéke structures (dark grey, shown at higher magnification in the

inset of Figure 5-1A). Similar structures were previously observed in micellar systems
prepared from ampphilic miktoarm stars opolystyrenearm-polybutadienearm-poly(2-

vinyl pyridine) (uSBV) block terpolymersin aqueous media and identified as
hydrophobic B bridges, originating®Ferrom th
both BVgMANass and BVgMANassg, such effects were not observed. We attribute this

to a superior stabilization of the micelles in agueous solution with an increasing block

length of the coronéorming block, MANa.

[ |
BVqMANa,,, BVqMANa,, BVqMANa,

Figure 5-1: Cryo-TEM images of micelles formed from BVgMARNg (A, the inset shows hydrophobic
bridges between two adjacent micelles at higher magnification), BVgMAKR), and BVgMANas, (C)

at concentrations of 1 g/L in aqueous solution at pH 10, all scalebars correspond to 200 nm; below each
cryo-TEM image are s@matic depictions of the proposed solution structure.

The cryeTEM images were subjected to a detailed image anatysibtain average sizes

of the individual compartments. For each micelle and compartment {petBEC and
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corona) between 50 and 100 micelles waesmsuredo calculateaverage valuegTable
5-2).

Table 52: Average sizes of the individual compartments of the BVgMARicelles as determined by
image analysis of crydEM data.

BVgMANa BVgMANa BVgMANa
Compartment = 345 BVY 465 BV(Q 550

[nm] [nm] [nm]
Rwicelle 795+ 7 935+ 8 91+ 11
Reore 38+5 37+8 335+ 4
DimpEC 542 3+1 41
Dcorona 40 +5 52+ 6 53+ 9
Nagc’ 3,200 3,000 2,200

a: estimated with Ecp-2;

The smallest micelles are formed for BVgMAdawith an overall radius of 79nm
(Table 52), whereas boththe aggregates found for BVgMANa (935 nm) and
BVgMANasso (91 nm) are larger.The diameter of the corona also increases with
increasing length of the MANa block. The size of tinelPEC stys constant at
approximately 34 nm within the experimental error for all three samples discussed.
However, the core radius seems to decrease with increasing length of the negatively
charged block from 38 nm for BVqQMAN#® to 335 nm for BVgMANass, Which points

to a decrease in the aggregation numbegg.N'his is in accordance with Burkharelt

al.® who observed a decrease ingwith increasing hydrophilic block length in
polyisobutyleneblockpoly(methacrylic acid) micelles. They explaindte tdecrease of
Nagg. With the increasing space occupied by the hydrophilic block leading to a repulsive
force between the corona chains. Such a decreasgdmwals also predicted by Borisov

et al.in theoretical calculations for diblogtopolymer micells with one ionic block? A

rough calculation of B4 for our system based on the core diameter as observed in TEM
(equation (2)) results in an approximatgd\Nof 3200, 3000 and 2200 for BVQMAN&,
BVgMANayss and BVgMANasq, respectively. We notthatearlier static light scattering
experiments on BVQMANs, gave a significantly lower value (B, = 234)and that we

are not able to explain this discrepancy at the mofient
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N — mcore _4:0 C"]\IA @B l%zg )
agg. chain ~y 2 chain (5 )
Mpg 3 PB

with m,,.: mass of the micellar coran™: mass of an individual PB chairlN, : Avogadro constant;

I g density of polybutadieneRR_, . : radius of the micellar core acc. to ME M 3" molecular weight
of an individual PB chain.

If the aggregate sizes determinad cryo-TEM are compared to the data obtained from
DLS measurements Té@ble 51), deviations are found for BVgMAN# and
BVgMANayes, Whereas in &se of BVqQMANaso both methods are in good agreement.
According to cryeTEM (Table 52, Figure 5-1), BVgQMANazss has an <Rem>n = 796

nm, while DLS experiments yield &, app= 170 nm and a PDI of 0.18. We think that

this difference can be tentatively explained by the bridges observed (inSigune 5

1A), masking the individual aggregate size. The reason for the difference in R for
BVgMANayes (DLS: <Ry>z, app = 146 nm, PDI= 0.21 and cryelEM: <Rreny>n = 935

nm) remains puzzling. In this case, hydrophobic bridges were not observed-ifEiviyo
Nevertheless, the increased value obtained by DLS might still hint towards aggregation of
the micelles taking place in the stockwta@n. Furthermore, the values for R obtainvél
cryo-TEM represent a number average, whereas DLS giveavarage. Especially for
systems with higher PDI values, the differences between these two averages are expected

to be significant.

