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Summary & Zusammenfassung

Summary

This thesis focused on the synthesis of functiomakerials based on water-soluble and
responsive polymers, in particular poly((2-dimettigino)ethyl methacrylate) (PDMAEMA).
The dual-responsive behavior and polycationic dtaraat physiological pH of PDMAEMA
lead to outstanding properties and thus, to a tisrsamponent for water-based applications.
The main concept of the thesis was to combine kiléyafor gene delivery of PDMAEMA
with the magnetic properties of iron oxide nanopbes to enable an activity of the gene
vector in an applied external magnetic field. Arastpoint was to apply the dual-responsive

behavior of PDMAEMA (temperature and pH) for phyig cross-linked hydrogels.

Initial studies on magnetic dual-responsive genetors revealed a facile synthesis of
PDMAEMA-grafted iron oxide nanoparticles utilizimippamine as physically binding anchor
group for the polymer chains. Here, a dopaminedbaSERP initiator was applied for the
surface modification of the nanoparticles, whichalded a controlled polymerization
techniquevia the “grafting-from” approach. Gene transfection exxpents with CHO-K1
cells show that the transfection efficiency is digantly higher than for poly(ethyleneimine)
(PEI), which is regarded as the “gold standard” agnahe polycationic gene vectors.
Although the hybrid particles show a considerablyhhmolecular weight (4.3 MDa), which
should lead to a significant increase of the cyoity as observed for linear PDMAEMA
their cytotoxicity is remarkably low, lower than thaf PEI. Thus, the excellent performance
in gene delivery experiments can be attributedhéostar-like architecture of the PDMAEMA.
Moreover, the uptake of our superparamagnetic geowr into the cells enables a magnetic

cell separation by applying an external magneéldfi

However, due to the non-covalent bonds of doparnnéie iron oxide nanoparticles, the
PDMAEMA chains undergo a detachment with time frthra nanoparticle surface. This led
to the synthesis of PDMAEMA-based magnetic cordistteona nanoparticles. Here, the
iron oxide nanoparticles were covered with a thiicasshell in order to link the PDMAEMA
chains covalently to the inorganic cor@a silane chemistry. This approach revealed stable
dual-responsive hybrid nanoparticles with irrevaliesibinding of the polymer chains and a
high long-term stability in aqueous media. Thedariaystar-like particles also show excellent
gene delivery. The inter-polyelectrolyte complexnfation between the PDMAEMA corona
of the core-shell-corona particles and pDNA showbkdt the pDNA molecules are
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individually complexed with single nanoparticles NP ratios (polymer nitrogen / pDNA
phosphorous) where the best transfection resudtobtained. The magnetic cell separation
was further improved by using a Magnetic Activateell Sorting system (MACY"). The
magnetically separated cells maintain a high textgin efficiency as well as viability and

could even be further cultivated.

Another aspect of this thesis was to include PDMAEI stimuli-responsive block in a
double switchable block copolymer-based hydroget. this purpose, we chose a physically
cross-linked ABCBA pentablock terpolymer system iclihwas polymerized via sequential
ATRP and consist of a water-soluble PEO middle Klodwo dual-responsive
(temperature/pH) PDMAEMA B-blocks as well as twermo-responsive poly(di(ethylene
glycol) methyl ether methacrylate) (PDEGMA) A-bleckPDEGMAb-PDMAEMA-b-PEO-
b-PDMAEMA-b-PDEGMA). The aggregation behavior in dilute sauatiwas investigated
via temperature-dependent Dynamic Light Scattering SPlkevealing that both stimuli-
responsive blocks can be triggered separately laaddil-to-globule transition temperatures
of the stimuli-responsive blocks were found to tverggly dependent on the block lengths for
low molecular weights. In concentrated solutionsyéner, rheology studies did not show a
further change in the mechanical properties afiatgpn for the investigated ABCBA
pentablock terpolymer compositions. As a result, ghinciple of our complex system points
towards a successful synthesis of a dual-respoAs@BA pentablock terpolymer hydrogel
system, which may show two distinct phase transigean for the gel state, if longer block
lengths of the outer A- and B-blocks would be agxhli
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Zusammenfassung

Die vorliegende Dissertation basiert vorwiegend adér Synthese funktioneller,

wasserloslicher und stimuli-sensitiven Polymereneunder Verwendung von Poly((2-
dimethylamino)ethylmethacrylat) (PDMAEMA). PDMAEM/Aeigt ein doppelt stimuli-

sensitives Verhalten und besitzt polykationischemar@kter unter physiologischen
Bedingungen. Dies fuhrt zu herausragenden Eigeftechand einer vielseitig einsetzbaren
Komponente fur wasserbasierende Anwendungen. Deptidspekt dieser Dissertation war es
die Fahigkeiten des PDMAEMASs fiir den Gentransfer dein magnetischen Eigenschaften
von Eisenoxid-Nanopartikeln zu kombinieren, um dabweinen Genvektor zu erhalten, der
auf ein externes magnetisches Feld anspricht. Egiteres Ziel war es die doppelte
Sensitivitat zu aulBeren Reizen (Temperatur und pét) PDMAEMA fir physikalisch

vernetzte Gele anzuwenden.

Erste Ergebnisse auf dem Gebiet der magnetischppettostimuli-sensitiven Genvektoren
fuhrten zu einer vergleichsweise einfachen Synthese Eisenoxid-Nanopartikeln mit
aufgepfropften PDMAEMA unter der Verwendung von Ropn als physikalisch
adsorbierende Ankergruppe der Polymerketten. Hiesfiirde ein Dopamin-Derivat fur die
Oberflachenmodifikation der Eisenoxid-Nanopartikeerwendet, welches eine ATRP-
Initiatorgruppe tragt. Dadurch war es moglich DMAEBMontrolliert radikalisch von der
Oberflache aus (,grafting-from®) zu polymerisierédentransfer-Experimente mit CHO-K1
Zellen zeigten, dass die Transfektionseffizienzemdgh hoher ist als bei Polyethylenimin
(PEI), das als der ,goldene Standard“ unter degkadionischen Polymeren gehandelt wird.
Die Hybrid-Partikel besitzen ein relativ hohes Mallargewicht (4,3 MDa), was eine hohe
Zytotoxizitat schlussfolgern lasst, wie es bei éiren PDMAEMA der Fall ist. Jedoch ist die
Zytotoxizitat auffallend gering, sogar geringer die von PEI. Dadurch kann die exzellente
Darbietung in den Gentransfer-Experimenten dematerlichen Struktur des PDMAEMAs
zugeschrieben  werden. Des Weiteren ermdglichte  diufnahme  unseres
superparamagnetischen Genvektors in die Zellen miagnetische Zelltrennung unter der

Verwendung eines externen magnetischen Felds.

Aufgrund der nicht kovalenten Bindung der Dopamink@rgruppe an die Eisenoxid-
Nanopartikel I6st sich ein Teil der PDMAEMA-Kettenit der Zeit von der Oberflache ab.

Daher wurden in einem nachsten Schritt magnetidtdm-Schale-Korona Nanopartikel
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synthetisiert, wobei die Korona wiederum aus PDMAKkMesteht. Um Zugang zu dieser
komplexeren Struktur zu erhalten, wurden die Nartdq mit einer diinnen Silica-Schale
ummantelt, auf die in einem folgenden Schritt nstt8ilan-Chemie die PDMAEMA-Ketten
kovalent angebunden werden konnten. Dadurch edistadauerhaft stabile doppelt stimuli-
sensitive Hybrid-Nanopartikel, welche keine Freisey der PDMAEMA-Ketten von der
Nanopartikeloberflache mehr aufwiesen und zudemh aeioe hohe Langzeitstabilitat in
wassrigem Medium besitzen. Diese sternahnlichen iHpyartikel zeigten exzellente
Ergebnisse bei Gentransfer-Experimenten. Die Hmisig@ von Inter-Polyelektrolyt-
Komplexen zwischen der PDMAEMA-Korona der Kern-Sekéorona Partikel und pDNA
zeigten, dass bei den N/P-Verhaltnissen (PolymieksSoff / pDNA Phosphor), bei denen die
besten Transfektionsergebnisse erzielt worden sjadieils ein pDNA Molekul pro
Nanopartikel komplexiert wird. Die magnetische #elhnung wurde weiterentwickelt, indem
ein magnetisch aktiviertes Zelltrennungssystem (MégnActivated Cell Sorting system
(MACS™)) angewendet wurde. Die magnetisch abgetrenntdierzé&ehielten inre hohe
Transfektionseffizienz, sowie hohe Viabilitat. Zndevar eine weitere Kultivierung dieser
Zellen maglich.

Ein weiterer Bestandteil der Dissertation war edVPAIEMA als stimuli-sensitiven Block in
ein doppelt schaltbares Blockcopolymer-Hydrogelirmiegrieren. Fir diesen Zweck hatten
wir uns fir ein physikalisch vernetztes ABCBA Pdhbakterpolymer-System entschieden.
Dieses wurde mittels sequentieller ATRP polymerisiaind besteht aus einem
wasserloslichen Polyethylenoxid (PEO) Mittelbloclkzwei doppelt stimuli-sensitiven
(Temperatur/pH) PDMAEMA B-Blocken, sowie zwel therreensitiven
Poly((diethylenglycol)methylethermethacrylat) (PDHE&) A-Blocken (PDEGMAb-
PDMAEMA-b-PEOb-PDMAEMA-b-PDEGMA). Das Aggregationsverhalten wurde in
verdinnten Lésungen durch temperaturabhangige dgnbeLichtstreu-Experimente (DLS)
bestimmt, wobei gezeigt werden konnte, dass beieuls-sensitive Blocke unabhangig
voneinander  geschalten werden koénnen und dass di@auekGlobulus-
Ubergangstemperaturen dieser Blocke stark von ddockBinge fir niedrige
Molekulargewichte abhangig ist. Rheologieuntersugeanvon konzentrierten Lésungen
konnten jedoch keine weitere Anderung der mechhais&igenschaften des Hydrogels nach
dem Gelieren fur die untersuchten ABCBA Pentablegddlymer-Zusammensetzungen
ermitteln. Dies fuhrt zum Ergebnis, dass das Ppinmseres komplexen Systems auf eine
erfolgreiche Synthese von doppelt stimuli-sensitivdBCBA Pentablockterpolymer-

Hydrogelen hindeutet, welche sogar zwei deutliclasentbergéange fur den Gelzustand

4
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zeigen konnten, wenn grol3ere Blocklangen fur dieeérf3 A- und B-Blocke verwendet

wirden.
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Chapter 1 — Introduction

1.1. Iron Oxide Nanoparticles

1.1.1. Synthesis and Magnetic Properties

Magnetic nanoparticles, particularly iron oxide naaudicles (either in the form of magnetite
(FesO4) or maghemite fFe0s)), represent an attractive and intensively studitsss of
materialsin the nanotechnology. In additida their responsiveness to an external magnetic
field (superparamagnetism), they are also congiderde biocompatible, depending on their
physicochemical properties and routes of admirtistia The improvement and development
of new synthetic techniques and functionalizatitnategies is crucial to gain control of the
size, shape and surface properties, leading topat@pplications in many different fields.

Iron oxide nanoparticles with a diameter below & consist of a single magnetic domain
and, thus, show superparamagnetic beh&vfdn superparamagnetic materials the magnetic
orientation is strongly influenced by thermal eatiins (Néel relaxation), causing a statistical
distribution of the magnetic moments. As a reswlthout an external magnetic field these
particles show an average magnetization of zerd, anmagnetization measurement of
superparamagnetic material reveals a typical sidataurve showing no hysteresis (Figure
1A). Notably, superparamagnetic nanoparticles saignificantly higher magnetic moment
in comparison to conventional paramagnetism. Eliengh there is no exactly defined range,
it can be assumed that the Néel relaxation domsnfie magnetic nanoparticles with a
diameter of less than 20 nm, and by Brownian reiama which describes the particle
relaxation by rotational reorientation of the pealdj above 20 nmBesides the phenomenon
of superparamagnetism of nanoparticles, magnettemats such as cobalt ferrite (CoBa)
exhibit a “blocked” Neél relaxatioh,in which the nanoparticles exclusively follow the
Brownian mechanism in a magnetic field, which resuin a hysteresis within the

magnetization curve.

In general, many synthetic routes were establisbhednagnetic nanoparticles, leading to a
wide range of magnetic nanomaterials from a largéetyaof different compounds, which
were recently comprehensively reviewed by BehferEhe synthesis of iron oxide
nanoparticles in particular is well investigatedhni a variety of different synthetic routes
which allows precise adjustment of the size, sizg&idution and shape of the nanoparticles as

10
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well as the surface chemistry, giving the poterfoalstabilization of the particles with, for
example, hydrophilic or hydrophobic surfactantsic8inanoparticles have an extremely high
surface-to-volume ratio and thus show a strongedeag to agglomerate in order to reduce
their surface energy, surfactants are necessaiguoter these forces and enable stabilisation
of the nanoparticle® Stabilization agents are commonly adsorbed orpéntcle surface and
use either electrostatic forces or steric hindraocavoid particle agglomeratidrt! Typical

surfactants include carboxylic acids, amines, isnidactants or polysaccharidés?

Probably the most common method of synthesizing wmaide nanoparticles is the co-
precipitation method. This method offers a simpé/wo generate nanoparticles with a rather
small polydispersity, via the reaction of a?#Ee** salt solution under basic conditions
(Figure 1B)*® " The nanoparticle suspension is further stabilizgdubsequent addition of
hydrophilic or hydrophobic surfactants, which angitally citric acid or oleic acid,
respectively® 1° The size of the nanoparticles (typically < 20 rzaj be controlled by the
pH and ionic strength of the reaction solutf8r?! Alternatively, narrowly distributed iron
oxide nanoparticles can be preparei@d thermal decomposition of iron pentacarbonyl
(Fe(CO}) in high boiling solvents using oleic acid as abdizer?? 2 The size of the particles
can be easily adjusted by varying the oleic adi@(COj} ratio, yielding iron oxide particles
in the dimensions of 3 — 15 nm (Figure 1C and IRixthermore, there is a wide range of
other synthetic routes available for iron oxide naarticles, such as sol-gel synthedis?
hydrothermal reactior; 27 flow injection synthesig® electrochemical method$, *
aerosol/vapour-phase methtid,*? sonochemical decompositidh, ** supercritical fluid
method®® synthesis using nanoreactors and microbial metffos

11
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Figure 1. (A) Typical magnetization curve of superparamagnietin oxide nanopatrticles. (B)
TEM micrograph of iron oxide nanoparticles synthedvia co-precipitation method. (C) and
(D) High (inset) and low resolution TEM micrograplef maghemite nanoparticles
synthesizedvia thermal decompositionReprinted with permission from refs. 22 and 72.
Copyright 2001 and 2010 American Chemical Society.

1.1.2. Applications in Pharmacy, Biomedicine andhirecs

Iron oxide is one of the most investigated matsréad a nanoparticle for synthesis and surface
modification. This large body of knowledge resuftsan interesting magnetic multi-purpose
tool for a large variety of different applicationhe high biocompatibility of iron oxide
makes this material interesting for potential aggtions in the biotechnical/medical field
(Figure 2), such as magnetic resonance imaging J¥Rkll sorting?> “ anti-cancer agents
(hyperthermia¥*“® magnetically targeted carriers (MTC) and drug/geéekvery (Figure 2}:
4750 In terms of gene delivery, magnetic nanopartieles frequently applied for enhancing
the transfection efficiencyia magnetofection, in which magnetic force is usegub non-
viral gene vector grafted magnetic nanoparticlesyfdexes) into targeted cells. This causes a
rapid uptake of the magnetic polyplexes, resultinga fast and efficient method of
transfecting cell8! Iron oxide nanoparticles are already establistader systems for gene

12
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vectors. All frequently used polymers for gene tfansncluding PEI, PDMAEMA, chitosan
and dendrimers, have already been successfullyedrainto magnetic nanoparticles for

magnetofection?->°

Further applications, beyond the scope of this ishesclude High Gradient Magnetic
Separations (HFMS) for wastewater treatnfématalysis;® magnetic gel§?%2 magnetically

triggered sealings, loudspeaker membranes, and darapé additives in polishing agefts.
64

Imaging

Cell sorting

Therapy n n
:‘ -l

Magnetic

_l@@@g

-
=

L]

-

R Al

Figure 2. Pharmaceutical and biomedical applications of magmaanoparticles. Reprinted
with permission from ref. 1. Copyright 2012 Amenc@hemical Society.

1.1.3. Functional Iron Oxide Nanoparticles

1.1.3.1. Surface Modification Methods

The surface chemistry of iron oxide nanoparticlemypla key role in tuning their specific
properties. Surfactants serve not only as stabdjzsit can also offer the possibility of adding
functional groups. Surfactant molecules are usuyatflysically adsorbed on the nanoparticle
surface, providing a flexible system for a furttigand exchange, for example exchange of
the surfactant with molecules bearing additionalcfiomal sites (Figure 3). A ligand
exchange reaction is performed by taking advantdganchoring groups in the additional
molecule, which show a higher affinity to attachthie iron oxide surface than the surfactant.
Phosphate esters and dopamine derivatives aredevedito bind strongly onto the iron oxide
surface, showing excellent stability even in aqeemedia?® % **Dopamine especially is a

frequently used biomimetic candidate for such ergeareaction’: %8

13
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Another elegant method for modification of iron @i nanoparticles is the use of silanes
which carry an additional functional group. In tlagproach the silanes coordinate onto the
nanoparticle surface, where they undergo a self@osation reaction forming a thin
polysiloxane layer around the particle, offeringpermanent immobilization of a choice of

functionalities on the nanopartidi&’?

Carboxylic
Acids

R

Phosphonates

R Polysaccharides

Figure 3. Schematic illustration of different anchor groups the functionalization of iron
oxide nanoparticles

A closely related method is first completely cougrithe iron oxide nanoparticle with a
protective silica shell. The silica surface cannthee modified to yield stable core-shell
nanostructures. Besides the well-known Stdber naetitioer interesting synthesis routes were
developed, even successfully encapsulating single oxide nanoparticles:”®> A recent
approach which attracted considerable attentidhasuse of oleic acid-stabilized iron oxide
nanoparticles dispersed in a reverse microemulsitim Igepaf as surfactant. This method
gives singly encapsulated nanoparticles with a go#lsf round shape, as well as
simultaneously allowing control of the size of thiica shell in a range below 50 nh’®
This nucleation process was described by the Lathory (Figure 4¥8 in which a certain
solubility concentration of the tetraethyl orthasate (TEOS) monomer (denoted a$ @ust
be exceeded in order to initiate the heterogeneogkeation of silica around the iron oxide

nanoparticles. As long as the concentration staglewb the critical concentration for the
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homogeneous nucleation Hfo), individually encapsulated iron oxide nanopaeckcan be
obtained. The increase of monomer concentration eli@vriggers the formation of two
different species, consisting of silica covered aparticles and pure silica nanoparticles,

respectively.

Figure 4. (A) La Mer-like diagram: hydrolyzed TEOS (monomeoncentration against time,
showing homogeneous and heterogeneous nucledpmhé existence of both, @ SIO
core/shell nanoparticles and Si@anoparticles when C >n6mo at some moment. (C) Only
the existence of E®s@SiCG core/shell nanoparticles when C sofo at any moment. (right)
Synthesis of FH4@SIiQ core/shell nanopatrticles using different core siaed varying the
shell thickness. Reprinted with permission from i#&. Copyright 2012 American Chemical
Society.

1.1.3.2. Functional Magnetic Nanoparticle-Polymer Kbrids

A further increase of functionality can be obtairmddecorating magnetic nanoparticles with
an organic polymer corona. This results in an ed#ng class of hybrid nanomaterials
combining the advantages of the magnetic propertieshe inorganic core and the

functionality/responsiveness of the attached polymédferent methods of anchoring organic
compounds on the surface have already been deratatsin the previous chapter. Here, a

small overview of the variety of polymer-graftechogarticles will be shown.

There are two common routes to couple polymer chaith nanoparticles. In the first, the
“grafting-onto” approach, the polymer is preparegparately from the nano-object and bears

an additional anchor group which shows a high gdaffinity to the nanoparticle. This
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enables a versatile grafting method for attachalpritmade polymers onto the nanoparticle
via a ligand exchange reactiéh.”® & In addition, “click chemistry” has also become a
powerful method. Potential synthetic routes uskeeithe thiol-ene “click” reaction to couple
a thiolene end-functionalized polymer on a vinykftgd nanoparticle, or the well-known
Cu(l) catalyzed azide-alkyne cycloaddition to cauplzide-functionalized polymer chains
onto alkyne pre-functionalized nanoparticts?® An advantage of the grafting-onto method
is the possibility of simultaneously grafting twoffdrent homopolymers onto the particle
surface, which is an easy route to nanoparticles/iog a mixed polymer cororfd3* The

grafting-onto approach is frequently based on majisi strong binding anchor groups, such
as dopamine. Even though dopamine is a generallgpted to be an effective agent for
introducing functionality to iron oxide nanoparés| a reversible binding of catechol end-
functionalized PEO was discovered by the group einfRult® This disadvantage can be
compensated, however, by adding electron-withdrgwgroups such as NQo the catechol

ring. This enhances drastically the electronicraattions with F&/Fe** ions in solution and

thus with iron oxide nanoparticl&%.

Conversely, the *“grafting-from” approach provideacife methods for the permanent
attachment of the polymer chains. Here, pre-funefiaad nanoparticles are used to initiate
polymerization directly from the particle surfate® Permanent bonding of the initiator
molecules is easily possible in this step, leadingtable polymer-grafted nanoparticles. For
instance, the group of Schmidt utilized silane-tiomalized Atom Transfer Radical
Polymerization (ATRP) initiatiors which form a thoross-linked initiator shell around the
nanoparticle$® 72 8 Due to the denser packing of the small initiatonlenules on the
nanoparticle surface, higher grafting densities lmarachieved compared to the attachment of
whole polymer chainsszia the grafting-onto method. Thus, the grafting-franethod is
typically preferred for grafting dense polymer bres, as shown by the group of Barner-
Kowollik. They confirmed this trend by a direct cparison of grafting-from vs. grafting-onto
methods, utilizing cellulose as a substfité\ better control of the polymeric content
distribution and higher grafting densities could dshieved by applying the grafting-from
concept. In addition, there are generally almostimdations in the possible polymerization
techniques for surface-initiated polymerizationdl, @mmon controlled polymerization
methods, such as ATRP? Reversible Addition Fragmentation chain Transfer
polymerization (RAFT}*%® Nitroxide-Mediated Polymerization (NMP}°® as well as

Cationic Ring-Opening Polymerization (CROP), mayulibsed in this approach?®
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The incorporation of magnetic nanoparticles witaimicellar core is also a versatile tool for
the preparation of hybrid structures. The drawbafcthis method is the lack of control over
the amount of nanoparticles incorporated during rthieelle formation process, leading to
magnetic core-shell hybrid micelles (magnetomic@llearrying multiple nanoparticles per
micelle, and thus leading to bigger dimensionsefdore'®194In some applications, such as
MRI using iron oxide nanopatrticles, this may bereaa advantage due to increased response
in a magnetic field resulting in a significant bbo$ the transverse relaxivity compared to
singly encapsulated nanoparticlés.One key parameter is the surface chemistry of the
nanoparticle, which must match with the micelleecdouilding block in order to avoid
rejection of the nanoparticles. Typical drivingdes for the formation of these micelles are
either compatibility of non-ionic surfactants of ethnanoparticles, or electrostatic

interactiong-02 106

The attached polymer corona of the nanoparticlesbeaused for a wide variety of different
applications. Since superparamagnetic particlesbeaimductively heated in an AC magnetic
field, they provide attractive properties if comhineith a thermo-responsive polymer corona.
The thermo-responsive colloids can be remotely dteatia applyication of an external
magnetic field, causing a phase transition of thigmer, which may be a useful mechanism
for magnetically driven drug release or shape ttians°” Chananaet al. investigated the
reversible agglomeration of PDEGMA/PEOGMA-graftedgnetite nanoparticles in aqueous
conditions, as well as the influence of these magrie/brids inside red blood cells with
respect to a contrast enhancement for MRI (Figurd.'® The magnetism of the
nanoparticles can be efficiently used to designmatigally recoverable systems. Gelbreth
al. demonstrated a colloidal system consisting of owitle nanoparticles covered by a water-
soluble thermosensitive polymer corona. Within gwymer corona, functional molecules
(trypsin) were introduced as biocatalysts. Thigesysshowed a high catalytic activity, and
due to the magnetic core the catalyst could belyeasparated after ué.The group of
Matyjaszewski synthesized recyclable antibactermagnetic nanoparticles grafted with
quaternized PDMAEMA. The antibacterial effect coblkel kept constant over several cycles
by magnetically recovering the particles beforehease (Figure 5B%° In addition, positively
charged polymers have the ability to bind otherleabetallate anions and to act as an
electron donator for reduction, as successfully liagp for amphiphilic poly(2-
(dimethylaminoethyl) acrylamidd)-poly(N-isopropylacrylamide) (PDMAEAnN-
PNIPAAmM) diblock copolymer grafted maghemite namrtipkes. The positively charged
PDMAEAmM inner block was loaded with [Auft ions. A subsequent reduction of these ions
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produced a gold layer around the magnetic core ewhtill retaining the temperature-
sensitivity of the PNIPAAm (Figure 5CG§° Since magnetic nanoparticles show great
potential in biomedical applications, PEO-graftedgmetic nanopatrticles are frequently used
for reducingin vivo interactions with other proteins. Thus, nanopkasievith a biocompatible
PEO polymer corona show a “stealth effect” conthiitoy to longer retention periods in the
body*®

Figure 5. (A) Photographs of using a magnet to manipulate bledd cells loaded with
PDEGMA grafted magnetite nanoparticles at 4 °Ct (efnel) and 25 °C (right panel). (B)
Schematic illustration of recycling magnetic nantiples modified with quaternized
PDMAEMA for antibacterial application and (C) Sya#lis of nanoparticles consisting of a
magnetic core, gold shell and an amphiphilic coréteprinted with permission from ref. 66,
108 and 109. Copyright 2009 and 2011 American Cbaindociety.
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1.2. Non-Viral Gene Delivery Mediated by Polycatioit Polymers

1.2.1. Mechanism

The mechanism of delivery of nucleic acids intaell, particularly the delivery of the pDNA

to the nucleus utilizing polycations, is still nodbmpletely understood (Figure 6). Thus, a
general prediction on the best polycationic deliveystem is up to date not possible.
Poly(ethyleneimine) (PEI) is one of the most popplalycationic gene vectors. Since the first
successful transfection utilizing PEI as gene vertat995, PEI has rapidly developed to a
well-studied delivery systedt? 1with linear and branched PEI the most commonlyduse
structures for gene delivery. For linear polycatisuash as PElI and PDMAEMA, an increase
of the transfection efficiency can be achieved pplyng higher molecular weights of the
polymer for gene delivery experiments, howevers thiturn increases the cytotoxicity of the
gene vectot!? 113 As a result, there is still much potential for gmess in new delivery

systems via the development of polymers with défferarchitectures'®

A typical procedure starts with the complexation tbe polyanionic DNA with the
polycationic gene vector to for form positively chad “polyplexes”. The polyplex assembly
takes place in the absence of the cells and is dibyethe increase in entropy due to the
release the respective counterions of the DNA hadyene vectort® This complexation step
is crucial since both the cell membrane and the D@ negatively charged, and would
electrostatically repulse each other without theoiporation of a polycationic gene vector.
An excess of positive charges is therefore necgssanrder to bind to the cell membrane,
resulting in N/P ratios (N: amount of nitrogen srof the gene vector; P: phosphate groups of
the DNA) much higher than unity; best results gpédally achieved with a N/P ratio of 1P
The generally accepted mechanism for the cell @ptakia endocytosis, followed by the
endosomal escape of the polyplexes and the substengration of these polyplexes in the
cytoplasma and their uptake into the nucleus. Ttaetemechanisms, however, are still not
fully understood, particularly the intracellulaaficking mechanism&'’- 1'8Several questions
remain unanswered, namely: (1) How exactly the wdppolyplexes escape from the
endosomes and what the driving force is which cadlse polyplexes to be set free in the
cytosol; (2) How do the polyplexes travel througie tytosol to the nucleus considering a
concentrated protein solution and a fairly higrcemsty; and (3) Whether the DNA is released
in the cytosol or inside the nucleus and how dbesréleased DNA or the whole polyplex

pass through the nuclear membrane (here, the commamsensus is that the
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polyplexes/pDNA access the nuclei during the cellisibn when the nuclear membrane

breaks downj®

Figure 6. Schematic illustration of non-viral gene deliverilizing polycationic systems.
Reprinted with permission from Dr. Valérie Jéréme.