Complexationand IPEC Formation

To generate an additional IPEC layer on top of the already existtiBEC shell, the

BVgMANa, micelles were mixed with positively charged polyelectrolytes in agueous
solution at pH 10. We have demonstrated this approach recently efaaditiition of
poly(ethylene oxideplock-poly(1-methyt2-vinyl pyridinium) PEOGb-P2VPqg diblock
copolymer€’Il n this case, two identical | PEC she
formerim-I P E C, as well as the fAouterovgandewl y
MANa. Here, we employed either quaternized PDMAEMA (Dq) or RERDMAEMA(Q

diblock copolymers as oppositely charged polyelectrolyiks.whole proess is depicted

in Schemes-1.
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If cationic homopolymers (D@, Dgg2o) are used for further IPEformation Scheme 5

1, left part), coresheltshell particles are formed where the previous MANa corona of the
micelles is transformed into an IPEC layer consisting of MANa and Dq. Furthermore, the
two IPECs are expected to form two distinctive layers tduenmiscibility between Vq

and Dqg. Depending on the absolute ratio of positive to negative chargethiZwould

lead to uncharged polymer patrticles. It has been shown that such IPECs precipitate when
a critical Z,. value is reachet® When EQ,sDqss; is used for this complexation step,
coreshellshellcorona particles are formed. In this case, even fpr=Z1, the micellar

IPECs are expected to remain watefuble, stabilized through the PEO corona, depicted

in green Schemeb-1, right part).

We will first discussthe results concerning the IPE@mation of differentBVgMANa
precursor micelles with Dg or Dy at different Z,. values. Afterwards, similar
experiments will be discussed with E@Dgis7. Unless explicitely stated, the
concentrathn of the precursor micelles was in between 0.1 and 1.0 g/L in pH 10 buffer
solutions for the complexation reactions, a regime proven not to lead to further
aggregation foBVgMANasse?® However, in case dBVqMANazss andBVgMANayes, a

slight increase inydrodynamic radius was observed with concentrationtsR,p,= 172

nm for 0.17 g/L and <R¥;, app= 195 nm for 1.0 g/L foBVqMANazss and <R>;, app=

146 nm for 0.17 g/L and <sR;, app= 191 for 1 g/L forBVgMANaues). Therefore, those
were typically used at 0.17 g/L. The targeted amounts of quaternized lbordidblock
copolymers were added at a concentration of 5 g/L prepared in the same pH 10 buffer.
The highest resulting polymer concentration prepared in that(saytions of 1.0 g/L
BVgMANasso micelles with EQ D57 at Z.,. = 1) was roughly 1.7 g/L. The cationic
homo or diblock copolymer solution was added under vigorous stirring to the solution
containing the precursor micelles. In general, the resultinglaridBECs were examined

after one week of continuous stirring.

Addition of Dq Homopolymers toBVgMANa  Micelles

BVgMANa, precursor micelles were mixed with Rgor Dgsyo at different Z,. ratios and
analyzed by DLS. Exemplarily, the resulting CONTINtpléor BVgMANasz4s and Dgs;
at different Z, ratios are shown irFigure 5-2, while the results for all different

combinations are summarizedTiable 5-3.
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BVqMANa,, .
....... Z+,_ =0.5 . Z+/- =1.0
*f Micelles
Z.,.=0.1
o,
\,
r T \ 1
120 140 160 180 200 220
Rh, app [nm]

Figure 5-2: DLS CONTIN plots for BVgMANays (-I -, black), and micellar IPECs with Rgat Z,,. = 0.1
(-8-, grey), 0.5 {gp, black) and 1.0-{ -, grey) (A), the inset on the right shows an enlargement of the plot
peak region.
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Table 53: Apparent hydrodynamic radii of doublayered micellar IPECs prepared from BVqQMANa
block terpolymer micelles aDq polymers as determined by DLS.

Entry Sample Zy2 <R[';]>mz'i"‘ppb PDI®
1 BVgMANasas - 170 0.18
2 + Due2 0.1 172 0.27
3 + Due2 0.5 154 0.24
4 + Dthe2 1.0 184 0.34
5 + Dye2 1.25 precipitation
6 + D20 0.5 162 0.27
7 + D20 1.0 186 0.27
8 BVgMANayss - 146 0.21
9 + Dahs2 0.1 145 0.18
10 + Dahs2 0.5 148 0.21
11 + Dpis2 0.75 170 0.25
12 + DQue2 1.0 precipitation
13 + D20 0.1 115 0.12
14 + D020 0.5 181 0.21
15 + D0g2o 0.75 precipitation
16 BVgMANassg - 88 0.05
17 + Dths2 0.1 169 0.16
18 + D62 0.25 128 0.17
19 + Dpe2 0.5 precipitation
20 + D20 0.1 110 0.13
21 + D20 0.25 131 0.09
22 + Dgs20 0.5 precipitation

a: ratio of added positive to remaining negative charges; b: determaBdS; c: determinedia cumulant
analysis.

For all possible combinations dBVgMANay block terpolymer micelles and Dq
homopolymers critical Z ratios, above which precipitation of the complexes occurred

within several hours, were found. Interestingly, as can be seerTabla 53, the critical
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Z.,. value decreases with increasing MANa block lenBNMgMANaz4s micelles tolerated
an addition of Dg polymers up ta,Z= 1, whereas foBVqMANass precipitation already
occurred at 4. = 0.5, which is rather puzzling.

Remarkdle differences are also observed if the hydrodynamic radii of the micellar IPECs
after addition of oppositely charged Dq are compared: BMgMANasss and
BVgMANayes, the micellar size does not significantly change if small amounis<Z
0.25 forBVgMANaz4s and Z,. < 0.5 forBVgMANages) of Dayez are added. Upon further
addition of Dge the size increases until a critical Zalue is reached, where aggregation
and finally precipitation occurs (Z = 1.25 for BVQMANaszss and 4, = 1.0 for
BVgMANayes). For BVgQMANass, already the addition of 10 % of Rg causes an
increase in Rfrom 88 nm to 169 nm. Increasing the.Zo 0.25 leads to a decrease in

size of the micellar IPECs, before precipitation occurs at the criticaladue of 0.5.

In theory, Dge, can interact with the negatively charged MANa corona in two possible
ways: if all MANa chains of the corona are evenly neutralized, a collapse of the corona
should occur. On the other hand, if only some MANa chains are fully neutralized and
participate inthe IPEC formation, the other uncomplexed MANa chains would retain
their original length. This would lead to a less drastic change in corona size. This question
was investigated by Borisost al. in a recent publication, where molecular dynamics
simulatins on the structural organization of IPECs between oppositely charged linear
and starshaped polyelectrolytes were perforniedlhey found, that for stashaped
polyelectrolytes several arms were completely neutralized whilst others did not
participate atall in the IPEC formationA similar behavior was also found for small
amounts of surfactant added to spherical polyelectrolyte brdSie. assume that a
similar mechanism is taking place here. This would explain the absence of significant
changes in Rfor small Z,. values in case of micellar IPEC formation 8vVqMANazss

and BVgMANagyes with Daue. If larger amounts of D@, are added, a drastic increase in

the size of the structures indicates the formation of aggregates. This is simply caused
throughtss and | ess Afreed MANa being present

until, finally, the aggregates precipitate.

If a longer cationic polyelectrolyte, I3, is used for the complexation reactions, the
situation is different. For small.Zvalues (0.1), a slight contraction of the micellar IPECs
for BVgQMANas45 and BVgQMANayes can be seenT@ble 53, entries 6 and 13), while
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BVgMANasso complexes again show an increase ji(Rable 53, entry 20). A tentative
explanation for the differences obsenfed BVgMANass, could be that with increasing
MANa block length (and a longer polycationic chain,sgginter-micellar linkages are

also formed to a certain extent. As shown fordadhe addition of more Qg eventually
exceeds a critical Z value in all cases and results in precipitation of the formed
complexesConsidering the PDI of the resulting aggregates (according to DLS), in most
cases the addition of Dq polymers leads to an increase for the complex micelles
(exceptions are BVqMA#ss micelles, entries 9 and 13 ifable 53). In general, the
highest PDIs are observed for highy. Zatios, shortly before precipitation occurs. This
observation is reasonable, as increasing complexation of the corona should result in
poorly stabilized micéés, which in turn promotes aggregation and broadens the micellar
size distribution. Even though both Dq polymers are moderately polydisperse (PI(Dq

= 1.26; PDI(Dgz0 = 1.51), the effect of the.Zratio seems to be more pronounced. This

is in accodance with earlier work on stahaped poly(acrylic acid) complexes with

quaternized P4VPq homopolyméfs.