Several important issues also arise from the NiB, nahich has a particularly large effect on
the success of the transfection. Because of thie Ni§ ratios, which are necessary for an
efficient transfection, the excess of the catiggeoe vector appears to play an important role
in the transfection efficiency. PEI, for examplemplexes the DNA molecules completely at
an N/P ratio of 3, independent of the chain ledgtht?° This results in a considerably large
amount of free polymer chains, which is problemégcause the free PEI chains are even
more toxic than the PEI bound to the DA.22Especially long polycationic polymers can
easily penetrate and destabilize cell membranesichwhypically consist of anionic
phospholipid bilayer$'® 12°These free cationic polymer chains are thouglipldy a key role

in the transfection by improving the release of plogyplexes from the endosomes. Another
mechanism leading to a release of the polyplexas the endosomes is the “proton sponge”
concept. Since a pH decrease takes place withinetttmsomal development, a further
protonation of the amines of the gene vector isited, causing an increase of counter-ions in
the endosomes. This generates a high osmotic peeggsomoting a disruption of the
endosomes. Even though this model enjoys greaptauee in non-viral gene delivery it can

still not be confirmed as major driving force fond®somes disruptiolf? Interestingly, a
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comparison of transfection using low and high molacweight polymers at same N/P ratios
shows a significantly better overall transfectidficeency for the larger polycations, although
a higher osmotic pressure for smaller molecules avbel expectet£® Henninket al. tried to
improve the transfection efficiency by applying tipeoton sponge” concept and increasing
the buffer capacity by synthesizing a polymer begatiwo tertiary amine groups in the side
chain (poly(2-methyl-acrylic acid 2-[(2-dimethylama) ethyl] methylamino) ethyl ester
(PDAMA) resulting in an even less potential genetee?* Contradictory results were
achieved by decreasing the buffer capacities optiigcationsvia partial acetylation of PEI,
which gives a significantly higher transfection igffncy!?® These results indicate an
inconsistent relation between the buffering capaat the polycation and transfection
efficiency. Furthermore, theoretical calculatiorsr fan endosomally captured PEI-DNA
polyplex with an N/P ratio of 7 showed that whee {H is decreased from 7.4 to 5.0, the
generated osmotic pressure is insufficient to énach lipid vesiclé? These findings indicate
that while the “proton sponge” effect may certaintyt be the dominant driving force for the
intracellular trafficking of the polyplexes, it shd still not be underestimated. An even more
detailed review of progress and perspectives féynperic gene delivery is given in a recent

paper by Yue and W18

1.2.2. Polycationic Polymers for Gene Delivery

Besides the electroporation metfdand physical methods such as microinjection and
biobalisitc (gene gun’¥’ there exist two other common ways for deliveringlric acids into
mammalian cells, namely viral and non-viral gendivaey.!?® 29 n viral gene delivery
systems, viruses are modified, carrying for exangltherapeutic gene for transfectih.
Viruses are experts in delivering nucleic acidsoirgells showing excellent delivery
efficiencies. However, the quantity of foreign DNAat can be accommodated in the viral
genome is much less than the one that can be inedegoboin a plasmid. Furthermore, these
systems can cause strong immune reactions, whigle meuses unpredictable and therefore
potentially dangerous candidates for gene delit&¥his drawback can be avoided by using
non-viral gene vectors, which can be divided furthéo lipid-based and polymer-based gene
vectorst!! Due to their large potential variety and indivitltienability, polymeric vectors
offer great potential and flexibility for non-viralene delivery, even though they are less
efficient than their viral equivalent$® It should be mentioned, however, that the new
generation of non-viral gene delivery agents sh@mdfection efficiencies close to those of
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viral delivery agents (except for some restrictionsthe field of transfection of primary

cells)113

All the well-studied polymeric gene delivery systeiave one major factor in common:
namely, primary, secondary or tertiary protonatabtgne groups, leading to a polycationic
character in aqueous media. Nature already provsdese potential candidates based on
carbohydrates, such as chitosan and poly(glycoamites) or polypeptides?13 In
contrast, well-studied synthetic representativetushe dendrimers, poly(L-lysine) (PLL), PEI,
and PDMAEMA.

The sophisticated “star-like” architecture of denmdirs shows potential properties for gene
delivery. Poly(amidoamine) (PAMAM) dendrimers wehe first introduced to the field of
gene delivery in 1993 by Haensler and SzbR&ue to their better transfection efficiency
and lower cytotoxicity compared to unmodified PEAMAM dendrimers are a frequently
used tool for gene delivery studi€’€:1*8 Other dendrimeric vectors useful for gene delivery

consist of poly(propylenimine) (PPi?'4'PLL and carbosilang§?-14¢

Gene vectors from linear synthetic polymers, sushPaL, can also deliver nucleic acids
sufficiently. PLL is synthesizedia ring-opening polymerization of the protectdecarboxy-
(N-benzyloxycarbonyl)-L-lysine anhydride, and the emilar weight can be adjusted by
specific monomer-to-initiator feed ratié¥. The resulting PLL, with molecular weight greater
than 3000 Da, is able to form stable polyplexevidNA for gene delivery. Although the
high molecular weight PLL shows excellent condegsiapacities with DNA, a considerably
high cytotoxicity is observetf® Thus, the group of Kataoka introduced a second-BIBEk

to the PLL (PLLb-PEOQ) in order to enhance the biocompatibitf.*>° This PLLb-PEO
system complexes the DNA by forming polyplexes ciimgy of a PLL/DNA core and a PEO
corona, resulting in promising results for vitro and in vivo gene transfectioft! The
transfection efficiency could be further improveg dtilizing crosslinkable thiolated PLb-
PEO block copolymers; cross-linking the polyplexd®wed an even greater transfection

efficiency compared to the unmodified PbtPEO1®2

PElI and PDMAEMA in their linear form show a modergierformance in transfection
efficiency®3 1®As mentioned previously, an increase in molecwigight causes an increase
in transfection efficiency, as well as a simultaremcrease of the cytotoxicity®> 1°6Since
polymer chemistry is a very versatile tool for ¢neg new structures and architectures, many
different delivery systems based on PElI and PDMAEM@&re developed in an attempt to

resolve the dilemma between transfection efficiesuog cytotoxicity:'* 17
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Linear PEI is difficult to synthesize; thus typigathe branched 25kDa PEI is applied,
consisting of a mixture of primary, secondary aedidry amino groups. It is probably the
best-studied polymer for gene delivery and someticaled the “gold standard®® Thus,
PEI as a gene delivery agent has been stuitiedivo as well asin vitro.'®® 1°° The
biocompatibility and retention times of the polyy#s forin vivo experiments were enhanced
by grafting poly(ethylene oxide) (PEO) chains oft&l, but this technique shows a lower
transfection efficiency than unmodified PEY.The synthesis of an alternating copolymer of
PEI and PEO (PEXt-PEO), however, showed both increased transfeai@iniency and
reduced cytotoxicity compared to branched PEI withadecular weight of 25 kD&?

Similarly to PEI, PDMAEMA-based gene vectors halsadeen modified with PE&2166
The use of bioreducable disulfide bonds between REMA and PEO in an ABA block
copolymer (PDMAEMAb-PEObH-PDMAEMA) showed a higher transfection efficientyan
the usual covalently linked counterpt. The groups of Hennink and Armes/Stolnik
pioneered the use of PDMAEMA as gene vettdt’® Since then the architectural
development of PDMAEMA gene vectors has furthercpealed, with particularly branched
and star-shaped PDMAEMA gaining significant attentas gene delivery agerté:1’® The
superior transfection abilities of PDMAEMA stars qumaned to conventional linear
PDMAEMA were established by the groups of Millerdafrreitag. A progressive
improvement of the gene vector by increasing time maomber regarding to the cytotoxicity
could be show® The idea of implementing even more arms led to diethesis of a
PDMAEMA star carrying 20 chains, resulting in annsense boost in the transfection
efficiency and a simultaneous reduction in cytotayi'*® The concept of high molecular
weight stars was further confirmed by identicalhétextures showing excellent transfection

results for block copolymer micelles with a PDMAEMAronat!® 177

1.3. Water-Soluble Stimuli-Responsive Polymers

This chapter deals with the most frequently usetemsoluble stimuli-responsive polymers.
The group of temperature-responsive polymers tylgiceonsists of non-ionic polymers.
These polymers, however, can be further dividedwa classes, showing either a lower
critical solution temperature (LCST) or an uppeitical solution temperature (UCST),
showing a partial solubility within a certain tematire range. The LCST behaviour is based
on the unfavorable entropy of mixing, which is uBudriven by the destruction of hydrogen

bonds between the polymer and water at elevategeratures, inducing phase separation.

23



Chapter 1 — Introduction

Conversely, the destruction of strong intra- artdrimolecular interactions of a polymer lead
to an improved solubility with an increase in temgpere, causing UCST behavidf: 1"°Here,
an important indicative property is the cloud ppimhich describes the moment the polymer
becomes water-insoluble causing turbidity of thé/mer solution. Since no exact definition
of the cloud point exists, the determination of tleud point differs depending on the
experimenter. Two frequently used methods for deit@ng cloud point are the onset or the

turning point of the turbidity curv&? 181

Studies of water-soluble UCST polymers such as (pishcryloyl glycinamide) (PNAGA)
and copolymers of poly(acrylamidm-acrylonitrile) (PAAm€o-PAN) are rare and play a
minor role in the field of responsive polymers, @xently reviewed by Seuring and
Agarwal!® The probably most well-known and investigated rin@responsive polymer is
poly(N-isopropylacrylamide) (PNIPAAm). PNIPAAm is a LC$®blymer and shows a sharp
coil-to-globule transition at approximately 32 °@bove this temperature the polymer
becomes insoluble due to the entropic gain causedaworable formation of inter- and
intramolecular hydrogen bonds between the amide pgroleading to a release of water
molecules. The cloud point around body tempera8ire°C) attracted considerable attention
for biomedical applications, and the structuralikinty to poly(leucine) makes it comparable
to a simple protein modéf> ¥ Additionally, copolymerization with other acrylagei
derviatives can be used to vary the LC&TThese properties result in PNIPAAmM being an
attractive candidate for stimuli-responsive blodpalymers as well as for the formation of
hydrogels and microget§®-18 Poly(oligo(ethylene glycol) methyl ether methaatg)s
(POEGMA), with 2 to 10 ethylene glycol units in thelymer side chains, also show LCST
behavior and biocompatibiliti® Poly((diethylene glycol) methyl ether methacryjate
(PDEGMA), a polymer with side chains containing @yethylene oxide units, shows a
relatively low cloud point around room temperat(@® — 28 °C), compared to POEGMA
(carrying side chains with 8 — 9 ethylene oxidets)nwhich has a cloud point around
90 °C199-192 A copolymerization of both polymers at differeatios enables the adjustment of
the cloud point in the temperature range of 25 —°@0 which covers almost the whole

temperature range of interest for aqueous appdiestf?1%4

Another interesting group of stimuli-responsive ymoérs is sensitive to pH, in which the
solubility of a polymer can be controlled by chamgithe degree of protonation. These
polymers carry a protonable/deprotonable groupénside chain and are only soluble within
a certain pH range, in which the polymer carriesuficient amount of positive or negative

charges. Due to the polyelectrolytic character gbimer is well hydrated, which in turn
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enhances the solubility. Conversely, a decreasigeotharges within the polymer by changing
the pH and therefore the protonation, reduces ahégity. Generally, there exist two classes
of pH-responsive polymers, which can be dividegahycationic and polyanionic polymer
systems. A typical polyanionic polymer is poly(dmyacid) (PAA). At low pH PAA is
completely protonated, and thus becomes poorlyrveatieible. An increase of pH causes a
progressive deprotonation of the carboxylic groopsulting in an anionic polyelectrolyte
with an excellent water-solubilify?>%” A common pH-responsive polycationic polymer is
poly(2/4-vinylpyridine) (P2VP/P4VP), which is insddle above pH 5. This polymer can be
converted into a water-soluble polyelectrolyte bgtpnating the nitrogen of the pyridine at
pH < 519 199A conversion into a permanent polyelectrolyte isgiolevia quaternization of

the nitrogen92 200

Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMAGNd poly(2-(diethylaminoethyl)
methacrylate) (PDEAEMA) polymers show outstandiefydviour in aqueous systems. These
polymers, containing a tertiary amine group on #ige chain, exhibit dual responsive
behavior in watef’-2%® Since the tertiary nitrogen group of the methaateylcan be
protonated it undergoes a coil-to-globule phasesitimn depending on pH. PDMAEMA, for
instance, is highly charged at low pH resultingam excellent water-solubility (pH 7; cloud
point Tcp » 80 °C). An increase of the pH causes a progresi@peotonation of the polymer
leading to a cloud point which decreases to arawodh temperature at pH 10. In addition,
Plamperet al. showed that the cloud point is also strongly depehon the molecular weight
at high pH value$!

1.4. “Smart” Hydrogels

1.4.1. Definition

As the term “Hydrogel” suggests, this special clafssoft matter materials consists mainly of
water, with a minor fraction consisting of an infenthree-dimensional network. This network
is generally based on water-soluble polymers, whrehcross-linked either by covalent bonds
or physical junctiong® 2% Here, the term “smart” refers to polymers whiclspend to
external stimuli by undergoing sharp, reversiblesghmansitionse.g. coil-to-globule)?°¢ 207
This means that even small changes of externalnpess can cause a swelling or
contraction of the hydrogel. The unique propertésiydrogel systems lead to a variety of
different applications for cosmetics, biomateriasoatings?’-210
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Common synthetic polymers used in chemically clovds®ed hydrogels are poly(2-
hydroxyethyl methacrylate) (PHEMA), PEO and PNIPAA 22PNIPAAmM especially has
attracted considerable attention as a hydrogel,tdube coil-to-globule phase transition (at
32 °C) being close to body temperattffe?!3

Physically cross-linked hydrogels have the advamntaigfull reversibility back to the liquid
state. The cross-linking points of this structugsult from self-assembly mechanisms driven
by hydrogen bondindt* 2'° partial crystallizatiorf!%-2'® or hydrophobic or electrostatic
interactions’®* 295 219Fqr this purpose, a variety of hydrogels were tped based on
functional polymers which can be triggered by owgtmuli such as temperatui¥; 220 221
pH 222224 or light2?Y 225 There still exist, however, physical hydrogels ethialso contain
irreversible cross-link junctions. For instancediogel networks consisting of an ABA block
copolymer can be permanently cross-linked by uigjz hydrophobic polymersi.e.
poly(styrene) (PS) or poly(methyl methacrylate) PRI 2261n general, block copolymers
of synthetic polymers are versatile systems folieathg hydrogels with different topologies
(linear-, star-shape) and sensitivities depending tlom polymer composition. A short
overview of the diversity of block copolymer systeis given in the next section.

1.4.2. Hydrogels Based on Block Copolymer Systems

The most frequently investigated block copolymeucures are illustrated in Figure 7A-C.
Here, the A-block symbolizes the hydrophilic bloakd the B-block indicates the stimuli-

responsive block of the polymer.

In AB/ABA block copolymer hydrogels, the B-block fsst triggered by an outer stimulus
(i.e. temperature, pH, etc.) causing micelle formatiBigre 7A). At low concentrations the
micelles are freely dispersed in the medium. Excepdie critical gelation concentration
(cegd Of the solution results in a hydrogel consistiof) closely packed micelleg/-23!

However, a relatively higltcqc is necessary leading to the hydrogel containinilyrper at

concentrations above 20 wt-%. Well-known and intexlg studied hydrogels can be built
from closely packed PE®PPOb-PEO Pluronic® micelles consisting, at ambient

temperatures, of a PPO micellar core and a hyd R coron&>?

The hydrogel formation in BAB systems takes plaieetiie phase transition of the B-blocks,
leading to flower-like micelles with a backfoldegidnophilic middle block (Figure 7B). At

the ccgc the “bridging effect” causes crosslinking of thecetles, in which the B-blocks of the
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terpolymer are integrated in different micelles,iahhare linked by the hydrophilic middle
block, which stabilises the hydrogel network. PEQypically chosen as hydrophilic middle
block?®* 234 The group of Armes have even introduced an ionacdmpatible poly(2-
methacryloyloxyethyl phosphorylcholine) middle btdor different gelator systent®237In

his recent review a detailed summary of varioutediht BAB-type hydrogels is giver®

Star polymers represent another promising groupyofogel gelators (Figure 7C). Due to
their star-like architecture, each molecule canvig® multiple connection sites. (AB)
diblock copolymer stars especially show a high pisaé for formation of physically cross-
linked hydrogelg9? 203.23%-243ny gddition, star polymers can be used as gelatarisost-guest
systems. Recent studies showbetyclodextrin end-functionalized PEO star polymers

interacting with their guest molecule-modified caerptarts and forming a hydrogéf.

Figure 7. Aggregation and gelation mechanisms for stimuasponsive AB/ABA
diblock/triblock (A) and BAB triblock (B) and (AR)diblock star (C) copolymers, in which A
is the hydrophilic block and B is the stimulus-resisve block.

Multi-responsive systems, such as ABC triblock tgmers, undergo an interesting gelation

mechanism. Here, the middle block (B-block) resestithe hydrophilic part (Figure 8). The
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A- and C-block are stimuli-responsive blocks, eadmsitive to different environmental
effects. Thus, these two blocks can be triggerpdrseely, leading first to micelle formation
before the insolubilization of the second responsidek causes physical cross-linking and
hydrogel formation. This is similar to the bridgiaffect in the BAB mechanism, but this time
whole micelles are involved in building the hydrbgetwork at theceqe, and the middle block
serves as the connection between the micellar canelsthe hydrogel junctions of the
collapsed second stimuli-responsive block. Such Ag§tems were intensively studied by
Reinicke et al!®* 1% For instance, a hydrogel consisting of P2¥PEOb-poly(glycidyl
methyl ethereo-ethyl glycidyl ether) (P(GME0-EGE)) triblock terpolymer was synthesized
showing both a pH-responsive P2VP block and a teatype-responsive P(GMEs-EGE)
block. Other dual-responsive ABC systems with défé compositions were also shown to
undergo hydrogel formatioff>: 24 246

Figure 8. Gelation mechanism for ABC triblock terpolymershexe B is the hydrophilic
block; A and C are the independently switchablesli-responsive blocks.

Another method of introducing a second stimulushimita hydrogel network is through
ABCBA pentablock terpolymers. Studies on dual-respee hydrogels are rare and there
exist even less examples of completely hydroplsiigtchable dual-responsive pentablock
copolymers used in hydrogel$his is certainly due to the difficulties in syndiiee of such
polymers and their resulting rather complex strtetuA simple way to create an ABCBA
pentablock terpolymers, however, is by taking adag@atof a PEQ-PPOb-PEO Pluroni@
terpolymer functionalized with initiating sites &oth ends for further polymerizatigfy.: 248

This approach was used by Determen al. for copolymerization of DMAEMA and
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DEAEMA, respectively. The micellar assembly and log#m properties of the resulting
modified Pluronic® polymers were investigated, showing an increaseuttionality for

250 who

biomedical application&® Other possibilities were shown by Beheshti al,
investigated an ABCBA hydrogel system consisting tefo anionic poly(sodium 4-
styrenesulfonate) (PSSS) A-blocks, two thermoseesiPNIPAAM B-blocks and a PEO
middle block; or the group of Lee, who intensivatyestigated a dual-responsive ABCBA
pentablock terpolymer consisting of a thermo-respendiodegradable polyester block
copolymer BCB inner segment (poly¢aprolactoneso-lactide)b-PEOb-poly( -
caprolactoneso-lactide) (PCLA-PEO-PCLA) or poly{caprolactoneso-glycolide)b-PEOb-
poly( -caprolactoneso-glycolide) (PCGA-PEO-PCGA)), with pH-sensitive gbimeric
sulfomethazine (OSM) A-blocks12%3 Another example with interesting gelation behavsor
given by Tsitsilianiset. al, who synthesized an ABCBA pentablock terpolyméihviwo
permanently hydrophobic PMMA A-blocks and a poly&wlgte triblock as potential
bridging middle chain (PMMA-PAA-b-P2VPh-PAA-b-PMMA). 24

1.5. Aim of the Thesis

The design of functional (nano)materials basedespansive polymers is a fast developing
and interesting field of research. These materexdkibit either ionic and/or non-ionic
functionalities, which can respond to a large \tgrad outer stimuli such as temperature, pH,
light, etc. This in turn provides the access toliappons ranging from biomedicine to

coatings and switchable membranes.

The motivation of this work was combining watertgaé functional polymers, in particular
PDMAEMA, with either inorganic components or othester-soluble and/or stimuli-
responsive polymers to develop systems, which wdeétl to potential applications in

aqueous media.

Since PDMAEMA reveals polycationic character at gblpgical pH, it is regarded as a
potential nonviral gene vector. PDMAEMA appliedastar-like architecture shows superior
properties (higher transfection efficiency, lowgtatoxicity) in gene delivery in comparison
to its linear counterpart. Thus, one focus of tiiesis was the development of star-like
PDMAEMA-based gene vectors, which show additioeaponse to an applied magnetic field
for enhancing the application rangee. magnetic cell separation. For this purpose,
PDMAEMA grafted superparamagnetic iron oxide nambglas can be obtaineda different
surface modification methods of the nanopartices'face and controlled polymerization
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techniques €.9, ATRP). The developed approach should result ii-éefined nanohybrid

gene vectors, which have to be investigated wiipeet to their stability and complexation
behavior with pDNA, but particularly as gene vedimr transfection of eukaryotic cells and
moreover, the response of the transfected cellsmwién applied magnetic field for enabling a

magnetically driven cell separation.

Another goal of this thesis was to apply the deaponsive character of PDMAEMA for
hydrogels, which include two independently switclealdsponsive water-soluble polymers.
Such challenging systems are commonly based on ABXBGBA block copolymers and are
hard to achieve as well as to characterize resuiting field of research, which still lacks
diversity. Here, the intention is the synthesisdouble-switchable amphiphilic ABCBA
pentablock terpolymers containing a water-solubk®i@dle block, and separately switchable
pH and/or temperature responsive A- and B-blockse Target is the investigation of the

aggregation and gelation behavior of these systemsute and concentrated solutions.
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Chapter 2 — Overview of the Thesis

This thesis focuses on the relevance of water-#ltunctional polymers for present and
future technologies. Due to its weak polycationlamacter poly((2-dimethylamino)ethyl
methacrylate) (PDMAEMA) exhibits outstanding prdapes, such as temperature- and pH-
sensitivity, which lead to potential applicatiorms biomedical or biotechnical use. In chapter
3-5 three publications are presented dealing wetiegdelivery and dual-responsive hydrogels
primarily based on PDMAEMA.

Dual-responsive superparamagnetic PDMAEMA grafteoh ioxide nanoparticles were
synthesizedsia a “grafting-from” approach utilizing a physicalgdsorbed dopamine-based
ATRP initiator. The pH-dependent coil-to-globulartsition temperatures were investigated
by turbidimetry and a reversible binding of the dopne anchor group was showia
Asymmetric Flow Field-Flow Fractionation (AF4). Due the polycationic character of
PDMAEMA at physiological pH the hybrid particles reefurther tested for gene delivery
experiments. Moreover, the uptake of the magnetite geector inside the cells enables a

magnetically driven cell separation by applyingeaternal magnetic field (Chapter 3).

The established system was further improved by gdating the iron oxide nanoparticle
with silica prior to the ATRP initiator functionaktion for the polymerization of DMAEMA
via the “grafting-from” approach vyielding dual-respes core-shell-corona nanoparticles.
Here, covalent bonds between the PDMAEMA chains #red inorganic core could be
obtained preventing a detachment of the polymemsh&he complexation behavior of the
hybrid material and pDNA was investigated by detamg zeta potentials and hydrodynamic
radii of the formed polyplexes as a function of tR& ratio (polymer nitrogen / pDNA
phosphorous). This system was as well tested foe gielivery and magnetic cell separation

experiments (Chapter 4).

The dual-responsive behavior of PDMAEMA was appf@dcreating physically cross-linked
hydrogels, which can undergo two separate switehablase transitions. For this purpose
ABCBA pentablock terpolymers were synthesized ciimgl of a PEO middle block, two
dual-responsive PDMAEMA B-blocks and two temperaitgsponsive PDEGMA A-blocks.
The temperature- and pH-dependent solution andigelbehavior of the BCB intermediates
and the ABCBA block copolymers were investigatal dynamic light scattering (DLS) and
rheology (Chapter 5).
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2.1. Dual-Responsive Magnetic Core-Shell Nanopartes for Nonviral Gene

Delivery and Cell Separation

This initial project focused on the synthesis ofNPAEMA grafted iron oxide (maghemite)
nanoparticles as a potential candidate for genmetgl and magnetic cell separation. The
facile synthesis approach can be divided into tlsteps. The basis is represented by oleic
acid stabilized maghemiterFeOz) nanoparticles generated through thermal decortiposi
of Fe(COj in the presence of oleic acid yielding monodispamrsaghemite nanopatrticles.
Subsequently, a physically binding dopamine-basd&dRR initiator was used for surface
modification, which was in a last step applied foe polymerization of DMAEMAvia a

“grafting-from” approach (Scheme 1).

Scheme 1Synthesis of dual-responsive maghemite nanopasticle

Each step of the synthesis was characterized &il dgiplying a variety of different analytical
methods, namely, Transmission Electron MicroscopiM), Dynamic Light Scattering
(DLS), Fourier Transform Infrared Spectroscopy (R); Thermographic Analysis (TGA),
Size Exclusion Chromatography (SEC, of the clead@dDMAEMA chains) and Vibrating
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Sample Magnetometry (VSM). An evaluation of thestadevealed, besides the indication
for a successful grafting approach, a grafting s the PDMAEMA grafted nanoparticles
of 0.15 chains/nm2. Thus, the polymer grafted namoges bear 46 PDMAEMA chains of
DP, = 590 per patrticle, denoted ge03:@(PDMAEMAsq)46. Moreover, it could be shown
that the superparamagnetic character of the magdenanoparticles remains after the

grafting process, which is essential for its furthpplication (magnetic cell separation).

The stability of the hybrid particles was furthevestigatedvia Asymmetric Flow Field-
Flow Fractionation (AF4). Here, a time-dependertadement of the polymer chains after
purification was shown even though the catecholigrof the dopamine-based initiator is
regarded as a strong binding anchor group in agueoedia (Figure 1A and B). The
reversible binding of this anchor group led to gn#icant increase of free PDMEAMA
within the first week levelling out over approxirabt 100 days until an equilibrium state was
reached. At this point the investigated sampleaioeti more than 50 % free polymer chains.
This effect, however, had no significant influenca the long-term stability, which is
indicated by the absence of sedimentation or aggjeayof the particles even after one year

of storage.

Figure 1. (A) Comparison of AF-FFF elugrams (RI signal= 1 g/L) of the cleaved-off
PDMAEMA chains, gFeO:@ (PDMAEMAss)ss crude product, andgFeO:@
(PDMAEMA-sg0)51 at various times after purification (eluent: deisd water containing 25
mM NaNG; and 200 ppm Na§)l. (B) Kinetics of the detachment of PDMAEMA chains

In addition, freshly purified PDMAEMA grafted nanapicles were investigatedia
turbidimetry. Due to the protonatable tertiary aengroups in the side chains of PDMAEMA
it shows a pH-dependent Lower Critical Solution pemature (LCST). Thus, at low pH the

amine group is protonated, which results in a geadbility and a significant higher coil-to-
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globule transition (here, denoted as cloud poinéntin the deprotonated state at high pH.
Since the hybrid particles resemble a star-likéiggcture the cloud points are similar to those
of multi-arm PDMAEMA stars.

Furthermore, the polycationic character at phygjmal pH of PDMAEMA and thus,
gFeOs@(PDMAEMAsg)46 provides suitable conditions for gene deliveryeripents. The
cytotoxicity was determinedia the MTT test and the potential as transfectionnageas
investigated under standard conditions in CHO-KlIscés a result, the hybrid material
showed significantly lower cytotoxicity by simultamesly almost doubling the transfection
efficiency (> 50 %) in comparison to poly(ethylem&e) (PEI), which is regarded as the
“gold standard” for polycationic gene delivery wms. Notably, gFeO:@
(PDMAEMA-sg0)ss has an overall molecular weight of approximately MiDa, which would
typically lead to a high cytotoxicity for linear RIAEMA. These findings show the strong
dependence on the architecture of PDMAEMA for geglevery experiments.

Besides the excellent performance for the tratisieof mammalian cells, the magnetic
gene vector provided magnetic properties to thés ater the transfection. In a simple
experiment could be shown that transfected cellsbeaquantitatively separated by applying
a NdFeB magnet over night (Figure 2).

Figure 2. Magnetic separation of cells transfected witheOz:@ (PDMAEMAsgq)is/pPDNA
polyplexes. Separation scheme (A); Microscopy pegwf the cells grown on the wall facing
the magnet (B) or on the opposite wall (C).
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2.2. PDMAEMA-Grafted Core-Shell-Corona Particles for Nonviral Gene

Delivery and Magnetic Cell Separation

This study is closely related to the initial work magnetic polymer/nanoparticle hybrids as
gene vectors based on dopamine as anchor grotpefqguolymer. Even though these hybrids
already showed superior properties in gene deliMarycomparison to PEI and linear
PDMAEMA, the free detaching polymer chains of tlegstem have an unpredictable
influence on the transfection of the cells. Herge hew concept was to connect the
PDMAEMA covalently to the core to confirm that thgh transfection potential results from

the star-like architecture of the grafted nanopkesi (Scheme 2).

Monodisperse oleic acid stabilized nanopartictesve again as the core of the hybrid
material. A reverse microemulsion process was aggl form a thin silica shell around the
nanoparticle. This shell was modified with a silameal-functionalized ATRP initiator, which
was consecutively added within the same synthesép sielding ATRP initiator
functionalized individually silica-encapsulated magtite nanoparticles. A subsequent
polymerization of DMAEMA via a “grafting-from” approach led to magnetic covalgnt
grafted PDMAEMA core-shell-corona nanoparticles.

Scheme 2Synthesis of PDMAEMA grafted core-shell-corona rzanticles.

The investigation of this hybrid material revealedeed single encapsulated nanoparticles
(Figure 3A) bearing covalently bound PDMAEMA chawsth a grafting density of 0.04
chains/nmz, which corresponds to 91 polymer chanBP, = 540 per particle, denoted as

gFeOs@silica@(PDMAEMA0)91. The superparamagnetic behavior as well as thg-lon
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term stability of more than one year in aqueous imedere retained after the silica

encapsulation.

The dual-responsive behavior of the PDMAEMA coramas investigated by turbidity
measurements and DLS. The hybrid particles werevshto undergo the typical pH-
dependent coil-to-globule transitions similar to Gtst approach and the effect of the degree
of protonation on the corona size could be sheiaDLS (Figure 3B). At pH 4 the corona is
highly protonated, which results in almost compiettretched chains leading to a maximum
in the hydrodynamic radius. On the contrary, at JHa significantly lower hydrodynamic

radius was observed due to the nearly deprotorIB?MAEMA corona.

Figure 3. (A) TEM micrograph ofgFeO:@silica@BIBSI nanoparticles. The sample was
prepared by drop-coating a cyclohexane dispersfoime nanoparticlesc(< 0.1 g/L) on a
carbon-coated copper grid. (B) Hydrodynamic radirdbution (g = 90°;c = 0.1 g/L) ofg
FeOs@Silica@BIBSI in cyclohexane (solid line,FeO:@silica@(PDMAEMAg)91in pH

10 buffer solution (dashed line) and in pH 4 bufelution (dotted line).

Due to the covalently bound PDMAEMA chains it waswn possible to study the
complexation behavior with pDNA under transfecteammditions without negative side effects
of detaching free polymer (Figure 4A and B). THeeO:@silica@(PDMAEMAs0)9/pDNA
inter-polyelectrolyte complexes (polyplexes) wetnedged with regard to their size and zeta
potential at different N/P ratios. As a result, N\fP ratios® 7.5 polyplexes from single
complexed pDNA molecules per nanoparticle were &mmFurthermore, at N/P = 5 the
highest aggregation was observed caused by the talmasral zeta potential and thus, the
lack of stabilizing charges. Further decrease efNIAP ratio leads again to a decrease of the
polyplex size, but the overall size is still sigoaint higher than for the individually
complexed pDNA molecules, which may occur due tdding effects of two hybrid particles
binding to one single pDNA molecule.
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Figure 4. (A) Average hydrodynamic radii) and dispersity indices¥) at different N/P
ratios of the g-FeO:@silica@(PDMAEMA40)91/pDNA polyplexes; pH ~ 7.8. (BYeta
potentials of therFe0s@silica@ (PDMAEMA40)91/pPDNA polyplexes at different N/P ratios.
The lines in both graphs are guides to the eye.

The gFeO:@silica@(PDMAEMAs )91 particles performed best in transfection experiment
at N/P ratios between 7.5 — 10 (positive zeta gateiCHO-K1 cells) resulting in transfection
efficiencies >50 % and a low cytotoxicity. The dgixicity is slightly increased as compared
to our previous system, which can be attributethéoalmost doubled molecular weight of the
PDMAEMA corona (7.7 MDa).

Instead of a simple separation experiment the ntagseparation was performed using a
Magnetic Activated Cell Sorting system (MA®S. Both bound and unbound cell fractions
were guantitatively determined revealing that nafsthe cells carry a sufficient amount of
magnetic material for a successful separation. Jdyarated cells (transfection efficiency

>60 %) showed a high viability and could even heéher cultivated.

The new synthesis strategy led to stable and vedihdd PDMAEMA grafted hybrid
particles with high potential for gene delivery esments. Thus, this approach can be
applied for investigating the impact of distincafiing density as well as PDMAEMA chain

length dependences on the transfection efficiendycgtotoxicity.
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2.3. Double Responsive Pentablock Terpolymers: Selssembly and
Gelation Behavior

This study dealt with the utilization of the duabkponsive behavior of PDMAEMA for the
construction of double responsive hydrogels. Here,synthesized hydrogels were based on
ABCBA pentablock terpolymers, where dual-respongitemperature/pH) PDMAEMA B-
blocks and temperature-responsive poly(di(ethylghgcol) methyl ether methacrylate)
(PDEGMA) A-blocks can be separately switched watsoluble by applying an external
stimulus, while a poly(ethylene oxide) (PEO) mid@eblock is merely responsible for the
stabilization of the system.

The proposed self-assembly of this system is show®cheme 3. In dilute solutions the
ABCBA pentablock terpolymers assemble into flowikelmicelles upon heating initiated by
the coil-to-globule phase transitiofiy] of the outer PDEGMA A-blocks, which occurs at
lower temperatures as compared to the phase imansgmperature of the PDMAEMA B-
blocks. The resulting flower-like micelles considta PDEGMA core, which is stabilized by
looped PDMAEMAb-PEObH-PDMAEMA segments of the pentablock terpolymer.c8ithe
PDMAEMA blocks are dual-responsive the micelles aardergo a further contraction
depending on pH ax(PDMAEMA) caused by the collapse of the PDMAEMA blocks. As a
result, core (PDEGMA) — shell (PDMAEMA) — coronadped PEO) micelles are obtained.
At high concentrations, the ABCBA pentablock tegpoérs assemble into a physically cross-
linked hydrogel network, which is induced by thélajosing PDEGMA A-blocks. The further
contraction of PDMAEMA at higher temperatures skiotihen lead to a change in the
mechanical properties of the gel.
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Scheme 3Self-assembly of ABCBA pentablock terpolymers.

The synthesis of the PDEGMA-PDMAEMA-b-PEOH-PDMAEMA-b-PDEGMA ABCBA
pentablock terpolymers was performed by using anstional PE®@;s (DP, = 775, degree of
functionality = 1.66) ATRP-macroinitiator for a sexptial ATRP of DMAEMA and DEGMA.
This approach, however, was limited to relativeidgrs blocks,.e. DP,£ 90 and DRE 43 for
the PDMAEMA B-blocks and the PDEGMA A-blocks, respeely. The synthesis of higher
molecular weights resulted in broad molecular weujbktributions caused.g, by transfer
reactions during the polymerization. The PDMAEMAREOH-PDMAEMA triblock
copolymer intermediate with BEPDMAEMA) = 90 (ABA-90) revealed a reasonable
PDMAEMA block length along with a low PDI and wdeeh used for further polymerization
of the ABCBA pentablock copolymers.

Temperature-dependent DLS measurements of dilutéiaas € = 2 g/L) were performed
with both the PDMAEMAb-PEOb-PDMAEMA triblock copolymer intermediates (ABA) as
well as the PDEGMA>-PDMAEMA-b-PEOHb-PDMAEMA-b-PDEGMA pentablock
terpolymers (ABCBA). The transition points for tHRDMAEMA blocks in the ABA
intermediates were shown to be dependent on pH thed molecular weight of the

PDMAEMA blocks, revealing similar values compareml those described in literature.
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Notably, no significant influence on the phase sitaon temperatures, which may be caused
by the long hydrophilic PE®s middle block, was observed. The introduction of the
PDEGMA outer blocks led to a significant changetlwe aggregation behavior for the
ABCBA pentablock terpolymers (denoted as ABCBA-kxere x = number average degree of
polymerisation of PDEGMA block) in dilute solution&igure 5). Here, three different
ABCBA pentablock terpolymers were studieid temperature-dependent DLS revealing two
separate phase transitions upon heating, thusroon§ that both responsive blocks can be
triggered separately. The first transition is ati¢éid by the pH-independent coil-to-globule
phase transition of the PDEGMA outer blocks at temperaturesTg = 29 — 33 °C) for the
two systems with the highest molar fraction of DE&Mnits (ABCBA-25 and ABCBA-43),
and the second pH-dependent transition at highapeeatures Tir > 40 for pH < 10)
corresponds to the collapse of the PDMAEMA blodkgygre 5A-C). These transitions are
indicated by a significant increase of the coute @used by each collapse of the respective
blocks, which can only be clearly observed for pl €igure 5A) since the two separated
phase transitions of PDEGMA and PDMAEMA start torgeefor pH2 9 (Figure 5B and C).
However, short PDEGMA blocks as shown for ABCBA+EVealed a phase transition at
drastically elevated temperatur@s € 45 °C). The collapse of these short PDEGM#locks
showed a weak impact on the count rate and couldlmnobserved for pH = 8 (Figure 5A)
due toTy(PDEGMA11) > Tir (PDMAEMA) for pH > 8 (Figure 5B and C).
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Figure 5. Temperature-dependent scattering intensitieg at90° for ABCBA pentablock
copolymers in different buffer solutions € 2 g/L) at A) pH 8, B) pH 9 and C) pH 10
(ABCBA-11 ( ), ABCBA-25 ( ) and ABCBA-43 ( )); the dashed line indicates thgof
the PDMAEMA block in the corresponding ABA triblockcopolymer precursor
(DP,(PDMAEMA) = 90) at the respective pH.

Hydrogel formation of concentrated solutions wagiatlly shown for the ABA triblock
copolymer intermediates, which revealed that a miodetion of DMAEMA units offomaema

3 0.19 is needed to form free-standing gels. Funtbee, rheology measurements of these
gels indicated higher gel strengths and that theelotransition temperaturd{c) shifts to
lower temperatures by increasing the molecular weigh the PDMAEMA blocks,
concentration of the solution or pH. For instaneel0 wt% solution of the ABA triblock
copolymer carrying an average degree of polymaonaif 90 (ABA-90) formed no gel at pH
=9 and a 20 wt% solution at pH = 10 was necedsafgrm a strong freestanding gel (Figure
6A). A doubling of the molecular weight of the PDMMA blocks, however, led to gelation

for any investigated solution and revealed alrestdyng gels for a 10 wt% solution at pH 10.
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Figure 6. Temperature-dependent storage and loss moduli fohB¥-90 at pH 10 and a
concentration of 10 wt%Qx ( ), G" ( )) and 20 wt% G' ( ), G" ( )), respectively and B)
for ABCBA-25 at pH 10 and a concentration of 10 wiG6( ), G" ( )) and 20 wt% G' ( ),
G" ( )), respectively.

Gels from 10 and 20 wt% solutions of ABCBA-25 anB@BA-43 were only investigated at
pH 10 as ABA-90, which represents the precursoraftbABCBA pentablock terpolymers,
forms only very weak gels at pH = 9. Even though RDEGMA blocks lower th&sc by 8 —
10 °C, a change in the mechanical properties ohtftrogel, which could then be attributed
to the second phase transition of the collapsinylREMA at higher temperatures, was not
observed (Scheme 3, Figure 6B). Notably, an apprataly doubling of the PDEGMA block
length (ABCBA-43) leads to similar results to thdsem the ABCBA-25. This might be
attributed to the long PEO middle block, which nemynpensate for the second collapse of
the PDMAEMA. Consequently, an increase of the médactions of DEGMA units above
those presented in this studyecua £ 0.08) might be necessary to shift the sol-gelditaons

of the ABCBA hydrogels to lower temperatures clts&d(PDEGMA) and, in addition, to
realize two clearly separated phase transitions witsufficient impact on the mechanical
properties of the hydrogel at the point where PDNiAEStarts to collapse.
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2.4. Individual Contributions to Joint Publications

The results presented in this thesis were obtamewllaboration with others and have been
published or submitted to publication as indicabetbw. In the following, the contributions
of all the co-authors to the different publicatioase specified. The asterisk denotes the

corresponding author(s).
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Magnetic Cell Separation”

by Alexander P. Majewski, Ullrich Stahlschmidt, ¥dé Jérdme, Ruth Freitag
Axel H. E. Miller and Holger Schmalz
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* V. Jérdbme, R. Freitag, A. H. E. Miller and H. B&z were involved in scientific
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* A. Hanisch supervised the synthesis and analysleed®EO-macroinitiator.
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manuscript.
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3.1. Abstract

We present the synthesis of dual-responsive (pH temaperature) magnetic core-shell
nanoparticles utilizing the grafting-from approachrzirst, oleic acid stabilized
superparamagnetic maghemiterHeOz) nanoparticles (NP’s), prepared by thermal
decomposition of iron pentacarbonyl, were surfageefionalized with ATRP initiating sites
bearing a dopamine anchor groug ligand exchange. Subsequently, 2-(dimethylamimgy)et
methacrylate (DMAEMA) was polymerized from the swé by ATRP, yielding dual-
responsive magnetic core-shell NP'gFHeO:@PDMAEMA). The attachment of the
dopamine anchor group on the nanoparticles” suitashown to be reversible to a certain
extent, resulting in a grafting density of 0.15 idsgper nm? after purification. Nevertheless,
the grafted NP“s show excellent long-term stabitityater over a wide pH range, and exhibit
a pH- and temperature-dependent reversible agghaiimaeras revealed by turbidimetry. The
efficiency ofgFeO:@PDMAEMA hybrid nanoparticles as a potential transfectioenagvas
explored under standard conditions in CHO-K1 c&lsmarkablygFeOs@PDMAEMA led

to a twofold increase of the transfection efficigneithout increasing the cytotoxicity as
compared to poly(ethyleneimine) (PEI) and yieldedaverage more than 50% transfected
cells. Moreover, after transfection with the hybnanoparticles the cells acquired magnetic

properties that could be used for selective isotatif transfected cells.
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3.2. Introduction

Surface modification of inorganic nanomaterials hasome a rapidly developing technique
in recent years. In particular, iron oxide nandpbas (NP’s) have attracted considerable
interest due to well established and facile prepararoutes, such as co-precipitation or
thermal decomposition, availability on large scal®jocompatibility and their
superparamagnetic behaviol® Attaching molecules or polymers onto the NP s@fay
means of post-synthesis functionalization is ong $&ep to obtain hybrid core-shell NP’s
with tailored propertieMostly, polymers are physically adsorbed on theduRace. This is
achieved by the grafting-onto method utilizing pobrs with suitable functional end groups
(anchor groups), which are able to bind to theasafof the particlé??* Alternatively, the
grafting-from approach can be used to obtain chedtsnanoparticles. In this case, the
initiating moiety is immobilized on the nanoparéickurface and the polymerization takes
place directly from the surfadél’ In recent studies dopamine was frequently usea as
robust anchor for iron oxide surfacé®?The functional catechol end group of dopamine
binds also very strongly to many other types offases,e.g, Ti, TiO2, FePt as well as
stainless steel, which enables dopamine to be aseduniversal anchor gro&?® Zhou and
co-workers used dopamine-based initiators for serfanitiated atom transfer radical
polymerization (ATRP) and ring-opening metathesidyiperization (ROMP) from TiQ
nanotube$? * Another effective route to obtain magnetic corelshtructures is based on
hybrid micelle formation utilizing hydrophobic orleetrostatic interactions between
nanoparticles and suitable (block) copolymers agndy forces3!-3>However, only a poor
control over the number of nanoparticles immobdize the micellar core can be achieved
with this method and hence, the core sizes areifisgntly increased compared to the

grafting-from approach using functionalized nantipkss.

Polymer-grafted water-soluble hybrid materials eiing functional and/or responsive
properties are considered as attractive comporfentbiomedical application®: 3’ Here,
thermo-responsive polymers, which show only a phasnlubility, i.e., they are soluble only
within a certain temperature range determined &y upper critical solution temperature
(UCST) and/or lower critical solution temperatuteCET), are of particular interest. One
possible application was illustrated by Chananal.etvho reported biocompatible magnetite
nanoparticles prepared by a grafting-onto approasing a catechol-terminated thermo-
responsive copolyméf. They could even demonstrate a reversible aggldiarmside red
blood cells as well as an utilization for contrashancement in magnetic resonance imaging
(MRI). Another example is given by Gelbrich etwho successfully used thermo-responsive
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copolymers grafted on magnetic NP’s for biosepanagind catalysi® In particular, tertiary
amine-containing  methacrylates, like  poly(2-(dinydimino)ethyl  methacrylate)
(PDMAEMA), show an interesting double-responsivédaor in aqueous solution, which is

manifested by a strong dependence of their clout poi pH?%: 41

Besides, cationic polyelectrolytes have great gakfor non-viral gene delivery and cell
labeling#2*® Notably, several groups have shown that the apeationed PDMAEMA-
based polycations can efficiently transfect ceits vitro.#’>* In the medical and
biotechnological field there is continued intergsthe development of non-viral vectors for
transport of nucleic acids into ceMs®® Unfortunately, the efficiency of these delivery
systems was shown to be dependent on the cell &yykeso far there is no clear consensus on

the best non-viral vector available.

Gene delivery utilizing functionalized magnetic NRas pioneered twelve years ago by
Plank and collaborator$.In the meantime, as recently reviewed by Planklé? several
research groups have utilized and optimized magmethoparticles formulations to deliver
nucleic acids into cell®%2 However, much less investigations have been pagdron
PDMAEMA-covered magnetic nanoparticles. Recent waylkBoyer et al. describes the high
potential of PDMAEMA grafted magnetic NP’s for siRNdelivery*® From the combined
analysis of transfection and cytotoxicity data poesly collected in our group, we
hypothesized that polymers with a branched architecin particular a star-shaped one, and
high charge density are promising candidates fficieit gene deliver$®> % Since our
approach provides a similar architecture, whictbased on PDMAEMA-grafted magnetic
NP’s, gene delivery experiments should confirm ¢hetudies and result in a significant
higher transfection efficiency than polyethylenagimi(PEI) by simultaneously decreasing the
cytotoxicity. Comparable systems utilizing PEI-geaf magnetic NP’s show promising results.
However, most of these experiments were basedlagnetofectiof, i.e., on improving

gene delivery by controlled application of a magntrce®

Here, we provide a facile synthesisgefe0s@PDMAEMA NP’s combined with efficient
applications in biotechnology. The synthesis of rid/bcore-shell NP’s by grafting
PDMAEMA from the surface of maghemite nanopartiakiizing a dopamine-based ATRP
initiator, 2-bromoisobutyryl dopamide (BIBDA) (Sanhe 1). These particles g(
FeOs@PDMAEMA) are shown to undergo dual-responsive gt agglomerationi, e,
the cloud point is adjustable by pH, as depicte8adheme 1. Furthermore, the particles were

characterized with respect to the achieved graftiegsity, stability and magnetic response.
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The cytotoxicity of the hybrid NP’s and their eféacy as transfection reagent were
investigated under standard conditions and trateslecells were quantitatively separated by

applying a magnet.

Scheme 1Synthesis of dual-responsive maghemite nanopasticle
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Materials. AVS buffer solution pH 7-10 (TitrinorY, VWR), 2-bromoisobutyryl bromide
(98%, Sigma-Aldrich), 2-(dimethylamino)ethyl methgate (DMAEMA, 99%, Sigma-
Aldrich), dioctyl ether (99%, Sigma-Aldrich), 1,4edtane (analytical reagent grade, Fisher
Scientific), 1,1,4,7,10,10-hexamethyl triethylenetmine (HMTETA, 97%, Sigma-Aldrich),
3-hydroxytyramine hydrochloride (98%, Sigma-Aldnichiron(0) pentacarbonyl (99.9%,
Sigma-Aldrich), oleic acid (90%, Fluka), sodium lwamate monohydrate (99.5%, Sigma-
Aldrich), and sodium tetraborate decahydrate (99.S#gma-Aldrich) were used as received.

3.3. Experimental Part

Copper(l) chloride was purified according to litena®® and the monomer was destabilized by
passing through a basic aluminum oxide column. dtalysis a regenerated cellulose tube
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(ZelluTrans, Roth) with a MWCO of 6-8 kDa was usddhe used NdFeB magnets were
purchased at Fehrenkemper Magnetsysteme (dimenflon25 mm,H = 16 mm (disc)L. =

63 mm,W = 36 mm,H = 10 mm (block)). The synthesis of the dopaminsedaATRP
initiator  2-bromo-N-[2-(3,4-dihydroxyphenyl)ethyigobutyryl amide (2-bromoisobutyryl
dopamide, BIBDA) was performed as described elsesie?®

3-(4,5-Dimethylthyazolyl-2)-2,5-diphenyl tetrazoliumoromide (MTT), Hoechst 33258,
and branched polyethyleneimine (PEI, 25 kDa) wenrelpased from Sigma-Aldrich. PEI was
prepared as 5AM aqueous stock solutions, all other polymers a8 stock solution. Cell
culture materials, media and solutions were fromARAboratories. Serum reduced medium
OptiMEM was from Invitrogen. Plasmid DNA was preparby using the EndoFree Plasmid
Kit from Qiagen. Ultrapure deionized water was uged the preparation of all aqueous
solutions and for dialysis. Plasmid pH2B-EGFR5.1 kb) encoding the nuclei localized
EGFP (enhanced green fluorescent protein) drivethbycytomegalovirus immediate early
promoter was used in all transfection experimehte plasmid was amplified i&. coli DH5
alpha strain in LB medium to sufficient quantities by mgi standard molecular biology
techniques, including harvesting and purificatioa Qiagen’s Giga-Prep kits. Plasmid DNA
(PDNA) concentration and quality were determined Awso2so ratio and by agarose gel

electrophoresis.