For a validation of a successful complexation and, hence, the formation of a second IPEC
shell, cryeTEM was performed for the complexes preparednfiadl BVgMANay block

terpolymer micelles and the longer {3gpolycation. The results are shownHFigure 5-3.
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[ | Polybutadiene
lim -IPEC (Vq + MANa)

new IPEC (Dq + MANa)
Figure 5-3: Cryo-TEM micrographs of complexes formed from precursor micelles ang, Bydifferent
Z,,. ratios; BVqQMANays at Z,. = 0.5 (A, the inset shows a single precursor micelle, D shows a higher
magnification); BVgQMANags at Z,, = 0.5 (B, E shows a higher magnification); BVqQMAdgat Z,, = 0.25
(C); proposed solution structure of the resulting doldyered micellar IPECHF); all scalebars
correspond to 200 nm.

z0O0 nm
| I

The cryo-TEM images confirm the proposed celeellshell morphology of the
complexes. Throughout all the samples, but especially for the complexes of
BVgMANasso with Dq, highly aggregated particles were foundhie cryeTEM samples.

This implicates that, although low.Zvalues are used, the particles are not significantly
charged and do not repel each other anymore. The increagdahatRs observed in the

DLS for large Z,. values could therefore be explaihby clustering. One has to keep in
mind, however, that in the crybEM images a twalimensional confinement of the
particles takes place, which might further promote clustering of the particles. Moreover, a
few precursoidike micelles were found for comgtes ofBVgQMANasys (inset inFigure

5-3A) andBVgMANa4es with Dggzo at Z,. = 0.5. Some of these are depicted in the upper
left corner ofFigure 5-3A and also one shown on the rigtdnd side ofigure 5-3E.
Such #Aprecursor 0o mi canladevs belieeetthhtehese are a resulta n

of slow mixing during the addition of the Dq solutions.
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The enlarged images Figure 5-3D and5-3E nicely show the doublayered character

of the micellar IPECs when compared to the original micelles. The greydis still
surrounded by a thin, slightly darker shell. This is supposed to be the former
discontinuousim-IPEC shell of the precursor micelles, consisting of Vq and MANa.
Completely covering this part, a new continuous shell has been formed through the
complexation of the MANa corona with Byg depicted in blue irFigure 5-3F. Again,

the overall size of the micelles as well as the size of the individual compartments was
determined from the cry®EM images for complexes ofBVqQMANasss and
BVgMANayes with Dggzo and a Z,. ratio of 0.5. The averaged values from counting 50
100 particles in each case together with the corresponding standard deviations are shown
in Table 54. Unfortunately, in case of micellar IPECs formed fr&8WgMANasso
precursor micelles detailed evaluation was not possible, due to the strong aggregation

observed in the cry@EM images. Nevertheless, those solutions were stable over months.

Table 54: Average compartment dimensions for micellar IPECs from BVgMAN&2agg,, as determined
by analysis of 500 particles.

BVQMANa 345/ BVQMANa465/
BVgMAN BVgMAN
Compartment AVIANA35 g0 Ze. = 0.5 AVMANA65  Doga0Zsy. = 0.5
[nm] [nm]
[nm] [nm]
Rumicelle 795+ 7 65+7 935+ 8 61+7
Rcore 38+5 345+5 378 31+4
Dim-ipEC 5+2 8+2 3+x1 6+2
Dcorona r2nd ipec 40 +5 23+3 52 +6 25 + 4
Shell
Nagga 3,200 2,400 3,000 1,700

a: estimated with Eq. 2;

If the overall radius is calculated according to the €FgM micrographs by assuming it

to be equal to half theoreto-core distance, a numbaverage <Rey>p = 65 nm for
BVgMANazss and <Regw>, = 61 nm forBVgMANayss complexes is found (both were
formed with Dgyo at Z,.. = 0.5, samples shown figure 5-3). This is again distinctly
smaller than the size observeid DLS, where <R>;, app= 162 nm and <R, spp= 181

nm were determined. This discrepancy between both methods, to our opionion, reflects
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the tendency of these particles to aggregate after formation of the second IPEC shell, as
also seen in some of tleeyo-TEM images. Nevertheless, this did not seem to affect the
stability of the micellar IPEC solutions. As a general observation fromTEM, the

overall size of the micelles seems to decrease after formation of the complexes with
Dds2o This decreasanithe overall size is mainly due to a collapse of the MANa corona
and the formation of a second IPEC shell. Also, a decrease in the core size was observed
hinting to a decrease in.fy. by ~25% (cf. Eq. 1) for BVgMANays (2400 polymer chains

/ micelle) an ~45% for BVgMANaues (1700 polymer chains / micelle). This change in

Nagg. pOints towards a dynamic behavior of the micelles upon complex formation. The
micrographs were further submitted to a grayscale analysis. This is exemplarily shown for

the complexof BVgQMANasz4s with Dgszo at Zi.. = 0.5 inFigure 5-4.