Synthesis of oleic acid stabilized maghemite nanoggles. The synthesis of thg FeO3
nanoparticles was adapted from Hyeon €t Al.500 mL two-necked round-bottom flask,
connected to a reflux condenser, was charged v&¢hraL dioctyl ether and 58.0 mL oleic
acid (51.52 g, 182.4 mmol) and degassed with retndgr 15 min. The reaction mixture was
heated to 100 °C under nitrogen atmosphere befdding Fe(COj (8 mL, 60.8 mmol).
Subsequently, the mixture was heated to refluxLférh until the color of the solution turned
black. After cooling down to room temperature thaation mixture was stirred under air to
initiate the oxidation process of the initially foed iron nanoparticles tgFeOs. The
nanoparticles were precipitated with ethanol andectdd by a NdFeB magnet. After
decantation of the supernatant, the nanopartickse Wwnmediately redispersed and stored in

toluene.

Synthesis of ATRP initiator functionalized maghemie nanoparticles
FexOs@BIBDA). First, 500 mg of the oleic acid stabilized maghemitanoparticles
dispersed in toluene were precipitated in ethandl @edispersed in THF. This purification

process was repeated three times before redispers@mmL THF followed by addition of
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250 mg dopamine initiator (2-bromoisobutyryl dopden(BIBDA)), which corresponds to a
initiator/NP ratio of approx. 3000/1. The mixtur@asvshaken for 3 days at room temperature
to allow for an efficient ligand exchange. Subsetlye the particles were precipitated in
methanol to remove the excess of non-bound initiamak dialyzed further against anisole for
4 days, the solvent applied for ATRP of DMAEMA.

Synthesis of PDMAEMA grafted maghemite nanoparticle (Fe2Oz@PDMAEMA).

A 250 mL screw cap glass equipped with a septum et@sged with 500 mg BIBDA-
functionalized nanoparticles dispersed in 150 misa@a, 100 mL DMAEMA (93.3 g, 594
mmol) and 82 mg CuCl (0.83 mmol). The mixture wasgpd with nitrogen for 30 min
before adding 0.23 mL degassed HMTETA (0.19 g, @8ol) dissolved in 2 mL anisole.
The reaction mixture was heated to 60 °C for 4After cooling down to room temperature
the reaction was terminated by exposing the mixtarair under stirring for 10 min. The
crude product was purified by passing it througdiliaa column to remove the copper catalyst.
Subsequently, the grafted NP’s were precipitatectrexane, redissolved in 1,4-dioxane and
freeze-dried. Finally, non-grafted PDMAEMA chainene removed by temperature-induced

precipitation.

Temperature-induced precipitation. 200 mg of the grafted particles were dissolveddn 2
mL of a boric acid based buffer solution (pH 10hisTsolution was heated until the particles
started to precipitatd¢r » 25 °C). The supernatant was decanted and theleartvere again
dissolved in 20 mL of fresh buffer solution. Thismperature-induced precipitation was
performed 3 times. The particles were finally délgt against deionized water and stored as

aqueous dispersion.

Cleavage of PDMAEMA from grafted gFexOs nanoparticles. To characterize the
grafted PDMAEMA chains, thgFeO:@PDMAEMA nanoparticles were dispersed in 3 M
hydrochloric acid which causes the hydrolysis of tton oxide cores. Subsequently, the
resulting yellow solution was dialyzed for 3 daymist deionized water to neutral pH. The
detached polymer chains were characterized by DISEC- using a PDMAEMA calibration,
which revealed a number average molecular weigM(®DMAEMA) = 93.000 g/mol and a
PDI of 1.22.

Characterization. Asymmetric Flow Field-Flow Fractionation (AF-FF®)as performed
on a Wyatt Technology Eclipse 2 separation systquipped with an Rl detector. The flow
channel was equipped with a 30 kDa regeneratedlasdi membrane and a 48t thickness
spacer. Degassed and filtered deionized water icomgaNaNG (25 mM) and Nahl (200
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ppm) was used as the carrier solvent. The flowilerefas 1 min of an initial focusing step,
20 uL sample injection into the flow channel over 2 nfwilowed by a sample focusing step
of 5 min. The volumetric channel flow rate was &el.5 mL/min and the constant cross-flow

rate at 0.4 mL/min for 90 minutes. The sample catra¢éion was 1 g/L.

The detachment of PDMAEMA chains fromFeO:@PDMAEMA nanoparticles with
time was monitored by evaluating the heidi(t), of the AF-FFF elution peak corresponding
to non-bound PDMAEMA chains & = 15 ml. The height of the RI signal is proporabto
the mass of PDMAEMA and is thus taken as a qudivitaneasure for the amount of
detached PDMAEMA chains. For that purpose, a fseghirified gFexOs@PDMAEMA
sample bearing 51 PDMAEMAo chains per particlegFeO:@(PDMAEMAsgq)s1, was
measured directly after purificatioma temperature-induced precipitation and after siifag
certain time intervals in agueous dispersion. Asfarence the peak heigh{0), the signal of
the cleaved-off PDMAEMA chains, obtained by acitydrolysis of the particles, was used.
Due to the identical concentrations of the appkadnples the signal height(0), of the
cleaved-off PDMAEMA was corrected with respectlie PDMAEMA content of the grafted
nanoparticles of 72.5 wt% (determined by TGA). Thihe corrected reference peak height,
h(0), corresponds to the maximum amount of free ipelychains that can be present in the
hybrid nanoparticle dispersion. Consequently, it h(t)/h(0) was followed in dependence
of time to study the kinetics of the detachmengraffted PDMAEMA chains.

Size Exclusion Chromatography (SE®as performed on a system based on GRAM
columns (7 m particle diameter) with f0and 18 A pore diameter (Polymer Standards
Service) equipped with a RI- and UV-detector frongilént 1200 Series. N,N-
Dimethylacetamide (DMAc) with 0.05% lithium bromiades used as eluent at a flow rate of
0.8 mL/min. The measurements were conducted aiO6(For data evaluation a calibration

with linear PDMAEMA standards was applied.

Fourier Transform Infrared SpectroscofyT-IR) was carried out on a Spectrum 100 FT-
IR spectrometer (Perkin Elmer) using an U-ATR ufile measurements were performed by
placing the dried samples directly on top of th&TR unit.

Vibrating Sample Magnetomet(y'SM): Magnetization curves at room temperature were
recorded with an Lake Shore Vibrating Sample Magmeter Model 7404 applying field
strengths up to 1.4 T. Samples were measured ladsEaI-F vessels, placed on a fiber glass

sample holder between two poles of an electromagnetvibrated at a frequency of 82 Hz.
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Transmission Electron Microscop¢TEM) images were taken with a Zeiss EM922
OMEGA (EFTEM) electron microscope. Samples wergared by placing one drop of the
solution onto carbon-coated copper grids. Afterwatte remaining solvent was removed by
blotting with a filter paper. Examinations were reaal out at room temperature. Zero-loss
filtered images (DE = 0 eV) were taken at an acaélgg voltage of 200 kV. All images were
registered digitally by a bottom mounted CCD camsyatem (Ultrascan 1000, Gatan),
combined and processed with a digital imaging psicg system (Gatan Digital Micrograph
Suite GMS 1.8). The hydrophilization of the TEMdgiwas performed for 30 s under air
utilizing a Solarius 950 Advance Plasma System ftaatan.

Dynamic Light ScatteringDLS)was carried out on an ALV DLS/SLS-SP 5022F compact
goniometer system with an ALV 5000/E correlator @anéie-Ne laser (= 632.8 nm). The
measurement was performed for 30 min at a scaftamgle of 90°. The sample (c = 0.5 g/L)
was filtrated through a 0,2m PTFE-filter prior to the measurement. The dateevemalyzed
using the CONTIN algorithm which yields an integsiteighted distribution of relaxation
times {) after an inverse Laplace transformation of thensity auto-correlation function.
These relaxation times were transformed into tediwsial diffusion coefficients and further

into hydrodynamic radii using the Stokes-Einstejnation.

lon Chromatographywas performed to determine the bromine contenthef ATRP
initiator functionalized particlesg{FeOs@BIBDA) utilizing a micro combustion/absorption
equipment (self-construction of Mikroanalytischebba Pascher, Remagen/Germany) and an
ion chromatograph consisting of a Metrohm IC 10@, O;-suppressor and a conductivity
detector. The samples were decomposed under 0x3ig&A50 °C and the resulting gases

were absorbed in 5% aqueougddsolution.

Thermogravimetric Analysis (TGA)easurements were carried out using a Mettler Toledo
TGA/SDTA 85 at a heating rate of 10 K/min betwe@naBd 1000 °C under an air-flow of 60
mL/min. The typical sample weight was between 8 Ahdng. For determining the grafting
densities, graft, Of the functionalized maghemite nanoparticleswiegght loss determined by

TGA was used to calculate the amount of molecuéespt according to eq. 1:

rgraft :Drn—/'vl)d\lA' (1)
QA
Q=(m,-Dm)/ me, 2
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wheremy, m and myp correspond to the initial sample weight, the weighthe grafted
molecules or polymer determined by TGA, and thesmds single nanoparticle, respectively.
M is the molecular weight of BIBDA ok, of the grafted polymeNa is the Avogadro’s
number andAnp corresponds to the surface of one nanoparticletti®calculation the NP’s
were assumed to be monodisperse in size with aisphehape and an average diameter of
9.9 nm as determined by TEM. This results in amraye surface area 8fp = 307.9 nm?2 and
an average NP volume dp= 508.1 nm for a single iron oxide nanoparticle. The masa of
single NP (e = 2.51018 g) was obtained by considering the density of neagte ¢ = 4.9

g/cm?3)58

Energy Dispersive X-Ray SpectroscqidDX) was performed on a Leo 1530 Gemini
instrument equipped with a field emission cathodel aa X-ray detector. The used
acceleration voltage was between 0.5 kV and 3.0HdY .preparation, the purified sample was

drop-coated onto a silicon wafer and dried.

X-Ray Powder Diffraction (XRDnheasurements were performed on a X'Pert Pro Powder
diffractometer from PANalytical (Gu radiation, 40 kV, 40 mA). For detection a X'Celena
Scientific RTMS detection unit was used. The disadhples were pestled and measured for
24 h.

Turbidity Measurementsere performed using a titrator (Titrando 809, Mhktn, Herisau,
Switzerland) equipped with a turbidity probe € 523 nm, Spectrosense, Metrohm) and a
temperature sensor (Pt 1000, Metrohm). The temmergirogram (1 K/min) was run by a
thermostat (LAUDA RE 306 and Wintherm_Plus softyaraising a home-made
thermostatable vessel. The cloud points were daétednfrom the intersection of the two

tangents applied to the two linear regimes of taegmittance curve at the onset of turbidity.

Cell Transfection Experiments. Mammalian Cell Lines and Culture ConditioriEhe
CHO-K1 (CCL-61, ATCC) and L929 (CCL-1, ATCC) ceilhés were used in the transfection
and cytotoxicity experiments, respectively. Thel deles were maintained in RPMI 1640
(CHO-K1) and MEM (L929) cell culture media supplarted with 10% fetal calf serum
(FCS), 100pg/mL streptomycin, 100 IU/mL penicillin, and 2 - M L-glutamine (as
recommended by ATCC). Cells were cultivated at@7rf a humidified 5% C@atmosphere.

Transfection.For transfection, the CHO-K1 cells were seeded aeasity of 2 x 19
cells/well in 6-well plates 20 h prior transfectio®ne hour prior transfection, cells were
rinsed with DPBS and supplemented with 2 mL OptiMENDNA/polymer polyplexes were
prepared by mixing Bg pDNA with the indicated amounts of the respecpeé/cation stock
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solution to achieve the desired N/P ratio in alfw@ume of 200uL of aqueous 150 mM
NaCl solution. Solutions were vortexed for 10 sex ancubated for 20 min at room
temperature to allow polyplex formation. The pogspkuspension (2Q0L) was added to the
cells and the plates were centrifuged for 5 mi2@2 g and placed for 4 h in the incubator.
Afterwards, the medium was removed by aspiratioml2 of fresh growth medium were
added, and the cells were further cultivated foh26or analysis, the cells were harvested by
trypsinization and resuspended in DPBS. Dead eedi® identifiedvia counterstaining with
propidium iodide. The relative expression of EGHRorfescence of 1 x fOcells was
quantifiedvia flow cytometry using a Cytomics FC 500 (Beckman [@Ba). Group data are

reported as means.d.

MTT Assay. The cytotoxicity of g-FexOs@(PDMAEMAsg)s6 hybrid NP’s was tested
using L929 murine fibroblasts according to the nd8® 10993-%° using 1 mg/mL MTT-
stock solution. As non-complexed polymers are aereid to be more toxic than the
polyplexes, the harsher conditions were tested gptyang the hybrid NP’s dilutions in a
concentration range from 0.001 mg/mL to 5.0 mg/mB6-well plates. The cells were seeded
at a density of 1 x TGcells per well 24 h prior to the experiment. AD¥viability control,
untreated cells were used. For each dilution fepplicates were used. After dissolving the
metabolically formed formazan crystals in isoproglathe absorbance was measured using a
plate reader (Genios Pro, Tecan) at a wavelengg80fnm. For data evaluation, Origin 6.1
(OriginLab Corporation) software was used, the alsavas plotted logarithmically and a
nonlinear fit was run to obtain the lethal dose(BDso) values. Group data are reported as

meant s.d.

Magnetic Separation of Cells.CHO-K1 cells were transfected at N/P 10 as desdribe
above. 24 h after transfection, the cells were ésted by trypsinization and transferred into
PS cuvettes (VWR). The cuvette was then placedenvicinity of the magnet in the cell
culture incubator. After overnight incubation clagethe magnet, cells were washed, fixed
and stained with Hoechst 33258(@/mL). Cells growing on side A (wall of the cuvettext
to the magnet) and B (wall of the cuvette on thpasite site of the magnet) were analyzed by

epifluorescence microscopy (Olympus, BX51TF, Hangb@ermany).
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3.4. Results and Discussion

ATRP initiator-functionalized maghemite NP’'s (g-Fe2Os@BIBDA). The maghemitegf
Fe0O3) nanoparticles used in this study were synthesmedthermal decomposition of
Fe(CO} and exhibit a well-defined size and narrow sizetribution as revealed by
transmission electron microscopy (TEM) and dynafigbt scattering (DLS) (Supporting
Information, Figures S1, S2). TEM image analysi¥ega number-average diameter of
9.9+ 1.8 nm (average over 300 particles). Thehslighigher z-averaged hydrodynamic
diameter of 13.2 + 1.2 nm observed by DLS can tréated to the oleic acid coating of the
maghemite nanoparticles. Because of the significdmiver electron density of the oleic acid
shell with respect to that of the iron oxide namtipke, it is not visible in TEM and thus does
not contribute to the measured nanoparticles” sz maghemite modification of the
synthesized iron oxide nanoparticles was provempdwyder diffraction analysis (Supporting

Information, Figure S3).

The maghemite NP’s were functionalized with a dop@abased ATRP initiator, 2-
bromoisobutyryl dopamide (BIBDA), by ligand exchangeaction in THF (Scheme 1). The
composition of the nanoparticles” surface aftercfiomalization was investigated by energy
dispersive X-ray spectroscopy (EDX). The EDX spatirshows the characteristic signal for
bromine at around 1.5 keV indicating a successfisaicament of BIBDA onto the surface
(Supporting Information, Figure S4). The comparisdrthe FT-IR spectra of the BIBDA-
functionalized NP’s ¢FeOs@BIBDA) with the spectra of oleic acid stabilizedPN (@
FeOs@Oleic acid), pure oleic acid, and pure BIBDA clgaconfirms a successful
functionalization (Figure 1). In case ofFeO:;@Oleic acid, the characteristic stretching
vibrations of the aliphatic CHand CH groups at 2900-2800 chand of the carbonyl group
at 1700 crt of oleic acid are observed. After ligand exchamgga BIBDA the maghemite
nanoparticles show the specific dopamine bands 730-3100 crt and 1650 cm,
corresponding to hydroxyl/amide (-O-H; N-H) and dmil (C=0) bonds, respectively. The
pronounced stretching vibrations of the aliphatid,@nd CH groups at 2900-2800 ctrand
the small shoulder at 1700 dn{carbonyl, C=0) in the IR spectrum gfFe&O;@BIBDA
indicate that the surface is still covered by remmay oleic acid,. e, only a partial ligand
exchange of the oleic acid with BIBDA occurredislinoted, that the bands of the molecules
attached to the surface of the NP’s and espedatlyhe binding groups are slightly shifted

compared to the pure substances.
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Figure 1. FT-IR spectra of pure BIBDA (a), oleic acid sta®d nanoparticles FT-IR spectra
of pure BIBDA (a), oleic acid stabilized nanopdesgFeO:@Oleic acid (b), pure oleic acid
(c) and BIBDA-functionalized nanoparticlgs-eO:@BIBDA (d).

Further investigations to quantify the amount oBBA on the surface of the NP’s were
performed by thermogravimetric analysis (TGA). lasvfound that pure BIBDA shows
complete degradation at much higher temperaturespaced to oleic acid and exhibits a
characteristic degradation step at temperaturegeadd0 °C, which corresponds to 40% of
the total mass loss (Supporting Information, Fig@%). This characteristic degradation
beyond 440 °C can also be observed for the BIBDAcfiwnalized NP’s as revealed by
comparing the TGA traces @fFeOs@Oleic acid andyrFeO:@BIBDA (Figure 2). Thus,
this specific weight loss can be used to calculaeneight fraction of the attached BIBDA to
5.7 wt%. This in turn allows to calculate the grajt density according to the procedure
described in the Experimental Part, resulting iprap. 350 initiator molecules/nanopatrticle.
It is noted that the calculated weight fractionBIBDA is not consistent with the observed
weight loss by TGA, which gives an almost threefbigher weight loss of 16.5%. This
indicates that just a partial ligand exchange tplaice and a certain fraction of oleic acid is
still remaining on the surface as already obsetwe&T-IR. We did not evaluate the amount
of remaining oleic acid as polar impurities migimdto the nanoparticles’ surface, too, and
thus would result in an overestimation of the ola@d content. In addition, the grafting
density was determined from the bromine content 203 wt% measured by ion

chromatography. The calculated BIBDA content of 819 corresponds to a grafting density
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of ca. 480 initiator molecules/particle. Both reéswdre in good agreement within the limit of
experimental accuracy achieving an average graftdensity of ca. 415 initiator

molecules/patrticle.

Figure 2. (A) Comparison of the TGA traces of ajFeOs@Oleic acid and b)g
FeO:@BIBDA. (B) TGA trace ofgFeO3@(PDMAEMAsg)4s.

PDMAEMA-grafted NP’s (gFe2Os@PDMAEMA). The BIBDA-functionalized particles
were further used for the surface-initiated ATRP 2efdimethylamino)ethyl methacrylate
(DMAEMA) in anisole. Asymmetric flow field-flow frationation (AF-FFF) was utilized to
characterize the crude product obtained after pehzation. In this method low molecular
weight fractions elute first. Thus, non-bound PDMWE chains are expected to elute at
lower elution volumes compared to the PDMAEMA gedftnanoparticles. In Figure 3A the
eluograms of the as prepared grafted nanopartigleeOs@PDMAEMA) and the cleaved-
off PDMAEMA chains, obtained by acidic hydrolysiétbe iron oxide cores, are shown. The
grafted nanoparticles show a strong peak a&=\V15 ml, which corresponds to non-bound
PDMAEMA chains as the elution volume is identical that observed for the cleaved-off
PDMAEMA chains. Besides, there is no distinct Ringl detectable for the grafted NP’s
indicating a large amount of non-bound PDMAEMA cisapresent in the crude product.
Consequently, the resulting PDMAEMA grafted NP’'srev@urified by temperature-induced
precipitation in order to remove non-bound PDMAEMHKis method takes advantage of the
significantly lower cloud point of thgFeOz@PDMAEMA NP’s at high pH with respect to
that of non-bound PDMAEMA (see discussion on Figbiteelow). The AF-FFF eluogram of
the sample directly after purification shows only msignificant amount of non-bound
polymer (Figure 3A), which allows the determinatiminthe initial grafting density right after
purification. For an evaluation of the grafting density by TGhAe tmolecular weight of the
grafted PDMAEMA chains was determined by cleavihg thains from the iron oxide core
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via hydrolysis with hydrochloric acid and subsequenECS analysis, vyielding
Mn(PDMAEMA) = 93.000 g/mol (PDI = 1.22). The TGA tmacof the purified g
FeOs@PDMAEMA NP’s shows an increased weight loss ofutlf.8 % compared to the
NP’s just carrying the ATRP initiator, indicatingpet successful grafting of PDMAEMA
(Figure 2B). By utilizing eq. 1, the resulting grag density for the PDMAEMA chains
tethered to the surface of the NP’s is ca. 46 chawer particle (0.15 chains/nm?).
Consequently, the hybrid nanoparticles are denategFeO:@(PDMAEMAsq)46, Where
the first index corresponds to the number averaggre® of polymerization of the
PDMAEMA chains.

Figure 3. (A) Comparison of AF-FFF eluograms (RI signal= 1 g/L) of the cleaved-off
PDMAEMA chains,gFeOs@PDMAEMA crude product, ang-FeOs:@(PDMAEMAsg)s1
at various times after purification (eluent: deimd water containing 25 mM NaN@nd 200
ppm NaN).(B) Kinetics of the detachment of PDMAEMA chains.

Stability of gFe2Os@PDMAEMA. An AF-FFF study was performed to investigate the
stability of the grafted particles. Although therpdes are highly stable and well dispersed in
aqueous media for months a slow detachment ofdpardine anchoring group was observed.
The extent of this effect was investigated by meagu a sample ¢
FeO:@(PDMAEMAsgo)s1) right after purificationvia temperature-induced precipitation and
further upon storage over several weeks. The AF-&Eégram of the sample measured 1 day
after purification shows only an insignificant ammbuof non-bound polymer. However,
measurements performed afterwards reveal an ireredsthe fraction of non-bound
PDMAEMA chains with time and thus, a decrease ef gnafting density (Figure 3A). The
kinetics of the chain detachment were followed bgleating the height(t), of the elution
peak atVe = 15 ml (RI signal) corresponding to non-bound PEBMA chains. As a
reference, the peak heighit(0), for the sample containing the respective aeaoff
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PDMAEMA chains, only, was used. It is noted, thihineeasurements were normalized with
respect to the PDMAEMA content. Thus, the rdt{)/h(0) gives a quantitative measure for
the fraction of detached PDMAEMA chains in depergdenn time (Figure 3B). A detailed
description of the applied procedure can be fountheé Experimental Section. The kinetics of
this process indicates a fast detachment of polyechams at the beginning which is already
decreasing within the first week and is even maeuced after several weeks. A near-
equilibrium state is observed after ca. 110 daggcating that ca. 40% of the initially grafted
PDMAEMA chains remain on the particles. During ttime a decrease in particle size takes
place as revealed by the progressively decreasinigre volume of the grafted particles. The
broad distributions observed for the samples shatier purification are caused by small

aggregates, which completely dissolve after onekwee

These results are in accordance with the work ofmRelt and co-workers who
investigated in detail the stability of dopaminebasding unit’® " Their studies were based
on magnetite nanoparticles modifieth the grafting-to approach using various dopamine
derivatives and end-functionalized poly(ethylengcgl)s. Similar to our results a reversible

attachment was found for non-functionalized dopamin

Despite the reversible binding and the presendeeef PDMAEMA chains the polymer-
grafted nanoparticles show excellent stability asaubility in aqueous media without
agglomerationg-FeO:@(PDMAEMAsq)46 can be stored in deionized water (concentration
range 2 — 5 g/L) over time periods of more thandhths without precipitation. In addition,
the long-term stability in buffer solutions was tes for pH 8 - 10. The
gFe0:@(PDMAEMAsg)ss solutions ¢ = 0.5 g/L) were kept for more than 6 months a€3 °
showing no sign of precipitation and the correspogdr EM micrographs show only well

dispersed hybrid NP’s (Supporting Information, Fey$6).

pH- and Temperature-Responsive AgglomerationDue to the partial detachment of the
PDMAEMA chains with time we used freshly purified®d bearing 53 PDMAEMAgo arms
(0FeOs@(PDMAEMAsq)s3) to investigate the dual-responsive behawi@ turbidimetry
(Figure 4). The coil-to-globule transitions at tbleud point of the grafted particles were
sharp and strongly dependent on pH. At pH 7, thIREMA chains are partially protonated
(PKa » 6.2) resulting in good solubility in water with a cloymbint as high as 80 °C. By
increasing the pH the PDMAEMA becomes progressiless charged. Consequently, the
cloud point decreases to 28 °C at pH 10. These red$ens are similar to those for
PDMAEMA stars
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Figure 4. Turbidity measurements @fFe0:@(PDMAEMAsq)s3 (€ = 0.1 g/L) at different
pH:pH10( ),pH9(),pH8( ),and pH 7 ().

In addition, the solution properties of the cleawddlinear PDMAEMAsg chains were
also analyzed. Since there is a strong influencth@fmolecular weight on the cloud point
especially at high pA: the cloud point of the PDMAEMA-grafted NP’s (hagia ca. 50-fold
molecular weight) is supposed to be lower than tfiahe corresponding cleaved-off arms.
This is indeed observed (Figure5). Whereas theudclopoints of the ¢
FeOs@(PDMAEMAsg)sz hybrid star and those of a 24-arm PDMAEMA star
((PDMAEMA240)24) are very close, those of the free arms are higeabout 5 K at pH 10.
The reversibility of the temperature induced aggtamtion was demonstrated by dispersing
the hybrid stars in pH 9 buffer solution (c = 1 gilcp » 33 °C) and heating above the cloud
point up to 45 °C. After 10 cycles of precipitatiand redispersion the particles stay still well

dispersed in agueous media.
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Figure 5. Cloud points in dependence on pH for 0.1 g/L sohg of cleaved PDMAEMAgo
( ), 3Fe0s@(PDMAEMAsgg)s3 (), and (PDMAEMAu0)24 stars ( )*.

Magnetic Properties. Due to steric and electrostatic repulsion of thegl® DMAEMA
chains Mn(arm) = 93.000 g/mol) preventing agglomerationisiimpossible to separate the
grafted NP’s just by applying a magnet. Even byhwgsitrong NdFeB magnetsl(= 1.2 T)
the grafted particles stay well-dispersed in solutiThis highly stable suspension of the
particles causes a motion of the entire liquidirection of the magnet (Figure 6A). However,
above the cloud point only the agglomerated hybiftls are attracted by the magnet (Figure
6B). Consequently, for collecting the NP’s by appdya magnet they have at first to be
precipitatede.g.by heating above the cloud point.

Magnetization measurements carried @atvibrating sample magnetometry (VSM) prove
the superparamagnetic behavior of the unmodifiedighes and gFeOs@PDMAEMA
(Figure 6C). The normalized graphs of both pure grafted particles show the typical
symmetrical sigmoidal shape without hysteresisaating that magnetic redistribution takes
placevia internal (Néel) relaxation. No significant diffeiee between the two samples can be

observed.
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Figure 6. Aqueousy-FeOz@PDMAEMA dispersion (50 g/L, pH 10 buffer, cloudipoTcp »
27 °C) under influence of a NdFeB magnet below &y above the cloud point (B). C)
Normalized  magnetization curves of gFeO:@0leic acid ( ) and
gFe03;@(PDMAEMAsg)46 ().

Utilization of g-Fe2O3@(PDMAEMA s90)4s hybrid NP’s for gene delivery. Cytotoxicity.
Toxicity is a major issue for non-viral deliverydha rough correlation between toxicity and
transfection efficiency has been described in tast for many non-viral delivery agerifs.
For estimation, MTT assays were performed to evaltlze metabolic activity of L929 cells
exposed togFeOs@(PDMAEMAsg)4s hybrid particles and PEI homopolymer under
conditions mimicking transfection conditions. Inisthcontext, the investigation of the
damaging effects of the free, non-bound PDMAEMAIiokaeflects a worst case settirgg.
FeO:@(PDMAEMAsgg)46 NP’s affected the metabolic activity in a concatiem dependent
manner when it was added in the concentration r@nge5 mg/mL to the cells. Under these
conditions, the Lky for cells treated with the polycations are 0€8€90.003 mg/mL ¢
FeO:@(PDMAEMAsg)46) and 0.06x 0.004 mg/mL (PEI). These concentration ranges are
more than 10-fold above the concentrations utiliZed subsequent transfection assays
performed at a N/P ratio of 10 to 20. Hence, intast to the commonly accepted opinion
that cytotoxicity increases as a function of thelypation molecular weight, they
FeOs@(PDMAEMAsg)ss hybrid NP’s have clearly a less detrimental effext cell

metabolism despite a molecular weight almost 16@{iegher than the used PEI's.

Transfection.The efficiency of thegFeO:@(PDMAEMAsqg)4s hybrid NP’s as potential
transfection reagents was explored under standandlittons in CHO-K1 cells and the
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transfection efficiency was compared to the gothdard PEI. A qualitative analysis of the
transfected cells by epifluorescence microscopyeatd that after transfection with
gFeOs@(PDMAEMAsg)4s a higher number of EGFP-expressing cells (showingemy

fluorescence) is seen than for PEI transfectiogufé 7).

Figure 7. CHO-K1 cells transfected with the indicated polysmand pH2B-EGFP (green) at
N/P ratio of 10 in 150 mM NaCl. After transfectiorlls were washed, fixed, and nuclei are
counterstained with Hoechst 33528 (blue). A) PBIgBe0:@ (PDMAEMAsg)4s.

Additionally, a quantitative analysis was perfornisdflow cytometry. The results showed
that thegFeO:@(PDMAEMAsg)46 led to a high transfection efficiency dependingtba
N/P ratio and performed best at N/P = 10 - 20 aitaraged transfection efficiencies between
53.5%+ 12.4% and 61.4 6.6%. Corresponding experiments with PEI led asihto 27.6t
11.2% transfected cells in accordance to data i elsewher®. In all cases, the cell
viability was above 75% as measured by counteis@ithe dead cells with propidium
iodide. It is noted that even a 3 months agéte:Os@(PDMAEMAseg)4s Sample shows no

significant decrease of the transfection efficienoynpared to a freshly purified one.

Magnetic separation of transfected celBespite their superparamagnetic properties in
solution, the freerFe0:@(PDMAEMAsg)46 hybrid NP’s cannot be separated with a strong
permanent magnet (Figure 6A). In a preliminary stigation, we were able to show that a
separation with a magnetic field is feasible aftetyplex formation,i.e., interaction ofg-
FeO:@(PDMAEMAsgg)ss with plasmid DNA. Taking this into considerationye
hypothesized that cells transfected withe,Os@ (PDMAEMAsg0)46/pPDNA polyplexes might
acquire magnetic properties. To verify this hypstege CHO-K1 cells were transfected,
harvested after 24 h and then incubated overniglthé vicinity of a magnet (Figure 8A).
Analysis of the cells localization by epifluorescemmicroscopy showed that most of the cells,
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transfected witlyFeO3:@(PDMAEMAsg0)46, Segregated on the wall of the cuvette facing the
magnet and thus displayed magnetic properties (E&g8B, 8C). By comparison, most of the
cells transfected with PEI were found to sedimeértha bottom of the cuvette. Experimental
conditions allowing the magnetic isolation of triatsed cells and their further cultivation are

currently under investigation.

Figure 8. Magnetic separation of cells transfected withexOz@ (PDMAEMAsg0)46/pDNA
polyplexes. Separation scheme (A). Fluorescenceostopy pictures of the cells grown on
the wall facing the magnet (B) or on the oppositd WC). The nuclei were counterstained
with Hoechst 33258.

3.5. Conclusions

We successfully synthesized dual-responsive magnare-shell nanoparticles using a
dopamine-functionalized ATRP initiator. The PDMAEMAhains grafted from the
maghemite nanoparticles” surface provide high ktalnm aqueous media over more than six
months, even though a slow detachment of the dapamranchor and thus of the grafted
PDMAEMA chains was observed. The hybrid nanopatichre able to undergo reversible
pH-dependent temperature-induced agglomerationeitlesless, a different approach needs
to be developed, which enables a permanent covateathment of the polymer chains onto

the nanoparticles’ surface, especially with respedtiotechnological applications.

Despite the reversible binding of the PDMAEMA claiour present approach already
provides magnetic core-shell nanoparticles of sigfit solubility and stability in aqueous
media. In addition, since PDMAEMA forms polyeledytte complexes with pDNA these
nanoparticles can be utilized for biotechnologiegblications. Notably, the hybrid NP’s
described in this contribution might help solvimgptmajor problems of cell line development
for production of recombinant proteins in animadls;e.e., efficient delivery of plasmid DNA
into the cells and thereafter selection of thedfacted cells. In particular, compared to PEI,
which is regarded as one of the best commercialgylable standard polycationic polymers

for non-viral gene transfer, the investigateBeO:@ (PDMAEMAsgg)46 NP’s offer the great
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advantage to combine a high transfection capalditjmost twofold higher than PEI) with a
low in vitro cytotoxicity and should be considered as a goodiicate for delivery of plasmid
DNA. Most importantly, as opposed to most applmasi of magnetic nanopatrticles for gene
delivery (as reviewed by Kami et B), the improved efficiency in transfections with
FeOs@(PDMAEMAsq)ss NP’s does not rely on the application of a magnégld (.e.,
Magnetofectiof).”® Furthermore, this contribution is, to the besbof knowledge, the first
one describing the magnetic isolation of animalsceithout using specific ligands or surface
receptors i(e.,, magnetic particles linked to specific antibodiesaking advantage of the
magnetic properties of thgFeOs@PDMAEMA/pDNA polyplexes, these NP’s provide a
tool that allows the identification/isolation oflisecontaining polyplexes and thus the removal
of non-transfected cells. Magnetic cell sortingrahsfected cells in turn would also enable a
recoveryl/identification of the magnetic polyplexteapped inside the cells, which possibly
helps investigating the mechanism of transfectibherefore, thegFeO:@PDMAEMA
hybrid NP’s might become a useful tool to accekethe development of production cell lines

for the biopharmaceutical industry.
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3.7. Supporting Information

Figure S1. TEM micrograph of oleic acid stabilizedFeOs nanoparticles, (FexOs@oleic
acid). The sample was prepared by drop-coatinduane dispersion of the nanoparticles<(
0.1 g/L) on a carbon-coated copper grid.

1 10 100
R, [nm]

Figure S2.Hydrodynamic radii distribution of-FexOz@oleic acid in toluene obtained from
DLS data applying the CONTIN algorithra € 0.5 g/L, =90°).
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Figure S3.XRD pattern of -FeOs@oleic acid.
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Figure S4.EDX spectrum of -FeOz;@BIBDA initiator showing the characteristic sigriat
bromine at 1.5 keV. Because of the high carbon @xen content and hence, the high
signal intensity for both elements, the signalrtrogen with its signal at values < 0.5 keV is

completely covered.
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Figure S5.TGA trace of pure dopamine based ATRP initiatdB(BA).
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Figure S6.TEM micrographs of -FeOs@ (PDMAEMAsg)4s in pH 8 buffer solution (A), pH

9 buffer solution (B) and pH 10 buffer solution (@epared by drop-coating from water<
0.5 g/L) on a hydrophilized carbon-coated coppead gfter more than 6 month storage at
3 °C. D) The photographs gfFeO:@(PDMAEMAsy)4s dispersions in different buffer
solutions (pH 8 — 10) taken after 6 month storagendt show any sign of nanoparticle

agglomeration or precipitation.
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4.1. Abstract

Monodisperse, magnetic nanoparticles as vectors geme delivery were successfully
synthesized via the grafting-from approach. First, oleic acid dtabd maghemite
nanoparticles gFe03) were encapsulated with silica utilizing a reversé&roemulsion
process with simultaneous functionalization witlitiating sites for atom transfer radical
polymerization (ATRP). Polymerization of 2-(dimethmino)ethyl methacrylate
(DMAEMA) from the core-shelhanoparticles led to core-shell-corona hybrid namntges
(rFeOs@silica@PDMAEMA) with an average grafting densifty9d polymer chains of DP

= 540 (PDMAEMAs40) per particle. The permanent attachment of thesanas verified by
field-flow fractionation. The dual-responsive belmavpH and temperature) was confirmed
by dynamic light scattering (DLS) and turbidity saeements. The interaction of thgorid
nanoparticles with plasmid DNA at various N/P rat{polymer nitrogen / DNA phosphorous)
was investigated by DLS and zeta-potential measemnésn indicating that for N/P 7.5 the
complexes bear a positive net charge and do nagrgondsecondary aggregation. The hybrids
were tested as transfection agents under standarditions in CHO-K1 and L929 cells,
revealing transfection efficiencies > 50 % and loytotoxicity at N/P ratios of 10 and 15,
respectively. Due to the magnetic properties offtilerid gene vector it is possible to collect
most of the cells that have incorporated a sufficeEmount of magnetic material by using a
magnetic activated cell sorting system (MAGPS Afterwards cells were further cultivated

and displayed a transfection efficiency of ca. 6@gether with a high viability.
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4.2. Introduction

The combination of biotechnology and polymer cheémisoffers great potential for
optimizing and developing new gene vectors. Esfigciaon-viral gene delivery using
polycationic systems represents an interestingsclafsgene vectors due to their facile
synthesis and the possibility to tailor their fuooglity and architecturt? Besides other
established materials for gene delivery, such dgepoyleneimine (PEI), chitosan, poly(L-
lysine) or even dendrimers, methacrylate-based gemetors, such as poly(2-
(dimethylamino)ethyl methacrylate (PDMAEMA), shovgh potentiaf Initial studies by the
groups of Hennink and Armes/Stolnik pioneered PDNUEfor in vitro gene transfectioh >

It was found that the transfection efficiency afdar PDMAEMA can be increased by
applying higher molecular weights. However, thisisitaneously increases the cytotoxidty.
Since then a large variety of different systemsedasn PDMAEMA as potential gene
delivery agents were developéd.hereby, the development of a star-like architestias
pioneered by the group of Patrickfo¥, was shown to be a promising candidate showing high
in vitro transfection efficiencies by simultaneously kegpaytotoxicity at a low level!?!3
This concept was confirmed by using micelles aateel star-like structure$.

Magnetic gene vectors allow for additional manipiola by external magnetic fields. They
can be obtained by grafting cationic polymers omnasic nanoparticles (NPs). The synthesis
of magnetic NPs is well-established resulting large variety of different synthesis methods
and elemental compositiofsIn particular, magnetic NPs consisting of maghenjtFeOs)
and magnetite (E®4) have gained considerable attention for biotecirapplications due to
the accepted biocompatibility and synthesis methgdkling monodisperse NPs in large
quantitiest®*® The functionalization of iron oxide NPs is commpmlerformedvia ligand
exchange reactions resulting in a physical attaciinoé the functional molecule, e.g., an
initiator moiety or a polymer. In particular, aminearboxylic acid-, phosphoric acid- or
catechol-functionalized initiators and polymers avell suited and have been frequently
used!®2* Plank and co-workers performed initial studiedizitig the magnetic properties of
nanoparticles for gene delivery (Magnetofection™g aecently reviewed the progress of this
method®> 2 In magnetofection, a magnetic particle carryindypationic chains is loaded
with DNA and a magnetic field is applied to spe@dthie movement of the structures into the
cells, which are grown on a surface and placedprof a magnet. Recently, we synthesized a
star-shaped hybrid polymer based on PDMAEMA-grafjdéeOs NPs by surface-initiated
polymerization from a physically bound dopaminedzhsATRP initiato?® These
superparamagnetic NPs revealed high capabilitelivelr pDNA to mammalian cells without
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applying an external magnetic field. Thus, the @gpte of the transfection leading to the
observed high transfection efficiency is based orstandard polyfection and not on
magnetofection. Preliminary experiments revealed the cells could be even separateda
laboratory magnet after uptake of the magnetic geegor. However, one problem arose: due
to the used dopamine anchor group the polymer shaire only physisorbed to the NP
surface, resulting in a partial detachment of thaftgd chains over week3.2”" 28 Vvarious
approaches can be envisioned for improving thisiabn. For instance, silane end-
functionalized molecules have been applied, which @ble to coordinate to the particle
surface and subsequently undergo a self-condensagaxtion forming a stable polysiloxane
coating around the nanopartiéfe®? Another way is encapsulating the particles by £ros
linking the polymer coron® Alternatively, micelle formation taking advantagef
hydrophobic or electrostatic interactions betweersugable (block) copolymer and the
particles can be applied for trapping the NPs mglie micellar core. However, as a result
poor control over the amount of the captured NRE@msequently, a significant increase of
the micellar core size was obtainéd’ Covering the NPs with a thin silica shell is a sma
and effective route. Several ways for encapsulagingll particles with a silica shell exi$t°
A reverse microemulsion approach was developed efazapsulating single NPs while
controlling simultaneously the thickness of thdcaillayer*!*® Further advantages of this
approach are the biocompatibility of silica and tiral investigated methods for its surface
modification, which in turn offers stable chemidcands between the core and the attached
moleculeg**4°

Here, we describe the synthesis of PDMAEMA-grafideeOz@silica core shell NPs and
their utilization for gene transfection and magoegll separation. The maghemite NPs were
obtainedvia thermal decomposition of Fe(COand encapsulated with a thin silica layer
bearing an ATRP initiator. A subsequent polymera@atof DMAEMA via a grafting-from
approach resulted igrFeOz@silica@PDMAEMA core-shell-corona NPs (Scheme 1.
contrast to our previous wofRkthe PDMAEMA chains are covalently and, thus, peremly
attached to the NP preventing a partial detachnoget time. The hybrid particles were
characterized according to their physical propsytgrafting density and stability. Moreover,
the complexation behavior with plasmid DNA was istigated by determining the zeta
potentials and hydrodynamic radii at different N&os. The hybrid NPs were further tested
as transfection agents for CHO-K1 and L929 celldeurstandard conditions and the magnetic
property of thegxFeOs@silica@PDMAEMA gene vector was used for separatielts after

transfection.
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Scheme 1Synthesis of PDMAEMA grafted core-shell-corona naemticles.

4.3. Experimental Part

Materials. Acetone (p.a. grade, VWRammonium hydroxide (28% inJ®, Sigma-Aldrich),
AVS buffer solution pH 7-10 (TitrinordY', VWR), 2-bromoisobutyryl bromide (98%, Sigma-
Aldrich), chloroplatinic acid (KPtCk, Sigma-Aldrich), cyclohexane (p.a. grade, VWR),
dimethoxyethane 3@9.9%, Acros Organics), 2-(dimethylamino)ethyl nastlylate
(DMAEMA, 99%, Sigma-Aldrich), dioctyl ether (99%,igsna-Aldrich), dichloromethane
(anhydrous, 299.9%, Merck), ethanol (99.8%, VWR), 1,1,4,7,10hEamethyl
triethylenetetramine (HMTETA, 97%, Sigma-Aldricly;hexen-1-ol (98%, Sigma Aldrich),
hydrofluoric acid (HF, 40%, Merck), iron(0) pentdoanyl (99.9%, Sigma-Aldrich), oleic
acid (90%, Fluka), polyoxyethylene(5)nonylphenytattflgepa® CO 520, Sigma-Aldrich),
tetraethylorthosilicate (TEOS, >98%, Acros Orgahi¢oluene (anhydrous, 99.,8%, Sigma-
Aldrich), trichlorosilane (99%, Sigma-Aldrich), éthylamine (99 %, Grussing GmbH) were
used as received. Copper(l) chloride was purifiecbeding to literatur® and the monomers
were destabilized by passing through a basic alumiroxide column. For dialysis a
regenerated cellulose tube (ZelluTrans, Roth) witMWCO of 6-8 kDa was utilized. The
applied NdFeB magnets were purchased at Fehrenkdviggnetsysteme (dimension3: =

25 mm,H = 16 mm (disc)L. = 63 mmW =36 mm,H = 10 mm (block)). The synthesis of the
ATRP initiator 6-(trichlorosilyl)hexyl 2-bromoisolyrate (BIBSI) was performed as
described elsewhefé 3-(4,5-Dimethylthyazolyl-2)-2,5-diphenyl tetrazath bromide (MTT),

was purchased from Sigma-Aldrich. Cell culture mats, media and solutions were from
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PAA Laboratories. Serum reduced medium OptiMEM \rasn Invitrogen. Plasmid DNA
was prepared by using the EndoFree Plasmid Kit {@hagen. Ultrapure deionized water was
used for the preparation of all aqueous solutioms far dialysis. Plasmid pEGFP-N1 (4.7
kbp; Clontech) encoding the enhanced green fluerdsprotein (EGFP) driven by the
cytomegalovirus immediate early promoter was useali transfection experiments. The
plasmid was amplified ife. coli DH5 alpha strain in LB medium to sufficient quaies by
using standard molecular biology techniques, indgdharvesting and purification via
Qiagen’s Giga-Prep kits. Plasmid DNA (pDNA) concatibn and quality were determined
by Azed/A2so ratio and by agarose gel electrophoresis. For etagsorting of the cells, LS

columns and a MidiMACS separator both from Miltenyi Biotec were used.
Synthesis of Hybrid Nanoparticles

Synthesis of Oleic Acid Stabilized Maghemite Nartapes (¢FexOs@oleic acid).The
synthesis of therFe:03 nanoparticles was adapted from our previous patitin?® Briefly,
Fe(CO} was added to a degassed reaction mixture of diettgr and oleic acid at 100 °C
and refluxed for 1.5 h under nitrogen atmospheté tire color of the solution turned black.
The oxidation of the yielded iron nanoparticles g&eOs took place while stirring the
reaction mixture under air at room temperature. mhaoparticles were precipitated with
ethanol and collected by an NdFeB magnet. Afterad&tion of the supernatant, the
nanoparticles were immediately redispersed andedtor toluene. Further purification was
performed by precipitating in ethanol, collectingttwan NdFeB magnet and subsequent
redispersion in cyclohexane. This purification @mex was repeated three times before
redispersing the iron oxide nanoparticles in alfmalohexane stock-solution containing 8

g/L gFeOsz@oleic acid.

Synthesis of Initiator-Functionalized Silica Coatedaghemite Nanoparticles g
Fe:O:@silica@BIBSI). This approach was adapted from Ruhladal*® yielding thinner
silica shells, which are already functionalizedhnéin ATRP initiator in one single reaction
step. The synthesis was typically carried out %0@ mL round-bottom flask charged with 8.2
g lgepaP CO-520 (polyoxyethylene(5)nonylphenyl ether, 18@mol) and 250 mL
cyclohexane. The reaction mixture was treated 10 with ultrasound for dissolving the
IgepaP CO-520. Subsequently, 6.25 mL of t)&eOs@oleic acid stock solution (8 g/L in
cyclohexane) were dispersed followed by the additid 1.43 mL of a 28 % aqueous
ammonia solution to the reaction mixture formingeaerse brownish microemulsion. The

reaction was started by adding 0.36 mL TEOS (1.6othnThe reaction mixture was shaken
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in an incubatic shaker at 100 rpm for 48 h at amtbiemperature. The functionalization was
performed by a subsequent addition of 70L of 2-bromoisobutyryl 6-
(trichlorosilyl)hexanoate (BIBSI, 16 mol% solutiam toluene) and further shaking for 24 h.
After the functionalization step the cyclohexaneswamoved by using a rotary evaporator
and the particles were purified by centrifugationrfemoving the surfactant. For this purpose,
the particles were precipitated with methanol priorthe centrifugation and additionally
rinsed twice with methanol before redispersion ietane. Finally, the functionalized
particles were further purified by dialyzing agdiasetone, the solvent applied for ATRP of
DMAEMA.

Synthesis of PDMAEMA  Grafted Core-Shell-Corona  Nanticles @
FeOs@silica@PDMAEMA)A 250 mL screw cap glass equipped with a septusicharged
with 330 mg ATRP initiator functionalized nanopal#is dispersed in 150 mL acetone, 70 mL
DMAEMA (65.3 g, 415.5 mmol) and 3 mg CuD.03 mmol). The mixture was purged with
nitrogen for 30 min before adding 8 uL degassed HWA (7 mg, 0.03 mmol) dissolved in 2
mL acetone. The reaction mixture was heated to@@of 8 h. After cooling down to room
temperature the reaction was terminated by expasieagnixture to air under stirring for 10
min. The crude product was purified by several eyadf centrifugation with 4000 rpm and
redispersion in methanol to remove the copper ysttaind remaining monomer. The grafted
hybrid particles were finally redispersed and dialy against deionized water. The obtained

stock solution of the hybrid particles in deionizedter € = 1.75 g/L) was stored at 3 °C.

Cleavage of PDMAEMA frongFe:Os@silica@PDMAEMA NanoparticlesThe grafted
PDMAEMA chains were cleaved from the inorganic cdrg adding 8-10 drops of
hydrofluoric acid (3 wt%) to the dispersion gFeOs@silica@PDMAEMA in ca. 5 mL
deionized water (polymer content ca. 5-10 mg). 8qbently, the resulting clear solution was
dialyzed for 3 days against pH 10 water beforezeedrying. The detached polymer chains
were characterized by DMAc-SEC using a PDMAEMA leadtion, which revealed a number
average molecular weight df(PDMAEMA) = 85.000 g/mol and a PDI of 1.36.

Characterization. Asymmetric Flow Field-Flow Fractionation (AF-FFRas performed
on a Wyatt Technology Eclipse 2 separation systquipped with an Rl detector. The flow
channel was equipped with a 30 kDa regeneratedios membrane and a 4@t thickness
spacer. Degassed and filtered deionized water tomgaNaNG (25 mM) and Nahl (200
ppm) was used as the carrier solvent. The flowilerefas 1 min of an initial focusing step,
20 uL sample injection into the flow channel over 2 mimllowed by a sample focusing step
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of 5 min. The volumetric channel flow rate was ae1.5 mL/min and the constant cross-flow
rate at 0.4 mL/min for 90 minutes. The sample catre¢ion was 1 g/L.

Size Exclusion Chromatography (SE®@as performed on a system based on GRAM
columns (7 m particle diameter) with f0and 18 A pore diameter (Polymer Standards
Service) equipped with a RI- and UV-detector fromgil@nt 1200 Series. N,N-
Dimethylacetamide (DMAc) with 0.05% lithium bromides used as eluent at a flow rate of
0.8 mL/min. The measurements were conducted atG6(0~dr data evaluation a calibration

with linear PDMAEMA standards was applied.

Fourier Transform Infrared SpectroscofyT-IR) was carried out on a Spectrum 100 FT-
IR spectrometer (Perkin Elmer) using an U-ATR umite measurements were performed by

placing the dried samples directly on top of th&TR unit.

Vibrating Sample Magnetomet(ySM). Magnetization curves at room temperature were
recorded with an Lake Shore Vibrating Sample Magmeter Model 7404 applying field
strengths up to 1.4 T. Samples were measured iacsE&I-F vessels, placed on a fiber glass

sample holder between two poles of an electromagnetvibrated at a frequency of 82 Hz.

Transmission Electron Microscop¢yTEM) images were taken with a Zeiss EM922
OMEGA (EFTEM) electron microscope. Samples wergared by placing one drop of the
solution onto carbon-coated copper grids. Aftersdtte remaining solvent was removed by
blotting with a filter paper. Zero-loss filtered ages DE = 0 eV) were taken at an
accelerating voltage of 200 kV. All images wereisegred digitally by a bottom mounted
CCD camera system (Ultrascan 1000, Gatan), comlanddorocessed with a digital imaging
processing system (Gatan Digital Micrograph SuitdS51.8). The hydrophilization of the
TEM grids was performed for 30 s under air utilgzia Solarius 950 Advance Plasma System
from Gatan.

Dynamic Light ScatteringDLS)was carried out on an ALV DLS/SLS-SP 5022F compact
goniometer system with an ALV 5000/E correlator andie-Ne laser (= 632.8 nm). The
measurements were performed for 10-30 min (nortgpafparticles) and 120 sec
(PDMAEMA grafted particles), respectively, at a ttseang angle of 90°. The samples
(c =0.1-0.5 g/L) were filtrated through a 0.2 um EFH#ter (non-grafted particles) or 5 pum
Nylon-filter (PDMAEMA grafted particles) prior tdie measurement. The data were analyzed
using the CONTIN algorithm, which yields an intégsieighted distribution of relaxation

times,), after an inverse Laplace transformation of thensity auto-correlation function.
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These relaxation times were transformed into tedtisial diffusion coefficients and further

into hydrodynamic radii using the Stokes-Einstejuation.