2 MANa + Dq

100 nm & 3Vq + MANa

40 80 120 160 200
nm

Figure 5-4: Cryo-TEM micrograph of a single micellar IPEC of BVgMANaand Dgy, at Z.,. = 0. 5; the

black box highlights the area used for the greyscale analysis (A); circle segment showing the four different
regions revealediia grayscale analysis (B); greyscale analysis of the particle in part A, the numbers
correspond to the respectiveeas (C).
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Figure 5-4A shows a single doublayered micellar IPEC particle. The rectangular black
box shows the area used for the greyscale analysiSignre 5-4C. The different
compartments of the micellar IPEC are depicted in the segments of the drawiggre

5-4B. The B core exhibits a radius of 34.5 nm, and is surrounded by a thin, approx. 8 nm
thick shell, resembling the former discontinuamsIPEC shell of the precursor micelles.

The newly formed IPEC shell, consisting of MANa and Dq, has artegkof roughly 23

nm. As a Z,. ratio of 0.5 was used, an uncomplexed MANa corona should emanate from
the micellar IPEC. This is schematically showrFigure 5-4B with a blue/white gradient

and is not distinguishable in the cf§y&M image. However, as mg of the micelles can

be found closely agglomerated, the repelling effect of any uncomplexed and, hence, still
charged MANa seems to be negligible. The numbers sho®igume 5-4C correspond to

the different micellar compartments, also illustrated Figure 5-4A. Ideally, the
greyscale analysis of the doultdgered IPEC should be completely symmetrical.
However, as the enlarged micellar aggregate was not located right in the centre of the
cryo-TEM image taken, the electron beam intensity is slightlyetestng from the lower

right to the upper left corner &igure 4A.

Addition of EO325Dq157 Diblock Copolymers to BVqQMANayx Micelles

If a doublehydrophilic block copolymer with one charged block (Dq) is used to generate
coreshellshellcorona structures from differeBVgMANay precursor micelles, similar
structures are supposed to form as shown earlier for Dg homopolymers. The only
difference is that the other watsoluble block, EO, will serve as a solubilizing corona
and, thus, further stabilize the resulting micellar IPECs. The micellar solutions were
mixed with EQusDqy57 at different Z,. ratios. Exemplarily, the DLS CONTIN plotsr
BVgMANa3z4s andBVgMANagyes at different Z,. values are shown iRigure 5-5.
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B BVqQMANa,,,

A BVqMANa,,,
+ Eosstqm

+ EOstqu

Figure 5-5: DLS CONTIN plots for BVqMANa,s (-] -, black), and micellar IPECs with B@Das7 at Z.,.
= 0.5 ¢6-, grey), and 1.0-(p, grey) (A); BVqQMANays (-1 -, black), and micellar IPECs with B@Das; at

Z,.=0.5 (e, grey), and 1.0-¢3, grey) (B).

For an easier comparison, the results from the DLS measurements of all micellar

complexes prepared using E@Dgis; as the cationically charged part asdso

summarized iMable 5-5.

Table 55: Solution characteristics of doublayered micellar IPECs prepared from BVgMANBlock
terpolymer micelles and E@Dq;s; block copolymers.

Entry Sample A <Rn>7.app PDI®
1 BVgMANasss - 170 0.18
2 + EOs25D 0157 0.5 184 0.28
3 +EOupDusy 1.0 11: 610 i
4 BVgMANayss - 146 0.21
5 + EO525D 0157 0.5 147 0.20
6 + EOs25D 0157 1.0 6; 57; 660 -
7 BVgMANass - 88 0.05
8 + EOs25D 057 0.25 129 0.17
9 + EO325D0157 0.5 12;3.%84;

a: ratio of added positive to remaining negative charges; b: determaBdS; c: determinedia cumulant

analysis, if applicable.
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In general, two things are expected to happen whepsBQs is added to solutions of
BVgMANa, precursor micelles: first, the complexation between MANa and Dq results in
a corona contraction, like that observed when Dg homopolymers were added at different
Z,. ratios as described above; second, the EO compartment forms a new corona of the
IPEC paricles, stabilizing them in solution. The contraction of the former corona should
be accompanied by an decrease inwkereas the new EO corona should have the
opposite effect. As can be seen frdiigure 55 and the data inTable 55, for
BVgMANas4s and BVgMANaygs a very slight increase inpRtan be observed for.Z=