Thermogravimetric Analysis (TGAJas carried out using a Mettler Toledo TGA/SDTA 85
at a heating rate of 10 K/min between 30 and 1@@rider an air-flow of 60 mL/min. The
typical sample weight was between 8 and 15 mg.determining the grafting densitieSyar,
of the functionalized maghemite-silica core-shalhoparticles the weight loss determined by

TGA was used to calculate the amount of molecuégsp? according to eq. 1:

_ Dm/ M

it =~ Na 1
rgra QXA\IP ( )

Q=(m,-Dm)/ m,, 2)

wheremy, m and myp correspond to the initial sample weight, the weighthe grafted
molecules or polymer determined by TGA, and thesmds single nanoparticle, respectively.
M is the molecular weight of BIBSI (384.6 g/mol) Mdr of the grafted polymer (85 kg/mol),
respectivelyNa is Avogadro’s number anlivp corresponds to the surface of one nanopatrticle.
For the calculation the iron oxide NPs and thecailcoated NPs were assumed to be
monodisperse in size with a spherical shape aralarage diameter of 15.0 nm and 28.8 nm,
respectively, as determined by TEM and DLS. Thsults in an average surface area of
Anp = 2605 nm2 and an average NP volum&af= 12507 nm for a single silica coated iron
oxide nanoparticle. The mass of such a single MRk & 3.210%" g) was obtained by
considering the density of maghemite< 4.9 g/cm3) and a silica shell thickness of 19 (n

= 1.9 g/cms3yp? %3

Turbidity Measurementsere performed using a titrator (Titrando 809, Mbin, Herisau,
Switzerland) equipped with a turbidity probe € 523 nm, Spectrosense, Metrohm) and a
temperature sensor (Pt 1000, Metrohm). The tempergirogram (1 K/min) was run by a
thermostat (LAUDA RE 306 and Wintherm Plus softyaraising a home-made
thermostatable vessel. The cloud points were daétednfrom the intersection of the two

tangents applied to the two linear regimes of taegmittance curve at the onset of turbidity.

Zeta Potential and Dynamic Light Scattering Measueats of the polyplexes were
performed on a Zetasizer Nano ZS (Malvern). Thed@gans for the polyplex formation are
identical to the transfection protocol. The zetdeptials were accesseadia Laser Doppler
Micro-Electrophoresis applying the laser interfeatnt technigue M3-PALS (Phase

Analysis Light Scattering). The final results wegenerated by averaging over 2-3 zeta
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potential measurements. The size of the formedpbetes was determined by Non-Invasive
Back Scatter technology (NIBS) utilizing a He-Nesda ( = 633 nm, max. 5 mWw). All

experiments were performed at 25 °C.
Cell Transfection Experiments

Mammalian Cell Lines and Culture Conditioridie CHO-K1 (CCL-61, ATCC) and L929
(CCL-1, ATCC) cell lines were used in the transfattand cytotoxicity experiments. The
cell lines were maintained in RPMI 1640 (CHO-K1)daMEM (L929) cell culture media
supplemented with 10% fetal calf serum (FCS), 1@@ImL streptomycin, 100 IU/mL
penicillin, and 2 - 4 mM L-glutamine (as recommethdyy ATCC; “growth medium”). Cells
were cultivated at 37 °C in a humidified 5% £&mosphere.

Transfection.For transfection, the cells were seeded at a tyensi3 x 16 cells/well in
six-well plates 20 h prior to transfection. One hptior to transfection, cells were rinsed with
DPBS and supplemented with 1 mL OptiMEM. pDNA/pobmpolyplexes were prepared by
first mixing 1. g pDNA in a final volume of 50 L of agueous 150 mM NaCl solution and
then adding 1 mL OptiMEM. Thereafter, suitable amtsuof the polycation stock solution
were added in a single drop to achieve the dedif@dratio. Solutions were vortexed for 10 s
and incubated for 30 min at room temperature towalpolyplex formation. The polyplex
suspension (1 mL) was added to the cells and thiephere centrifuged for 5 min 200 g
and placed for 4 h in the incubator. Afterward, thedium was removed by aspiration, 2 mL
of fresh growth medium were added, and the cellsewarther cultivated for 20 h. For
analysis, the cells were harvested by trypsininatiad resuspended in DPBS. The relative
expression of EGFP fluorescence of 1 # @6lls was quantified via flow cytometry using a
Cytomics FC 500 (Beckman Coulter). The transfectefficiency data represent the
percentage of cells expressing EGFP in the nontapogell population defined by scatter
properties as determined by flow cytometry analyS@ determination of the viability, dead
cells were identified via counterstaining with pidipm iodide. Group data are reported as

mean = s.d.

MTT Assay.The cytotoxicity of,-FeO:@silica@(PDMAEMAge: hybrid NPs was
tested using L929 murine fibroblasts and the CHO4€lls according to the norm ISO
10993-5 as it is (L929) and slightly modified (CHQ) using 1 mg/mL MTT-stock solution.
As non-complexed polymers are considered to be noxie than the polyplexes, the harsher
conditions were tested by applying the hybrid NRitiins in a concentration range from
0.002 up to 1.0 mg/mL in 96-well plates. The cellsre seeded at a density of 1 ¥ tells
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(L929) or 1.5 x 16 cells (CHO-K1) per well in their respective growtiedia 24 h prior to
the experiment. As 100% viability control, untrehteells were used. For each dilution step,
eight replicates were used. After dissolving thetabelically formed formazan crystals in
isopropanol, the absorbance was measured usingtea mader (Genios Pro, Tecan) at a
wavelength of 580 nm. For data evaluation, Origih @riginLab Corporation) software was
used, the x-scale was plotted logarithmically, angbonlinear fit was run to obtain the lethal

dose 50 (L3 values. Group data are reported as mean + s.d.

Magnetic Separation of CellCHO-K1 cells were transfected at N/P 7.5, as desdr
above. 24 h after transfection, the cells were ésted by trypsinization and rinsed twice with
growth medium. The cells were then resuspendedcatladensity of 14 x 10cells/mL in
DPBS - 0.5% FCS - 2mM EDTA (“sorting buffer”). Undsterile conditions, 0.5 mL of the
cell suspension was then loaded on a Miltenyi RBistd.S separation column and sorted
using a MidiMACS separator according to the manufacturer's inswast (Miltenyi
Biotec’s). The “unbound” (flow-through plus wasmdathe “bound” fractions were collected
and stored on ice for further analysis. The cafissity in each fraction was measured in a Vi-
Cell cell counter (Beckmann Coulter). To assess dhtome of the transfection in the
collected cells, 5 x F0cells of each fraction were plated per well of-wdl plate in a total
volume of 2 mL suitable “growth medium” and thelsevere further cultivated for at least 20

h. For analysis, the cells were treated as destabeve Transfectioi.

4.4. Results and Discussion

ATRP Initiator-Functionalized = Core-Shell Maghemite Nanoparticles ¢
FeOs@silica@BIBSI). Oleic acid stabilized maghemite nanoparticlgs€Os@oleic acid)
were synthesizedia thermal decomposition according to our previoubligation yielding
well defined NPs with a narrow size distributi®nThe particles were characterized by
transmission electron microscopy (TEM) and dynatighbt scattering (DLS) revealing an
average radius of 7.5 + 0.8 nm determined by TEMgenanalysis (300 counts), which is in
good agreement with the narrow size distributiortedsined by DLS revealing a
hydrodynamic radius of 7.9 £ 0.4 nm (Figure 1A)bSeguently, the maghemite nanoparticles
were covered by a thin silica shell bearing initigt sites for atom transfer radical
polymerization (ATRP) using a microemulsion appioadopted from Ruhland et ‘dl.
Furthermore, we accessed the initiator-functiorealizore-shell NPs in just one step by first

completely consuming the applied TEOS (2 days oéctien) before adding 6-
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(trichlorosilyl)hexyl 2-bromoisobutyrate (BIBSI) mictly to the reaction mixture for
functionalizing the outer silica shell with the APRnitiator.

After the encapsulation of the iron oxide NPs wdilica, DLS revealed a significant
change in the hydrodynamic radius from 7.9 to I¥achieving a monomodal and narrow
size distribution (D.l. = 0.09) of the core-shelarmoparticles (Figure 1A). The TEM
micrograph of the ATRP initiator-grafted particlssows monodisperse silica-encapsulated

iron oxide NPs¢FeO:@silica@BIBSI) each bearing one single iron oxide (Rigure 1B).

Figure 1. A) Hydrodynamic radii distribution off FeOz@oleic acid (dashed linegg = 90°;
c= 0.5 g/L) andgFeOs:@silica (solid line;g = 90°;¢c = 0.1 g/L) in cyclohexane. B) TEM
micrograph ofgFeOs@silica@BIBSI nanoparticles. The sample was prepdrng drop-
coating a cyclohexane dispersion of the nanopasti€l< 0.1 g/L) on a carbon-coated copper
grid.

Investigationvia FT-IR reveals the development of the silica stedl well as the
functionalization with the ATRP initiator (FiguréA2 After covering the oleic acid stabilized
NPs with silica all characteristic stretching vitiwas of the oleic acid at 2900-2800 €m
(CHs, CHy) and 1700 cm (C=0) disappear completely. Instead, a broad atisor band
occurs at 3700-3100 cimwhich can be assigned to the presence of hydmrotips (-OH).
Due to the formed silica shell strong stretchinlgrations occur ranging from 1290-740tm
which are attributed to the asymmetric stretchiifations at 1050 crh(Si-O) and 950 crh
(Si-OH) as well as the symmetric stretching at €85 (Si-O). The purified particles bearing
the ATRP initiator ¢FeOs@silica@BIBSI) show an additional weak signal ab@m?

(C=0) confirming the successful attachment of theator (Figure 2B).
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Figure 2. A) FT-IR of gFeOs@oleic acid (a)g-FeOs@silica (b),gFeO:@silica@BIBSI
(c) andg-FeOs@silica@PDMAEMA (d). B) Magnification of theg-FeOs@silica (dashed
line) andg-FeO:@silica@BIBSI (solid line) spectra.

The comparison of the thermograms ofeO:@silica and g-FeOs:@silica@BIBSI
obtained by thermogravimetric analysis (TGA) sh@ausadditional weight loss of 2.7 % after
grafting the ATRP-initiator (Figure 3A). Since thelecular weight of the initiator is known
the grafting density offFeOz;@silica@BIBSI can be estimated directly from theAlteaces
according to eq. 1 (Experimental Section). Consetiye each gFeO:@silica@BIBSI
particle bears about 1360 initiator molecules rtasgllin a grafting density of 0.52 molecules /

nms2,

Synthesis of PDMAEMA-Grafted Core-Shell-Corona  Nangarticles (g
FexOs@silica@PDMAEMA). The ATRP initiator-functionalized NPs g(
FeOs@silica@BIBSI) were further utilized for the polynmation of DMAEMA via the
grafting-from approach. The obtained PDMAEMA-graftecore-shell-corona NPsg(
FeOs;@siica@PDMAEMA) were easily purified by centrifugan removing residual
monomer, catalyst and free, non-bound PDMAEMA. Altgh theg-FeOs:@silica@BIBSI
NPs were purified by dialysis a certain amountreéfpolymer occurred after polymerization.
We assume that during functionalization with theRFT initiator also some hydrolyzed non-
covalently bound initiator is adsorbed on the nambges” surface, as the reaction was
conducted in one step directly in the microemulswithout isolating the core-shell
gFeOs@silica NPs. Thus, PDMAEMA chains growing from picgdly bound initiating sites

upon subsequent polymerization are detached reguttifree polymer chains. It is relevant to
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note that a further detachment of polymer whileistpthe particles in agueous solution was
not observed, as confirmed by Asymmetric Flow Filow Fractionation (AF-FFF)
measurements after purification (Figure S1). IEfpolymer would appear after purification a
bimodal distribution would be expected, as demamstt in our previous publicatiGa.
However, even after three weeks the distributionstif monomodal, indicating stable,
covalently bound polymer chains on the nanopagicterface.

The successful polymerization of DMAEMA is demoastd by FT-IR, TGA and size
exclusion chromatography (SEC) investigations. phdfied g-FeO:;@silica@PDMAEMA
hybrid NPs show the characteristic stretching vibres at 2900-2800 cthindicating the
presence of aliphatic GHand CH groups of PDMAEMA. Additionally, a significant
increase of the stretching vibration at 1700'cf@8=0) compared tg-Fe:Os@silica@BIBSI
is observed (Figure 2A). The TGA trace of the patyrgrafted particles reveals a weight loss
of 36.5 % and, thus, an additional weight loss bbw 24.6 % as compared ®
FeOs@silica@BIBSI (Figure 3A). Th#l, of the grafted PDMAEMA chains was determined
by first cleaving the grafted polymer chains frohe tcore by etching the silica shell and
dissolving the iron oxide nanoparticles with hyduofic acid, followed by SEC analysis,
yielding Mn (PDMAEMA) = 85.000 g/mol DP, = 540;PDI = 1.36; Figure S2). Furthermore,
the grafting density was determined by applying rgsults of TGA and SEC and taking the
particle diameter into account. The performed dalaans are described in detail in the
Experimental Section. As a result, the grafted -@brell-corona particles carry ca. 91
PDMAEMA chains (0.04 chains/nm?) with ®P, of 540 and are denoted ag
FeOs@silica@(PDMAEMAsg)91. Notably, the polymer corona of the hybrid padggchas a

total molecular weight of ca. 7.7 MDa.
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Figure 3. A) Comparison of the TGA traces gfFeO:@silica (a),gFeO:@silica@BIBSI
(b) andg-FeOs@silica@(PDMAEMAs0)e1 (€). B) Hydrodynamic radii distributiong(= 90°;
c = 0.1 g/L) of gFeOC:@Siica@BIBSI in cyclohexane (solid line),g
FeOs@silica@(PDMAEM/Asg)e1in pH 10 buffer solution (dashed line) and in pHbuffer
solution (dotted line).

pH- and Temperature-Responsive Agglomeration and &bility. The pH- and
temperature-responsive behavior of the hybrid NRs mvestigated by turbidity and DLS
measurements. PDMAEMA is known for being responsovéoth temperature and pH. The
core-shell-corona particles show a pH-dependent dro@ritical Solution Temperature
(LCST). The cloud points determined by turbitimetiye consistent with those of high
molecular weight PDMAEMA star polymers reported IBilamper et al. and ¢
Fe0:@(PDMAEMAsg0)s3hybrid NPs studied in our previous publication (Fies S3, S43%
54 DLS shows that the hydrodynamic radius of the lylparticles undergoes a significant
increase by switching the pH from 10 to 4, due totgnation of the amino groups (Figure
3B). The hybrid NPs agglomerate above the cloudtpand this process is fully reversible
(Figure S5). Furthermore, these hybrid particleswslan excellent long-term stability. After
one year of storage at 3 °C in deionized watemtimticles remained stable showing no sign

of sedimentation (Figure S6).

Magnetic Properties. The magnetization curve afFeO:@silica@(PDMAEM/As4q)91
was recordedvia vibrating sample magnetometry (VSM). It exhibitse t characteristic
sigmoidal shape without hysteresis, which is typfoa superparamagnetic particles (Figure
4). Thus, the magnetic redistribution takes plaieeinternal (Neél) relaxation leading to the
conclusion that the silica-encapsulation and suleseigpolymerization has no significant

influence on the superparamagnetic behavior.
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Figure 4. Normalized magnetization curve giFeO:;@silica@(PDMAEM#Asgo1 (C = 1.75
g/L) in deionized water.

Polyplex Formation with pDNA. The polyplex formation of the cationigFeO:@
silica@(PDMAEMAesaq)o1 particles and pDNA was investigated by determiningta
potentials and hydrodynamic radii of the formedyptdxes as a function of the N/P ratio
buffered at pH 7.8. The polyplexes were prepareshtidally to the protocol used for our
transfection experimentsvifle infrg and measured with a zetasizer. The average
hydrodynamic radii of the pure pDNA (N/P = 0) anfitbe pure hybrid particles in the
transfection medium are 50 nm (D.l. = 0.2) and &0 (D.l. = 0.15), respectively. The
grafted PDMAEMA chains are assumed to be rathetdted at pH 7.8 due to the repulsive
interactions of the protonated tertiary amine gso(gegree of protonation > 90°% Here a
theoretical estimation of the NP size, which takeBIP radius of 7.2 nm and the contour
length of a polyvinyl chain of DP = 548 (L35 nm) into account, results in a NP radius & 14

nm, which is in good agreement with the experimlestdita.

At high ratios of PDMAEMA nitrogen to DNA phosphar® (N/P3 7.5) we observe
hydrodynamic radii close to the pure hybrid paescland low polydispersity (Figure 5A).
This indicates that the DNA molecules are complewéti single nanoparticles. Due to the
excess of the polycations the zeta potentials asdipe (Figure 5B). However, at N/P = 5 the
zeta potential measurements indicate nearly uneddacgmplexes and hydrodynamic radius
and dispersity index double. The lack of necessdigrges for stabilizing the polyplexes
apparently leads to aggregation. A further decreésiee N/P ratio causes charge reversal and

a slight decrease of hydrodynamic radius and pspetsity at N/P = 3. These aggregates are
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still almost twice as large as the pure hybrid ipke$ and a strongly negative potential was
observed, which is close to that of pure pDNA. VEsuane bridging of two hybrid particles,
bound to one single pDNA molecule resulting in &vated hydrodynamic radius.

Figure 5. A) Average hydrodynamic radiil{) and dispersity indices¥) at different N/P
ratios of the gFeO:@silica@(PDMAEMA409/pDNA polyplexes; pH ~ 7.8. BYeta
potentials of thgrFe:Oz@silica@ (PDMAEMAs40)91/pPDNA polyplexes at different N/P ratios.
The lines in both graphs are guides to the eye.

Utilization of Hybrid NPs for Gene Delivery and Cel Sorting.

Cytotoxicity. Toxicity is a major issue for non-viral delivery aeviewed by Rodiguez-
Gasconet al. and Al-Dosariet al® ¢ The influence of -Fe0:@silica@ (PDMAEMAs0)91
on the metabolic activity of L929 and CHO-K1 cellsmas tested by MTT assay under
conditions mimicking transfection conditions (4 hcuibation time). In this context, the
investigation of the damaging effects of the freen-bound PDMAEMA chains reflects a
worst-case setting. The NPs affected the metakadiovity in a concentration-dependent
manner when they were added in the concentratinger® to 1 mg/mL to the cells. Under
these conditions, the Ldo for cells treated with the hybrid NPs is 0.010.600 mg/mL
(CHO-K1) and 0.030 £ 0.003 mg/mL (L929) indicatiagslightly lower cytotoxicity of the
nanoparticles in the L929 cells. Hence, thed&f this core-shell nanoparticle is in L929 3.6-
fold lower than values previously measured for cdtrrally similar NPs with a dopamine
anchor instead of a functionalized silica shelF&0:@(PDMAEMAsgo)s6; LDso = 0.09 *
0.003 mg/mL; totaM, of PDMAEMA shell = 4.3 MDa¥2 A doubling of the arms density on
the NPs and the concomitantly doubling of the mual®c weight (7.7 MDa) might be

responsible for the observed increase in cytotoxici
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Transfection. Previous work in our group showed that star-shggeycationic structures
with high molecular weight are very efficient cars for gene delivery, independent of the
chemistry of the cor& 2 Therefore, the efficiency of the,-FeOs;@silica@
(PDMAEMAGs40)91 NPs as potential transfection agent was explonei@ustandard conditions
in CHO-K1 followed by a quantitative analysis oBtEGFP expression by flow cytometry.
Preliminary transfection tests revealed an unaadd@t cytotoxicity of the polyplexes
indicating that an adaptation of our former protogas necessary. In particular, we found
that increasing the incubation volume for the ptdypformation step in the transfection
protocol drastically reduced the cytotoxicity. Ugithis adapted protocol, we showed that the
,-FeOs;@silica@(PDMAEMAs 091 NPs led to high transfection efficiency in CHO-Kélls
depending on the N/P ratio and performed best Bt-N7.5 to 10 with averaged transfection
efficiencies (in %) of 40.9 £ 10.3 and 52.5 + 3&spectively (Table 1). In addition, the
efficiency of the,-FeO:@silica@ (PDMAEMAug)e1 NPs as transfection agent was also
investigated in L929 cells. In that case, similadyCHO-K1, high transfection efficiency (up
to 58.8%) could be achieved provided that highd? Ntios (N/P 12) were used. This result
showed that PDMAEMA-based polycations are suitagents for the transfection of L929
cells, as also recently published by Zhang and okers®’ The cell viability of both cell
lines at the tested N/P ratio was always above &measured by counterstaining the dead
cells with propidium iodide. The transfection expernts were repeated in CHO-K1 cells
with NPs that had been stored in solution for ary&@ae measured transfection efficiencies
were in the range of the ones displayed in Tahledicating a high stability of the NPs over

the time.
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Table 1. Transfection efficiency (TE) and cell viabilitytaf transfection with polyplexes
based on-FeO:@silica@(PDMAEMA0)91

N/P ratio TE (%) Viability (%)

3 1.8+0.2 82.4+3.0

5 16.9+£0.6 89.1+1.8
CHO-K1 7.5 40.9 + 10.3 98.7+1.4
10 525+ 3.7 99.5+04

12 36.9+1.4 95.9+1.3

3 02+0.1 99.0+0.3

5 0.3+0.1 94.3+3.2

L929 7.5 05+0.2 90.2+2.3
10 94+1.7 90.2 +2.5

12 36.8+4.1 90.3+1.5

15 58.8+1.1 89.7+ 0.6

The cells were transfected with pEGFP-N1 (EGFP esgion plasmid). The EGFP expression was measdred 2
h after transfection by flow cytometry and analyzeddescribed in the materials and methods sediiata

represent mean + s.e.m; 13.

The transfection results correlate well with théazgotential data (Figure 5B). At N/P = 3 the
polyplexes present a negative net charge and tiverefannot interact with the negatively
charged plasma membrane and as a consequence amasinsfection occurs. At higher
charge ratio (N/R 7.5) increasing the amount of polymer leads tceerehse in complex
aggregation and to an increase of the overall &asfpich promotes cellular uptake and in
the end gene expression (i. e., greater transfedaiticiency). At N/P = 5 however the
polyplexes are almost uncharged (Figure 5B). Y@ra@amately 17 % of the CHO-K1 cells
but only 0.3% of the L929 cells are transfected. éfficient transfection of the L929 cells
only occurs when the polyplexes displayed a pasitiet charge +5 mV. These results
suggest that depending on the cell Eneet positive charge of the polyplexes is not hitsty
necessary for transfectigrossibly due to fluctuations in the compositiontlod polyplexes.
However, it can at present not be excluded thatllaspecific interaction / uptake occurs by
mechanisms not requiring positive net charges efpiblyplexes. For example, given the size
of the polyplexes macropinocytosis should stilpjossible>® Interestingly, polyplexes formed
at N/P 5 also show the highest hydrodynamic ra@u800 nm) and the highest D.l. (0.34)
(Figure 5A). The comparatively low transfectioni@éncy of only 17% in CHO-K1 suggests
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that additional factors, such as nuclease sengitand reduced stability of the polyplexes /
DNA, in the intracellular compartment may influertbe overall transfection outcome.

Magnetic separation of transfected cellsin our recent contribution, using a simple
experimental setting, we showed that the uptak@ajhemite core-shell nanoparticles-based
polyplexes confers CHO-K1 cells magnetic propertiddere, we implemented experimental
conditions allowing the isolation and further cudtiion of cells that have taken up the
polyplexes to assess the level of EGFP expressithninvthe sorted cell population. CHO-K1
cells were transfected with-FeOs:@silica@(PDMAEMA40)e/pDNA at N/P = 7.5,
harvested after 24 h and sorted using the magaetizcated cell sorting system (MACS. In
order to calculate the recovery yield, the cell signwas determined before magnetic
separation and directly afterwards. After sepamtibe expression of the EGFP protein in the
various fractions was analyzed and the cells ethtbimagnetic properties were further

cultivated to follow the development of the EGFPpmssion.

Table 2 Recovery and transfection efficiency in the varimgdl fractions after magnetic
separation of transfected cells.

Fraction Recovery (%) EGFP expression
Oh 24 h 48 h
expressing cells (%) expressing cells (%) expmgs=ells (%)
Control - 31.2+5.0 58.3+9.4 59.7+5.7
Unbound 12+0.6 8.1+0.0 49+0.0 474+ 05
Bound 82.0+10.1 31.8+5.2 57.5+95 57.6+11.3

CHO-K1 cells were transfected with pEGFP-N1 (EGFression plasmid). The magnetic separation was
performed 22 h after transfection. EGFP expressias analyzed on the day of the separation (0 h),a24l 48
hours after the cells were put back in culture loyfcytometry as described in the materials andhout
section. In all cases the viability was90%. Data represent mean + s.e.m.,31 Control; transfected cells that
were not submitted to magnetic separation but wafisersimilarly treated. Unbound: pool of cells wiidid not
bind to the column and were collected in the waslstion (i.e, fraction without magnetic propertieBpund:
cells that were retained and then eluted by rentptiie magnet (i.e, fraction with magnetic propsiti®Vhen
non-transfected CHO cells were submitted to thematig separation 99.6% of the cells were recovardtie

unbound fraction.

The data presented in Table 2 show that more tl@da 8f the cells transfected with the
, -FeOs@silica@(PDMAEMAs40)9/pDNA polyplexes can be separated via MACS (magneti
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activated cell sorting) technique and can be furthdtivated after sorting. The transfection
efficiencies for the “bound fraction” and for thentrol cells are comparable. Thus, the
amount of polymer, taken up by the cells, is ndlyfassociated with an efficient delivery of
DNA to the nucleus as onk32 % (0 h) to 58 % (48 h) of the cells expressesttansgene.
Therefore, we conclude a strong influence of cydeplic events involved in the breakdown
of the complex and playing a crucial role in efici gene delivery. Among the cells
recovered in the unbound fraction (12 %), eighcpet express the transgene on the day of
sorting indicating that some polyplexes have ba&ern up and that some plasmid reached the
nucleus. Moreover, the transfection efficiency sisg to almost 50% when these cells were
further cultivated. Since these cells were notinetd in the magnetic field one can argue that
the quantity of polyplexes engulfed by the cellsswao low to provide magnetic properties

but high enough to allow transgene expression.

4.5. Conclusions

The studies on the-FeO:@silica@(PDMAEM/Asg)e1 gene delivery system showed a
significant improvement compared to our previouprapch based on physically attached
polymer chains. The encapsulation of single irold@X\Ps by silica provided a convenient
basis for the irreversible attachment of PDMAEMAacts onto the nanoparticle surface.
Consequently, an unpredictable influence of freg/mer chains can be excluded and the
performance as gene vector can be fully attribtetthe hybrid material. The produced core-
shell-corona NPs remain stable for more than a yeaaqueous media without showing
precipitation/sedimentation while keeping excellpatformance in transfection experiments.
Thus, this approach provides highly stable hybradtiples with a precisely determined
amount of polymer, which allows now a systematiwestigation of the transfection
efficiency and cytotoxicity as a function of theaflimg density and chain length of the
polymer. A library of hybrid particles with diffené polymer contents has already been
prepared and is currently under investigation. THeO:@silica@(PDMAEMAs40)91 NPs
investigated in this study offer the great advaatafyjcombining a high transfection efficiency
with a very lowin vitro cytotoxicity and is therefore a good candidatedelivery of plasmid
DNA, as shown here with two representative celédinEven though the overall molecular
weight of the polymer corona of the individual NRas almost doubled (7.7 MDa) as
compared to our previous system, the performanageas vector remains similar. Thus, we

could confirm that the influence of the architeetyslays a crucial role in non-viral gene
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delivery revealing enhanced transfection resultsstar-like structures. Most importantly, as
opposed to most applications using magnetic natiofgsr for gene delivers? the improved
efficiency in transfections with-FeOz@silica@ (PDMAEM/As4q91 NPs does not rely on the
application of a magnetic field.¢., Magnetofectio® ).?® Here, the magnetic properties of the
hybrid material were exploited for cell separatgowing that a high amount of cells could
be magnetically isolated. Interestingly, although these cells must have engulfed the
polyplexes, only a fraction expresses the transgéhe coexistence of expressing and non-
expressing cells within the separated populatiustilates and simultaneously highlights the
not yet understood complexity of the intracelluliefficking of the polyplexes and nuclear
uptake of the pDNA. The superparamagnetie,Oz@silica@ (PDMAEMA )91 NPs might

be therefore a helpful tool in the future to untkemd these intracellular mechanisms and in

the end optimize the transfection of mammalianscell
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4.7. Supporting Information

Figure S1.AF-FFF eluogram (RI signal, = 1 g/L) of, -FeOs@ Silica@(PDMAEMAs4)e1 3
weeks after purification showing a monomodal dittion of the sample (eluent: deionized
water containing 25 mM NaN{and 200 ppm Nag).

Figure S2.SEC trace of the cleaved PDMAEMA chains.
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Figure S3.Turbidity measurements gfFex0:@ Silica@(PDMAEMAs40)o1 (c = 0.1 g/L) at
different pH: pH 10 ¢ ), pH 9 (N), pH8 (, ), pH 7 (i ).

Figure S4. Cloud points in dependence on pH for 0.1 g/L sohg of ,-
FeO:@Silica@(PDMAEMA4991 (] ), ,-FeOs@(PDMAEMAsg)s3 ( * ),l and
(PDMAEMA 240)24 stars (N).?
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Figure S5.Three cylces of turbidity measurementgydie0:@ Silica@ (PDMAEMAs40)o1 at
pH 7 ©=0.1g/L): cycle 1{ ), cycle 2 (N), cycle 3 ().

Figure S6. The photograph of a cleayFeO:;@Silica@(PDMAEMA4g)91 dispersion in
deionized water (pH 5.5) taken after 1 year stordgenot show any sign of nanoparticle
agglomeration or precipitation.

116



Chapter 4 — PDMAEMA-Grafted Core-Shell-Corona Paes

References

(1) Majewski, A. P.; Schallon, A.; Jérdbme, V.; Ragj, R.; Muller, A. H. E.; Schmalz, H.
Biomacromolecule012 13, 857-866.
(2) Plamper, F. A.; Ruppel, M.; Schmalz, A.; Bors®.; Ballauff, M.; Muller, A. H. E.

Macromolecule007, 40, 8361-8366.

117



Chapter 5 — Double Responsive Pentablock Terpolymer

Chapter 5

Double Responsive Pentablock Terpolymers: Self-Assdly and

Gelation Behavior

Alexander P. Majewskj Tina Borké, Andreas Hanisch Axel H. E. Mullet%" and Holger
Schmalz”

Makromolekulare Chemie 1l Universitat Bayreuth, B440 Bayreuth, Germany; Fax:
+49 921553393;%new address: Institute of Organic Chemistry, JobanrGutenberg
Universitat Mainz, D-55099 Mainz, Germany.

E-Mail: holger.schmalz@uni-bayreuth.de; axel. muéleni-mainz.de

118



Chapter 5 — Double Responsive Pentablock Terpolymer

5.1. Abstract

Double responsive ABCBA pentablock terpolymers warecessfully synthesized utilizing a
bifunctional poly(ethylene oxide) (PEO) macroinitie and sequential atom transfer radical
polymerization (ATRP) of 2-(dimethylamino)ethyl rhacrylate (DMAEMA) to form dual-
responsive (temperature/pH) B-blocks and di(ethg/lgiycol) methyl ether methacrylate
(DEGMA) for thermo-sensitive A-blocks. Besides thBCBA structure, the PDMAEMAb-
PEObHb-PDMAEMA (ABA) triblock copolymer intermediates werinvestigated in dilute
solution via dynamic light scattering (DLS) in dependence ahperature and pH. The
temperature-dependent aggregation behavior of tBEBA pentablock terpolymers with
different PDEGMA block lengths (11 — 43 repeatingts) revealed thereby two separated
coil-to-globule phase transitions. The first phasnsition at low temperatures could be
attributed to the thermo-sensitive PDEGMA leadiaghe formation of flower-like micelles,
which consist of a collapsed PDEGMA core and a égtbpDMAEMA-bh-PEOb-PDMAEMA
corona. Furthermore, the phase transition tempestof the second contraction of the
PDMAEMA blocks, which are integrated in the ABCBArona, were shown to be dependent
on pH. Due to their bifunctional character, concatetd solutions of both the ABA
intermediates and the ABCBA pentablock terpolymsh®wed reversible formation of
physically cross-linked hydrogels. Here, a DMAEMAlar fraction of at least 0.19 is needed
for the ABA intermediates to form strong gels awealted pHY 10) and high concentrations
(20 wt%). Lower DEGMA molar fractions (< 0.1) fdie ABCBA already decreased the sol-
gel transition by 8-10 °C in comparison to the ARAunterpart. Interestingly, the two
individually switchable transitions accessed DLS and pDSC are invisible in the rheology
measurements. These results may indicate thatalweDEGMA molar fractions of the
investigated ABCBA pentablock terpolymers have ndfigent impact on the gelation
behavior for a distinct separation of the differesiimuli with respect to the mechanical

properties.
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5.2. Introduction

The synthesis and characterization of smart hydsoigea fast developing field in polymer
chemistry. Here, the term “smart” refers to polysmerhich respond to external stimuli by
undergoing reversible sharp phase transitieng. €oil-to-globule) caused by small changes
of physical and/or chemical parameters in the emwirent. These phase transitions are
typically based on hydrogen bonding, hydrophobielectrostatic interactiorls? Since these
water-based multipurpose materials reveal interggtroperties such as temperature and pH
responsiveness, they are frequently used for ajmits in medicine and biotechnolody.
This broad field of polymeric hydrogels can be rolygcategorized as either synthetic or
biopolymeric systems, which are either physicadlyarsibly or chemically/covalently cross-

linked® 7

A physically cross-linked hydrogel network, formiegl applying an external stimulus.g.
temperature, pH, etc.), has the advantage of éuensibility back into the liquid state, in
contrast to chemically cross-linked systems. Fas furpose, typically AB/ABA, BAB or
(AB)x block copolymers with water-soluble A-blocks andmnsti-responsive B-blocks are
frequently used. In AB/ABA block copolymer hydrogehicelle formation takes place by
switching the B-block water-insoluble, which caubgdrogel formation from closely packed
micelles upon exceeding the critical gelation comeion €cq).2** Conversely, the hydrogel
formation in BAB systems takes place by causindnasp transition of the B-blocks leading
to flower-like micelles with a looped hydrophiliciddle block. Due to bridging of the
micelles at theegc @ hydrogel network is forméd:1® (AB)x diblock copolymer stars show as
well high potential for forming physically crossiked hydrogelvia an open association at
the ccgc caused by their architecture, which provides rldticonnection sites for each

moleculel®19

In general, block copolymer systems rely on tentpeeaor pH for triggering the phase
transition. Here, for integrating a pH switch inetthydrogel ionic polymers such as
poly(acrylic acid) (PAA) and poly(2/4-vinylpyridine (P2VP/P4VP) are potential
candidateg®2?2 Thermo-responsive polymers, which are typicallplaal for hydrogels, show
generally a Lower Critical Solution Temperature @0. Among these thermosensitive
polymers is poly(N-isopropylacrylamide) (PNIPAAm)ropably the most investigated
material for hydrogels, due to its coil-to-globui@nsition around body temperat#fes®
Another example for thermo-responsive polymers @oby/(oligo(ethylene glycol) methyl

ether methacrylate)s (POEGMAS) carrying 2 — 10 letiny oxide units in their side chains.
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The coil-to-globule transition of these polymers ¢e easily variedia copolymerization of
POEGMAs with different side chain lengths resultingan adjustable cloud point between
26 °C (pure poly(di(ethylene glycol) methyl etheetimacrylate) (PDEGMA)) and 90 °C (pure
POEGMA bearing 8 — 9 ethylene oxide unfts¥° An outstanding class of responsive
polymers are PDMAEMA and PDEAEMA showing both, respiveness to temperature and
pH 3123 Due to protonation of the pendant tertiary amiite groups this polymer is highly
charged at low pH, which drastically increases sbaubility. Conversely, at high pH the
polymer is completely deprotonated causing a asiddbbule phase transition, even at lower
temperatures. Thus, the transition temperaturesvaay e.g. for PDMAEMA133 (subscript
denotes the average degree of polymerization), #6rd °C at pH 10 to 78.7 °C at pH 7 and
below pH 7 does the LCST completely disapp@ar.

Hydrogels that undergo two separate phase transjtidiowever, are much less
investigated due to their complexity in synthesid aharacterization. The advantage of these
systems is not only the formation of a hydrogemuek triggeredvia external stimuli, but
also the possibility to alter the gelation behawaused by a second separate phase transition.
Reported double responsive block copolymer hydregstems are made either from ABA
34 and (ABX* *block copolymers where both blocks are stimulpressive or ABC triblock
copolymers’’3® which bear a hydrophilic B-block and two indepemttie switchable A- and
C-blocks. Further examples of hydrogel formatuenself-assembly of bis- or tris-hydrophilic
block copolymers based on methacrylates were rigcemtiewed in detail by Madsen and

Armes?0

Even more sophisticated structures for double mesipe hydrogels are ABCBA
pentablock terpolymers. Here, typically two of ttheee different blocks provoke a phase
transition under different environmental condition& frequently used method is the
modification of the commercially available Plurasfigpolymers (BASF), which are water-
soluble triblock copolymers consisting of two p@ii{ylene oxide) (PEO) end blocks and a
thermo-responsive poly(propylene oxide) (PPO) nddalbck *2 These PE-PPOb-PEO
triblock copolymers can easily be end-capped withiRR initiating sites resulting in
bifunctional ATRP-macroinitiators. A subsequentypoérization of stimuli-responsive outer
blocks yields double responsive ABCBA pentabloalpdéymers containing the Pluronfts
polymer as the inner BCB core. This approach wasieghusing stimuli responsive polymers
such as PNIPAAm, PDEAEMA and PAA as A-blocks, ohitag interesting materials for
hydrogel formation and biotechnological applicasitti*® Generally, studies of pentablock

terpolymers are rare and there exist even less @eanof pentablock terpolymers used for
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hydrogels. For instance, the group of Lee investidalual-responsive ABCBA pentablock
terpolymers consisting of a thermo-responsive PB8ed biodegradable polyester block
copolymer BCB inner segment (poly¢aprolactoneso-lactide)b-PEOb-poly( -
caprolactoneso-lactide) (PCLA-PEO-PCLA) or poly{caprolactoneso-glycolide)b-PEOb-
poly( -caprolactoneso-glycolide) (PCGA-PEO-PCGA)) and pH-sensitive ohggric
sulfomethazine (OSM) A-blocK$:8 Hydrogels from ABCBA pentablock terpolymers with
two permanently hydrophobic poly(methyl methacs)at(PMMA) A-blocks and a
polyampholyte BCB triblock as potential bridgingddie chain (PMMAb-PAA-b-P2VPb-
PAA-b-PMMA) were reported by Tsitsilianist al*®

Here, we describe the synthesis and self-assenfiliisdhydrophilic ABCBA pentablock
terpolymers consisting of a PEO C-block, two PDMAEMB-blocks as well as two
PDEGMA A-blocks. The non-responsive PEO middle klagas chosen to enhance the
stability of the system and is merely responsilole the water-solubility. The PDMAEMA
blocks show responsiveness to both temperaturepahdSince the A-block of our system
should be triggered first, the PDEGMA block shoulddergo a coil-to-globule phase
transition prior to the PDMAEMA B-block. The aggetmpn behavior of the ABCBA
pentablock terpolymers and PDMAEMAPEObH-PDMAEMA triblock copolymer
intermediates in dilute and concentrated solutimese investigated primarily via dynamic
light scattering (DLS) and rheology measuremergspectively. It has to be mentioned, that
one study about similar ABCBA pentablock terpolymalready exist®) There is, however,
no detailed characterization about the block lerghendence given and the investigation of
the self-assembly in dilute solution is insuffidigndiscussed in comparison to our detailed
study on these ABCBA systems. In addition, we itigesed concentrated solutions for
potential applications as hydrogels.

The proposed self-assembly behavior of the pent&lerpolymer is shown in Scheme 1.
At low concentrations the polymer forms flower-lik@celles consistent with the collapse of
the PDEGMA A-block at low temperatures. The resgitmicelles are stabilized by a looped
PDMAEMA-b-PEOb-PDMAEMA corona. The PDMAEMA is now located betweéme
collapsed PDEGMA core and the outer PEO shell. 2oé coil-to-globule phase transition
caused by the PDMAEMA can be triggered and occansistently at higher temperatures in
comparison to the PDEGMA block independent of pH.cAncentrations above the critical
gelation concentrationgege, the collapsing PDEGMA blocks form physically csdmked
junctions of the hydrogel network. Here, the bridgisegments consist of the hydrophilic
PDMAEMA-b-PEOb-PDMAEMA blocks (BCB) of the ABCBA pentablock terymer,
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where the PDMAEMA blocks are located next to théapsed PDEGMA core. The second
contraction of the PDMAEMA should lead to a sigcéfint change in the mechanical
properties, while the PEO middle block preventstaltcollapse of the system.

Scheme 1Self-assembly of ABCBA pentablock terpolymers.

5.3. Experimental Part

Materials. AVS buffer solutions pH 3, 8-10 (Titrinortf, VWR), 2-bromoisobutyric acid
(98%, Sigma-Aldrich), N,N-dicyclohexylcarbodiimide (DCC, 99%, Sigma-Aldrich4-
(dimethylamino)pyridine (DMAP, 99%, Sigma-Aldrich}ichloromethane (DCM, p.a.,
Sigma-Aldrich), 1,1,4,7,10,10-hexamethyltriethylesteamine (HMTETA, 97%, Sigma-
Aldrich) and HO-PEGe-OH (Sigma-Aldrich,Mn, = 32 kg/mol, PDI = 1.08) were used as
received. 1,1,4,7,7-pentamethyldiethylenetriamiRMDETA) was purchased from Sigma-
Aldrich and distilled and degassed by purging witinogen. Copper(l) chloride and copper(l)
bromide were purified according to literatd*eThe monomers di(ethylene glycol) methyl
ether methacrylate (DEGMA, 95%, Sigma-Aldrich), d?riethylamino)ethyl methacrylate
(DMAEMA, 99%, Sigma-Aldrich) were destabilized byagsing over a column of basic
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aluminum oxide. For dialysis a regenerated celrilabe (ZelluTrans, Roth) with a MWCO
of 6-8 kDa was used. If not stated elsewhere,thkrochemicals were purchased in analytical
grade and used as received.

Synthesis of the PEO-macroinitiatorHO-PEQ2-OH (50 g, 1.6 mmol), 4-
(dimethylamino)pyridine (38 mg, 0.31 mol) ahgN-dicyclohexylcarbodiimide (1.6 g, 7.8
mmol) were dissolved in 300 mL dichloromethane (DdMfore adding dropwise a solution
of 2-bromoisobutyric acid (1.5 g, 8.9 mmol, disgmvin 10 mL DCM) under nitrogen
atmosphere. The reaction mixture was stirred far days at room temperature. Subsequently,
the reaction mixture was filtered and the solveas\then rotary evaporated. The residue was

recrystallized three times from ethanol before Zeedrying.

Synthesis of 2-propynyl benzoaBenzoic acid (2.00 g, 16.4 mmol), 4-(dimethylamino
pyridine (0.24 g, 2.0 mmol) and 2-propyn-1-ol (1§118.0 mmol) were dissolved in 30 mL
DCM and cooled down to 0 °C before adding dicyciofearbodiimide (3.70 g, 17.9 mmol)
under nitrogen atmosphere. The reaction mixture stia®d over night at room temperature.
The solvent was then rotary evaporated and theduesiwas purified by column
chromatography on silica gel with petroleum ethettd/l ether (7:3 v/v).

Synthesis of the UV-labeled PEO derivati280 mg PEO-macroinitiator (7.8-2@nmol)
was dissolved in dimethylformamide (DMF) and sodiamide (10.2 mg, 0.16 mmol) was
added before stirring the reaction mixture for $dat room temperature. The resulting azide-
terminated PEO was precipitated in cold diethyketind filtered, before being redissolved in
chloroform, extracted with water (3 times) and fdueently dried over anhydrous magnesium
sulphate. The azide-terminated PEO (400 mg, 0.0&@®lmn 2-propynyl benzoate (10.6 mg,
0.063 mmol) and copper(l) bromide (3.6 mg, 0.026 al)nwere dissolved in THF and
degassed with nitrogen. PMDETA (4.5 uL, 0.026 mnwd)s added in order to initiate the
reaction which was allowed to proceed for 3 dayseurstirring before being terminated by
exposing the mixture to air and stirring for 10 naihroom temperature. The crude product
was purified by dialysis against methanol in orttieremove the copper catalyst, PMDETA
and residual 2-propynyl benzoate.

Synthesis of PDMAEMA-b-PEO-b-PDMAEMA triblock cgpodrs. A typical reaction
was carried out in a 25 mL screw cap flask equipp@hd a septum and charged with PEO-
macroinitiator (0.5 g, 0.015 mmol) dissolved in 1 mnisole, DMAEMA (2.4 mL, 14.25
mmol) and CuCl (2.2 mg, 0.02 mmol). The mixture vpasged with nitrogen for 10 min
before adding degassed HMTETA (6.3 pL, 0.02 mmadsalved in 1 mL anisole. The
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polymerization was conducted at 90 °C and the cmime was monitoredia *H-NMR. The
reaction was terminated by exposing the mixturaitowith stirring for 10 min at room
temperature. The crude product was purified byydialagainst methanol in order to remove

the copper catalyst, HMTETA, monomer and anisole.

Synthesis of PDEGMA-b-PDMAEMA-b-PEO-b-PDMAEMA-b-FIMA pentablock
terpolymers.A typical reaction was carried out in a 50 mL screap flask equipped with a
septum and charged with ABA-macroinitiator (PDMAEM4-PEG75-b-PDMAEMAg, 1.0
g, 0.017 mmol) dissolved in 10 mL acetonitrile, D#& (11.0 mL, 59.6 mmol) and CuCl
(2.5 mg, 0.025 mmol). The mixture was purged wittrogen for 10 min before adding
degassed HMTETA (6.8 pL, 0.025 mmol) dissolved mll acetonitrile. The polymerization
was conducted at 60 °C and the conversion was oreditia 'H-NMR. The reaction was
terminated by exposing the mixture to air withrgtg for 10 min at room temperature. The
crude product was purified by dialysis against raath in order to remove the copper catalyst,

HMTETA, monomer and acetonitrile.

Characterization. H-NMR spectroscopyvas performed with a Bruker Avance 300
spectrometer using deuterated chloroform or dauterxide as solvent. The NMR spectra
were used to determine the block lengths of the A&# ABCBA block copolymers,
applying a M of ... g/mol for the PEO block, as determined BCS for internal signal
calibration. The block lengths of the ABA block atyrmers were calculated by comparison
of the PEO signal at 3.65 ppm with the signal dtghm, which corresponds to the —N(§H
group of the PDMAEMA (Figure S1). The block lengtie$ the ABCBA pentablock
terpolymer were similarly determined by compariséthe signals at 2.3 and 3.4 ppm, which
correspond to the —N(G)t (PDMAEMA) and —OCH groups (PDEGMA), respectively
(Figure S2).

Rheologymeasurements were conducted using a Physica MCRh&@@meter with a cone-
and-plate shear cell geometiy £ 50 mm, cone angle = 1°). The temperature wag aited
by a Peltier element. For the temperature-depenaeaisurements in this study a frequency
of 1 Hz, a heating rate of 0.5 K/min and a stréii%, which is inside the linear viscoelastic
regime, were used. The polymers were dissolvedeionized water for 1 — 2 days at 3 °C
until a clear solution was obtained, the pH adgisteth NaOH (1 mol/L) to pH =9 or 10,
and the solutions were stored at 3 °C until use.

Size Exclusion Chromatography (SE®@as performed on a system based on GRAM

columns (7 m particle diameter) with f0and 18 A pore diameter (Polymer Standards
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Service) equipped with Agilent 1200 Series RI- &id-detectors. N,N-Dimethylacetamide
(DMACc) with 0.05% lithium bromide was used as eluaha flow rate of 0.8 mL/min and a
temperature of 60 °C was applied. For data evaloadi calibration with linear PDMAEMA

or PEO standards was used.

Dynamic Light ScatteringDLS)was carried out on an ALV DLS/SLS-SP 5022F compact
goniometer system with an ALV 5000/E correlator an¢ie-Ne laser (= 632.8 nm) at a
scattering angle of 90°. All samples were dissolveluffer solutions¢ = 2 g/L; pH 8, 9 and
10) and filtrated through a O Nylon filter prior to measurement.. The sampleserthen
placed in a decaline bath and the temperature watsatled by using a LAUDA Proline RP
845 thermostat. For temperature-dependent measatentke samples were equilibrated for
10 min at each temperature before performing tlem@esecutive measurements of 120 sec.
The given results represent the average countonate three measurements. The data were
analyzed using the CONTIN algorithm which yields iatensity-weighted distribution of
relaxation times (| after an inverse Laplace transformation of thensity auto-correlation
function. These relaxation times were transfornmed translational diffusion coefficients and
further into hydrodynamic radii using the Stokesdfein equation. The transition
temperatures were determined from the interseatfothe two tangents applied to the two

linear regimes of the count rate progression abtieet of the coil-to-globule phase transition.

Micro-Differential Scanning Calorimetry (uDSGheasurements were performed with a
Setaram uDSC Il using closed “batch” cells at ansing rate of 0.5 K/min. Deionized water

was used as reference.

5.4. Results and Discussion

Synthesis of PDMAEMA-b-PEO-b-PDMAEMA (ABA) Triblock Copolymers. The ABA
triblock copolymer intermediates consisting of g@kdimethylamino)ethyl methacrylate)
(PDMAEMA) A-blocks and a PE®@s (subscript denotes the average degree of
polymerization) middle block were synthesized ungtandard ATRP conditions (Scheme 2).
The bifunctional PEO macroinitiator bearing two AHFRnitiating sites was obtaineda a
Steglich esterfication of HO-PE@-OH with 2-bromoisobutyric acid. First, the
bifunctionality of the PEO macroinitiator was veézd by introducing benzoic acid moieties as
UV-labels to the macroinitiataria Huisgen azide-alkyne cylcoaddition (“click” reamt). For
this purpose, the bromine end groups of the maitiatior were replaced with azide groups by

a substitution reaction and subsequently “clicked” 2-propynyl benzoate (Figure S3).

126



Chapter 5 — Double Responsive Pentablock Terpolymer

UV-/Vis analysis reveals a degree of functionalatof 1.66 by comparison of the UV-
labeled PEO-macroinitiator with 2-propynyl benzoateghe same concentration (Figure S4),
which is close to the expected value of 2 for aitional macroinitiator. Since the PEO
macroinitiator has a considerably high moleculaigiethe “click’-reaction might not be
quantitative for long PEO chains resulting in aerehigher degree of functionalization than

that determined by UV-/Vis analysis.

Scheme 2. Synthesis of PDEGMA-PDMAEMA-b-PEObH-PDMAEMA-b-PDEGMA
(ABCBA) pentablock terpolymers.

The molecular characteristics of the synthesizetIREMA- b-PEOhH-PDMAEMA triblock
copolymers, denoted as ABA-x (x = number averag@reke of polymerisation of
PDMAEMA block) in the following, are listed in Tabll. From this data it can be seen that
the PDI of the copolymers increases with increasimgecular weight of the PDMAEMA
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block. A narrow molecular weight distribution coulde obtained for ABA triblock

copolymers up to 90 repeating units per PDMAEMAdkI¢ABA-90, Figure 1).

Figure 1. DMAc-SEC traces of the PEO precursor (dotted JiddA-90 triblock copolymer
(dashed line) and ABCBA-25 pentablock terpolymaeii¢sline).

The corresponding SEC traces for ABA-188 and ABA-ZHhown in the Supplementary
Information reveal a shoulder at the low molecwaight side (higher elution volume) of the
eluogram (Figure S5). This shoulder, which becopregressively more pronounced with an
increasing degree of polymerization of the PDMAEM»ocks, corresponds to a lower
molecular weight with respect to that of the PECeraanitiator. This leads to the conclusion
that it is caused by PDMAEMA homopolymer produced tkansfer reactions during the
polymerization. This results in the termination aftive end groups of the ABA triblock
copolymers and consequently in a reduced degrdenaftionalization with respect to the
ATRP initiating sites. Since these intermediatesusth be used as ATRP-macroinitiators for
the subsequent polymerization of DEGMA the ABA-Sblock copolymer represented a

suitable candidate due to no sign of transfer reastas well as a low PDI.
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Table 1. Molecular characteristics and phase transitions RBMAEMA-b-PEOb-
PDMAEMA triblock copolymers.