0.5 (170 to 184 nm and 146 to 147 nm). This might indicate that the corona contraction is
almost completely compensated by the addition of a new cdoomang block, EO.
Surprisingly, in botlcasedarger size distributions are found in DLS measureméts.
approaches unity. This can be seen in the CONTIN pldigmre 5-5A and5-5B, a new
population is formed with anfR 600 nm. Again, the behavior observed for complexes

of BVgQMANassoand EQ,sDass7 is different: at first (. = 0.25), they increase in size

(88 to 129 nm). Aggregation, according to DLS, for this particular system already occurs
at Z,. = 0.5. This remains puzzling, as a sterical stabilization of the complex micelles
would be anticipated due to the EO chains of the corona. One possible explanation would
be that the intensity of the larger size distribution (entries 3, 6, andrahle 55) is
overestimated in DLS measurements as was demonstrated by Shiteyahfar multi-

modal distributions of colloidal particles and polymers in solutfoRurther, another
distribution at low R = 10 nm appears. We assume that this represents another micellar
population, as it would be too large for B€Dqis7 unimers. Tofurther investigate this,
cryo-TEM was performed on micellar IPECs of all thrB&gMANay / EOs2sD0157
combinations at a representativg ¥alue. The results are shownRigure 5-6.
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. Polybutadiene
lim-lPEC (P2VPq + PMAA)

new IPEC (PDq + PMAA)
. Poly(ethylene oxide)

Figure 5-6: Cryo-TEM images for micellar IPECs of BVQMANg / EOseDais7 at Z,. = 1.0 (A);
BVgMANayes / EOs5DQ;57 at Zy. = 1.0 (B); BVgMANaso/ EOsxdDss7 at Z,. = 0.5 (C); the insets in each
part show a single doublayered particle at higher magnification; schematic depiction of the double
layered IPEC structur@®); all scalebars except for the insets correspond to 200 nm.

In general, the observed structures are similar, as shofigune 5-6A-C. In all images

large, spherical objects with a grey core (B) and a thin, dark ring around the core (the
former, patcly im-IPEC shell, Vg + MANa) are found. Both are surrounded by a lighter
grey shell, followed by the newly formed second IPEC shell, appearing dark grey. The
complex micelles ofBVgMANaszss and BVgQMANayss show a rather homogeneous
distribution, whilst BVgMANasso exhibits complexes at different stages of IPEC
formation. For all three samples the doulalgered character can be nicely confirmed.
This is also shown in three insets kigure 5-6A-C, each depicting a single IPEC
particle. In case dBVqMANayss / EOs25D 057 (Figure 5-6B), the distinction between the
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different shells is less pronounced than for the other two combinations. This could be due
to icecrystals that formed during the rapid vitrification of the sample for -GiigM
measurement. Furthan Figure 5-6C (BVgMANasso/ EOs25D0157), small dark dots can

be seenThese aggregates exhibit an average core diameter of around 12 nm. This is far
too small to refer to any of the used precursor micelles and could possibly represent the
smallest disibution which was observed during DLS measurements. We tentatively try
to explain this rather puzzling fact through aggregate formation from excesg(e;.
However, the driving force for such a behavior at the relatively lowvalue of 0.5
remains kisive. An alternative was to use a lowey. Fatio of 0.25. In this case, no such
aggregates were founé#igure 5-7 B, for the DLS data also s@@ble 55, entries 2, 5

and 8).

Figure 57: Cryo-TEM images of smaller aggregates formed for BVgMAfNd EOs»gDq;57 micellar

IPECs at Z. = 0.5 (A); BVgQMANass50/ EOso5DQ;57 at Z,. = 0.25 (B); the small micrographs-{ all were

taken from the same sample) depict single micellar IPECs at different stages of complexation with
EOs,5D0;57 all scalebars coespond to 200 nm.

Figure 5-7A shows the small aggregates formedBMgMANasso/ EOs2dDQ157 at Zy. =
0.5. If the amount of added E£Dq;s7 is reduced (4. = 0.25,Figure 5-7B), micellar
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