T«(PDMAEMA) [°C]f
Sample? fomaEmAP Mn(PDMAEMA) [g/mollc PDI¢  Gelation¢ pH 8 pH 9 pH 10

ABA-70 0.15 11 000 1.15 no 54 44 39
ABA-90 0.19 14 000 1.13 no 55 42 40
ABA-188 0.33 29 500 1.25 yes 50 39 37
ABA-255 0.40 40 000 1.45 yes 50 39 34

a) A-block: PDMAEMA, B-block: PE@s, subscript denotes the number-average degreelgipadzation of

the A-block. b) Molar fraction of DMAEMA units. dpetermined byH-NMR. d) Determined by DMAc-SEC
applying a PDMAEMA calibration. e) Gelation behavfor a 10 wt% polymer solution at pk18.7. f) Phase
transition temperaturek, determined by temperature-dependent dynamic $ighttering.

Synthesis of PDEGMAb-PDMAEMA- b-PEO-b-PDMAEMA- b-PDEGMA (ABCBA)
pentablock terpolymers. The ABA triblock copolymer with the lowest PDI (ABS0) was
used for further synthesis of ABCBA pentablock tdymersvia ATRP, carrying PDEGMA
as outer A-block (Scheme 2). Similar to the ABAblimck copolymers, the synthesized
PDEGMA-b-PDMAEMA-b-PEOb-PDMAEMA-b-PDEGMA pentablock terpolymers are
denoted as ABCBA-y (y = number average degree lyihperisation of PDEGMA block) and
the molecular characteristics of the pentablockhdgmers are summarized in Table 2.
Monomodal SEC traces indicate a homogeneous groWfPDEGMA on both ends of the
corresponding ABA triblock copolymer (Figure 1). i noted that higher degrees of
polymerization for the PDEGMA blocks (> 50 repegtinnits) lead to considerably broad
molecular weight distributions and in order to istigate well-defined polymers are only
PDEGMA block lengths up to 43 repeating units pnése in this study. Here, the attempt to
polymerize longer PDEGMA block lengths led as welpartial termination of the active end

groups as a result of chain transfer reactions.

Table 2. Molecular characteristics and phase transitiorBREGMA-b-PDMAEMA-b-PEO-
b-PDMAEMA-b-PDEGMA pentablock terpolymers.

Samplea foEamaP Mn(PDEGMA) [g/mollc  PDIY  T«(PDEGMA) [°C]®
ABCBA-11 0.02 2 100 1.05 45
ABCBA-25 0.05 4 800 1.05 33
ABCBA-43 0.08 8 100 1.13 29

a) A-block: PDEGMA, B-block: PDMAEMAy, C-block: PEGrs, subscripts give the number-average degree of
polymerization of the respective block. b) Molaadtion of DEGMA units. ¢) Determined By4-NMR. d)
Determined by DMACc-SEC applying a PDMAEMA calibaii €) Phase transition temperatufesletermined

by temperature-dependent dynamic light scatterinmHa8.
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Aggregation behavior of the ABA triblock copolymersin dilute solution. Due to the
protonatable tertiary amine group, the PDMAEMA Idoghows a pH-dependent coil-to-
globule transition upon heating, herein denoteglaase transition temperaturé;) of the
PDMAEMA block. At low pH PDMAEMA is positively chajed (Ka » 6.2)3 resulting in an
enhanced solubility and high coil-to-globule traiosi temperatures. Conversely, high pH
leads to deprotonation of the PDMAEMA, causing gn#icant decrease in the transition
temperature Ty). The dependence ofy on the architecture and molecular weight of
PDMAEMA homopolymers has already been investigatgdlamperet al>3 Here, we show
via temperature-dependent dynamic light scatteringPDéxperiments of dilute samples<

2 g/L) that this effect still remains even thoudte tPDMAEMA is connected to a long
hydrophilic PEO block, which may be expected tduafce the solubility behavior of the
PDMAEMA blocks in the ABA triblock copolymers. Tteollapse of the PDMAEMA blocks
causes self-assembly into flower-like micelles, sfthcan be detected by a significant increase
of the count rate during a temperature-depender@ Bleasurement (Figure S6). Since DLS
reveals a much higher sensitivity than common titpimeasurements, it may give slightly
lower transition temperatures compared to thosaiodd from turbidimetry. The transition
temperatures decrease with increasing pH and Hdauth of the PDMAEMA (Figure 2A,
Table 1). It is noted that the transition pointsedeined in this study are in good agreement
with the established cloud points of PDMAEMA, evitmough the long hydrophilic PEO

middle block would be expected to cause an incraaee transition temperatufg.
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Figure 2. A) pH-dependent phase transitions of ABA block dgpwrs with varying
PDMAEMA block lengths, determined by DL€ 2 g/L,g=90°): pH8 ( ), pH 9 ( ), pH
10 ( ). Phase transitions of linear PDMAEM#A (pH 8 ( ), pH 9 ( ), pH 10 ( )) and
PDMAEMA 100)3.1 stars (pH 8 ( ), pH 9 ( ), pH 10 ( )) were determined by turbidimetry
and taken from reference 33. B) Plot of inverseditéon points according to Flory-Huggins
theory Eq. 1) using the number-average degree of polymerizdiBn of the PDMAEMA-
blocks: pH8 ( ), pH9 ( ), pH 10 ( ).

These results were also compared to the Flory-Hhsggheory, which describes the

dependence dffy on the degree of polymerization (DP) for linearymoérs (Equation 13

1_1 1 _ 1 1
=—+——x

P T 1
T, g qv 2xDOP DP )

Here, gis the transition temperature for infinite DP gnds related to the entropy part of the
Flory-Huggins parametet,. The plot according to Eg. 1 reveals a straigte fior pH = 8 and
9, which is in good agreement with the Flory-Huggtheory (Figure 2B). At pH = 10,
however, small deviations are observed. This magttréuted to the low molecular weight
PDMAEMA blocks, since Plampert al. also noticed deviations for short linear
PDMAEMA. % It is very interesting, however, that at pH 8 oth@ Ty can be shown to
depend on PDMAEMA block lengths, even for an ABAdK copolymer containing a long
hydrophilic PEO middle block.

Self-assembly of ABCBA pentablock terpolymers in diite solution. After the introduction
of an additional temperature-responsive PDEGMA Ikjoa significant change in the

aggregation behavior occurred. PDEGMA is known édnly responsive to temperature,
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showing a coil-to-globule transition at approximat26 °C independent of the p¥.This
temperature is significantly lower as comparedhi® observed phase transition temperatures
of the PDMAEMA block in the ABA triblock copolymessithin the investigated pH range of

8 — 10 (Table 1). Thus, the PDEGMA outer block dtlocollapse first, initiating the
formation of flower-like micelles consisting of allapsed PDEGMA core with looped
PDMAEMA-b-PDEGMA-b-PDMAEMA block segments as corona before the PDMAEM

B-block undergoes the second phase transition (8elig.

Consequently, the significant increase of the coate at low temperatures can be attributed
to the phase transition of the PDEGMA blocks of ABAG25 and -43, which leads to the
formation of flower-like micelles (Figure 3). ThdDEGMA phase transition of ABCBA-11
(the pentablock terpolymer with the shortest PDEGHIAcks), however, revealed only a
weak impact on the count rate at 45 °C for pH #18 eould not be determined for higher pH
as a result ofl(PDEGMA) > Ty(PDMAEMA) for pH > 8 (Tables 1, 2). Due to the pH
independence of th& of PDEGMA, the transition temperature was indeedshown to be
similar for ABCBA pentablock terpolymers regardleggpH and as expected, the introduced
PDEGMA A-blocks with suitable bock lengths (ABCBA-2and -43) undergo a coil-to-
globule transition at lower temperatures for anyestigated pH in comparison to the
PDMAEMA B-blocks of ABA-90 (Tables 1, 2), which wased as the ATRP-macroinitiator
for the ABCBA pentablock terpolymers.

132



Chapter 5 — Double Responsive Pentablock Terpolymer

Figure 3. Temperature-dependent scattering intensitieg at90° for ABCBA pentablock
copolymers in different buffer solutions € 2 g/L) at A) pH 8, B) pH 9 and C) pH 10
(ABCBA-11 ( ), ABCBA-25 ( ) and ABCBA-43 ( )); the dashed line indicates tfigof
the PDMAEMA block in ABA-90 at the respective pH.

The determined transition points for the PDEGMAd® showed a strong dependence on the
molecular weight in the investigated molecular virtigange (2000 — 8000 g/mol) (Figure 4A).
This trend could further be confirmed by applyinte tFlory-Huggins equation for linear
polymers (Eq. 1), again showing that all transitpoints lie on a straight line (Figure 4B).
Consequently, polymers with short PDEGMA blocks whsignificantly higher transition
temperatures than their high molecular weight cewgarts. Hence, the typical transition
temperature found in literatur@(= 26 °C) is only accurate for PDEGMA block lengthfs
more than 50 repeating units. Another reason ferelevated transition temperatures for the
short PDEGMA blocks may be the influence of thegldrydrophilic PEO and PDMAEMA
blocks of the ABCBA pentablock terpolymers. Sucheffiect, for instance, has been already
observed for the thermosensitive poly(glycidyl nytttherco-ethyl glycidyl ether) P(GME-
co-EGE), which was included in a P2WPPEOb-P(GME-co-EGE) triblock terpolymef? A
decrease of the transition temperature for higheEGMA block lengths might then be
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explained by the increase of the molar fractiorD&GMA units resulting in a diminished

effect of the hydrophilic segments.

Figure 4. A) Dependence of the phase transitions of ABCBAt@elock terpolymers on
PDEGMA block length, determineda DLS (pH = 8,c = 2 g/L, g= 90°). B) Plot of inverse
transition points according to the Flory-Hugginedhy (Eq. 1), calculated using the number-
average degree of polymerization {23 the PDEGMA blocks.

Since the phase transitions of the PDMAEMA and PDE@locks start to merge for pH 9,
the second transition of the PDMAEMA blocks can drdy clearly determined for the
samples at pH = 8 (Figure 3A). At this pH both AB&B5 as well as ABCBA-43 reveal a
sharp phase transition of the PDEGMA, as indicégthe strong increase of the count rate,
at 33 °C and 29 °C, respectively. The count rateltethen off into a plateau before at 55 °C
the phase transition of the PDMAEMA block causegeond significant increase of the count
rate. This behavior can be explained by the mickdlenation initiated by the collapsing
PDEGMA block, which results in an initial increasethe count rate. The second transition
attributable to the collapse of the PDMAEMA blockosild result in a shrinkage of the
micelles (Scheme 1) and thus in a decreasing c@atet However, a significant increase of
the count rate was observed, which indicates higlggregation numbers of the micelles for
temperatures above(PDMAEMA). Due to only slight changes in the couate caused by
the PDEGMA phase transition of ABCBA-1T( = 45 °C) at pH = 8 the second phase
transition of the PDMAEMA at 55 °C showed a sigesidintly more pronounced impact on the
count rate (Figure 3A). Notably, the considerabigher PDEGMA transition temperature
leads to an overlap with the transition pointshef PDMAEMA B-blocks at a pH 9 (Figure
3B, C, Table 1) and, thus, a further separatiorthef two different phase transitions is
impossible for ABCBA-11.
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Hydrogel formation of ABA block copolymers. At sufficiently high concentrations of the
PDMAEMA-b-PEObH-PDMAEMA triblock copolymers,i.e., above the critical gelation
concentration (cgc), a reversible gelation is eigcdue to the PDMAEMA blocks becoming
insoluble upon heating above their respective phemsgsition temperaturely). Here, the

physical crosslinking points are formed by the modled PDMAEMA blocks, which are

connected by the water-soluble PEO middle block.

First, the gelation behavior of 10 wt% solutiongtug ABA triblock copolymers at pkd 9
were investigatedia a tube inversion test (Table 1). The results iadichat a block length
of the PDMAEMA block above about 90 repeating ufitelar fraction of DMAEMA units
fomaema > 0.19) is required to form freestanding hydrogéllus, a certain chain length,
which corresponds to a certain molar fraction & thermo-responsive DMAEMA units in
the copolymer, has to be reached before the chaiis are able to form stable network
junctions after PDMAEMA insolubilization. Previowstudies of Pen@t al. found a similar
behavior for a PDMAEMAs-b-PEQyo-b-PDMAEMA 35 triblock copolymer with considerably
smaller PDMAEMA block lengths® In this case, gel formation only occurred under a
combination of comparatively harsh conditions, nlgp&t a concentration of 25 wt%, pH 14,

and temperatures of 80 °C.

Another possible mechanism of gel formation is dase a close packing of micelles,
which occurs with AB diblock copolymers. Thus, thi®chanism might be active in the case
that an insufficient blocking in the ABA tribloclopolymer synthesis takes place, resulting in
a significant amount of AB diblock copolymer. A hgdel formed by close packing of AB
diblock copolymer micelles is unstable and willsdisre upon dilution. However, a hydrogel
formed by open association of an ABA triblock copoér will be stable. Consequently, we
tested the stability of ABA-255 based hydrogelsimgfadilution (Figure S7). This particular
triblock copolymer was chosen because it beardaigest PDMAEMA blocks and exhibits
the highest PDI, arising from a considerable amaafnhomopolymer impurities due to
transfer reactions during the polymerizatiordé suprd. For this purpose, a 20 wt% solution
of ABA-255 (pH4 8.7,Tsc4 34 °C) was heated above the gelation temperatt@a excess
amount of preheated water $ 45 °C) was added and equilibrated for 30 minute$5a°C.
The tube inversion test clearly shows that the bgdr is stable against dilution and, thus,
proves a sufficient bifunctionality of the ABA ttdxck copolymers.

Since ABA-70 does not form hydrogels even at cotreions above 10 wt% and ABA-
255 exhibits a rather high PDI caused by trangactions, only the rheological properties of
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hydrogels based on ABA-90 and ABA-188 were inveded in detail. Due to the high
transition temperatures of PDMAEMA at pH 8«(- 50 °C, Table 1) the investigated pH
range was limited to pH 9 and 10. All samples weepared by dissolving the polymer at the
desired concentration (10 and 20 wt%) in deionizseder and equilibrated at 3 °C for 1-2
days until a clear solution was obtained followgdabsubsequent adjustment of the pH. For
the rheological studies an oscillatory stress wadied to the sample using a cone-and-plate
shear cell geometry. Regimes where the storage lmoda") exceeds the loss modulus"}

are referred to as gel state with respect to thenoon definitions an' - 1 kPa is taken as a
characteristic value for strong freestanding §&/.Accordingly, G' < G" is defined as sol
state. The temperature at which BeandG" traces intersect upon heating is taken as the so

gel transition temperaturd@<g).

Figure 5A shows the temperature-dependent storagel@ss modulus for a 20 wt%
solution of ABA-90 at pH = 9. At room temperatu® exceedss' and, thus, the solution is
in the sol state. Upon increasing temperature tbdutn increase slightly with a pronounced
increase ofG" close to the transition temperature of the PDNWAEDIocks of Ty = 42 °C
(Table 1), going along with an increase in visgositowever, the solution is still in the sol
state and does not form a hydrogel. Only at abOUtGBi.e., under conditions where the PEO
block already starts to loose some of the boun@wat®G' crossess" and a very weak gel
is formed. Consequently, even at a concentratio2Oofvt% the ABA-90 triblock copolymer
does not form stable freestanding gels at pH =r®pably due to the low fraction of
DMAEMA units (fomaema = 0.19) resulting in an insufficient amount of Id&a network
junctions.

In contrast, ABA-188 forms stable hydrogels at plr@l concentrations of 10 and 20 wt%
(Figure 5B). Here, botlG' and G" show a strong increase upon approaching theephas
transition temperature of the PDMAEMA blockx(= 39 °C) and the sol-gel transitioire.,

the crossover of th&' andG" traces, occurs already at 59 °C and 45 °C ferl® and 20
wt% sample (Table 3), respectively. The sol-gehgron is shifted to lower temperatures
and the gel strength, characterized by the plateadulus at 75 °C Gpiateay Table 3)
increases with increasing concentration of the tgmiu This can be attributed to the higher

concentration resulting in an increased concewotnaif physical crosslinking sites.
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Figure 5. Temperature-dependent storage and loss modulifar 20 wt% solution of ABA-
90 atpH=9G'( ),G"( )) and B) for ABA-188 at pH 9 and a concentratidri® wt% G'
( ),G"( ) and20wt% G ( ),G" ( )), respectively.

Results from all rheology measurements are sumetdhrim Table 3. The corresponding
graphs of the temperature-dependent storage asdrioduli G', G") can be found in Figures
5, 6 for the ABA triblock copolymers. The resuleveal that the molar fraction of DMAEMA
units fomaema) plays a crucial role for the ABA hydrogel formmii ABA-90 exhibits a

fomaema Of 0.19, which is close to the limit for forming Igeunder suitable conditions. A
doubling of the block length, however, results igngicant higher gel strengths by

simultaneously reducing the sol-gel transition terapureTsc.
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Table 3. Gelation behavior of ABA and ABCBA copolymers.

ABA Triblock Copolymer

Sample fomaema?  pH®  Tsg[°C]¢  G'piateau[kPaf

10 wt%

ABA-90 0.19 9.0 - -

ABA-90 0.19 10.2 73 0.11

ABA-188 0.33 9.1 59 0.49

ABA-188 0.33 9.8 54 0.96

20 wt%

ABA-90 0.19 9.0 79 0.40

ABA-90 0.19 10.1 58 2.5

ABA-188 0.33 9.3 45 6.4

ABA-188 0.33 10.0 46 6.9
ABCBA Pentablock Terpolymer

Sample foeoma  pH® Tsc[°C]¢  G'riateau[kPal

10 wt%

ABCBA-25 0.05 9.8 63 0.17

20 wt%

ABCBA-25 0.05 9.8 50 2.8

ABCBA-43 0.08 10.1 51 2.3

a) Molar fraction of DMAEMA units. b) pH of the adlon applied for rheology measurements. ¢) Sol-gel
transition temperature, defined as the crossov&' ahdG". d) Value ofG' in the plateau region taken at 75 °C,
which is taken as a measure of the gel strengtiag)e of G' at 80°C since the plateau could not be reached
within the investigated temperature range. f) Mddaction of DEGMA units.

Figure 6 shows that at a pH of 10 both triblock copolyme&BA-90 and ABA-188, form
hydrogels at concentrations of 10 and 20 wt%. Thstnprominent change in the gelation
behavior occurs for ABA-90 (Figure 6A). Here, ablgahe 10 wt% solution of ABA-90 is
able to form hydrogels, which did not form hydragelt pH = 9. However, the sol-gel
transition temperature is still comparably high amidy a very soft hydrogelQpiateau =
0.11 kPa) is formed. For the 20 wt% sampde shifts significantly by about 20 °C to lower
temperatures compared to the sample at pH 9 arfdrtmed hydrogel exhibits a considerably
higher gel strengthQ'piateau= 2.5 kPa at pH 10, compared @}ateau = 0.40 kPa at pH 9,
which represents the value @t at 80 °C since no plateau is reached within tivestigated
temperature range). Concerning the gelation behaficABA-188 solutions at pH = 10 a
decrease of the sol-gel transition temperature obsgrved for the 10 wt% solution, whereas
for 20 wt% Tsc does not change significantly (Figure 6B, TableR)r both concentrations
(10 and 20 wt%) an increase in gel strength wasctied with respect to the hydrogels formed
at pH = 9. This might be attributed to the PDMAENck being more hydrophobic at high
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pH, which strengthens the hydrophobic interactiopsn collapse of the PDMAEMA blocks

resulting in stronger crosslinking points.

Figure 6. Temperature-dependent storage and loss moduli JoABA-90 at pH 10 and a
concentration of 10 wt%&' ( ), G" ( )) and 20 wt% G' ( ), G" ( )), respectively and B)
for ABA-188 at pH 10 and a concentrion of 10 wi& ( ), G" ( )) and 20 wt% G' (), G"

(' )), respectively.

In general, ABA-188 solutionsguaema = 0.33) exhibit lower sol-gel transition temperati
and higher gel strengths compared to ABA-34ema = 0.19) at comparable pH and
concentration. Furthermore, for ABA-90 freestandigels G' - 1 kPa) could only be
achieved for pH = 10 and the highest concentrasitudied (20 wt%). Consequently, the
molar fraction of DMAEMA units fomaema) plays a decisive role in the gelation behavior of
PDMAEMA-b-PEObH-PDMAEMA triblock copolymers, which is consistenitivthe results

obtained by tube inversion tests.

The phase transition of the PDMAEMA block was ferthinvestigated by puDSC
(Figure 7). Here, the desolvation of the PDMAEMAods in ABA-90 leads to a broad
endothermic transition, which is similar to studiasout PDMAEMA containing (AB)
hydrogels by Schmalet al® The onset of the PDMAEMA phase transition reveabgd
puDSC at pH 10 is in good agreement with idPDMAEMA) determined from DLS
measurements. The sol-gel transition, however,lapgsrperfectly with the minimum of the

endothermic phase transition in the correspondiD§Q heating trace.
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Figure 7. Temperature-dependent storage and loss moduli &0 &t% solution of ABA-90
atpH=10G'( ), G" ( )) and the corresponding uDSC heating trace redoatia scanning
rate of 0.5 K/min (solid trace).

Hydrogel formation of ABCBA pentablock terpolymers. Since ABA-90 only forms
considerably strong hydrogels at pH = 10 we studibd gelation behavior of the
corresponding ABCBA pentablock terpolymers at pH td@. At this pH the outer PDEGMA
blocks of the PDEGMA-PDMAEMA-b-PEOb-PDMAEMA-b-PDEGMA pentablock
terpolymers with a molar fraction of DEGMA units feema > 0.02 should collapse first
upon heating due to the lower phase transition &zatpre with respect to that of the
PDMAEMA blocks (Tables 1, 2; Scheme 1). The 10 20dwt% solutions of ABCBA-25
show a similar rheological behavior except thatdblegel transition temperatures are reduced
by 8-10 °C and the gel strengt'{atea) iS slightly increased compared to the ABA-90
precursor (Figure 8, Table 3). Due to the signiftbalower phase transition of the PDEGMA
block (Te= 29 — 33 °C) in dilute solution compared to PDMAEN]T: = 40 °C) the sol-gel
transition was expected to occur at even lower tgatpres aroundy(PDEGMA). This in
turn would have caused a gelation at low tempeegatunitiated by the collapsing PDEGMA
A-blocks followed by a clearly separated phasesitaon of the PDMAEMA B-blocks at
higher temperatures as depicted in Scheme 1. Assalty the hydrogel network would
undergo a contraction as soon as the PDMAEMA blddcme water-insoluble leading to a
significant change in the mechanical propertiesl{pbly softening) of the gel. Instead of that
proposed gelation behavior, however, only a prooedrincrease of the dynamic moduli was
observed aroundy(PDEGMA) andG' could exceed>" only at elevated temperatures when
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the PDMAEMA blocks start to desolvate leading tocwerlap of the two phase transitions.
The reason for this gelation behavior of ABCBA-2%ymbe attributed to the low molar
fraction of DEGMA units fpeema = 0.05),i.e., the collapse of the PDEGMA blocks is not
sufficient to form stable hydrogel junctions by @&n and gelation occurs only at the point,
where the PDMAEMA block is already considerablytdbgized.

Figure 8. Temperature-dependent storage and loss moduli BCBA-25 at pH 10 and a
concentration of 20 wt%3X ( ), G" ( )) and 20 wt% G' ( ), G" ( )), respectively.

The specific data from the ABCBA rheology measuretsewhich correspond to Figure 8
and 9, can be found in Table 3. These results raheh already small molar fractions of
PDEGMA units {peema) £ 0.08 of the ABCBA hydrogels lead to a considerat#erease of

Tsc in comparison to its primary ABA-90 intermediateusture. Notably, no significant

influence on the gel strengths could be observed.

ABCBA-43 was then investigated in order to verifhather two clearly separated phase
transition of the A- and B-blocks can be detectedh® fraction of DEGMA unitsffecma =
0.08) is almost doubled. The higher PDEGMA blockgén, however, brings no further
improvement to this system and the sol-gel tramsitemperature as well as the mechanical
properties of the gel remain nearly constant (T&blEigure 9). For this reason, the ABCBA-
25 and ABCBA-43 pentablock terpolymers were furtbterdiedvia uDSC in order to show
that the two phase transitions can be triggeredrag¢gly as indicated by the DLS experiments
on dilute solutions. In consistency with the uD@Gults for the ABA-90 triblock copolymer

precursor (Figure 7), a broad phase transitiontier PDMAEMA blocks was observed for
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ABCBA-43 (Figure 9). A second transition occurradwever, at lower temperatures of about
30 °C, which corresponds to the phase transitiomp&zature of the PDEGMA blocK =

29 °C at pH 10, Table 2). A similar transition wasserved for ABCBA-25, which shows a
significant weaker transition for the PDEGMA bloickcomparison to ABCBA-43 due to the
lower molar fraction of DEGMA units (Figure S8). broad and indistinct phase transition
of PDMAEMA leads to a partial overlap with the padsansition of PDEGMA. Notably, the
temperature of the phase transition of PDEGMA byS@Dis in good agreement with the
phase transition determingd DLS.

Figure 9. Temperature-dependent storage and loss moduli f&0awt% solution of
ABCBA-43 at pH =10G' ( ), G" ( )) and the corresponding uDSC heating trace recorde
at a scanning rate of 0.5 K/min (solid trace).

This leads to the conclusion that the low molactitms of DEGMA units of ABCBA-25 and
ABCBA-43 (foecma(ABCBA-25) = 0.05 andpeema(ABCBA-43) = 0.08) have no sufficient
impact on the gelation behavior, besides the faat the phase transitions of both PDEGMA
and PDMAEMA can be triggered independently as ricedy DLS and uDSC. After
passing the crossover & andG" both samples reach a plateau without showingfartiger
changes in the mechanical properties over the wientaining temperature range up to 80 °C.
We assume that this might be attributed to the IBE® block being able to compensate for
the collapse of the PDMAEMA blocks, which preveats expected reduction of the plateau
modulus at the phase transition temperature of PEMA. Here, even longer block lengths

of the PDEGMA blocks would have been the key fatlear separation of the two phase
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transitions in rheology, which, however, was lirditdue to the synthetic complications in
achieving high degrees of polymerization. This miyalependence ofbecma iS consistent
with recent findings from Schmalet al*® The investigated (PDMAEM/A-PDEGMA)
hydrogels in this study revealed a sol-gel traositat low temperatures caused by the
PDEGMA block only for relatively highfoecma and in addition, an influence on the

mechanical properties could be only observed fakngels.

5.5. Conclusions

Dual-responsive  PDEGMA-PDMAEMA-b-PEOb-PDMAEMA-b-PDEGMA (ABCBA)
pentablock terpolymers were successfully synthedsiza sequential atom transfer radical
polymerization (ATRP) utilizing a bifunctional PE@acroinitiator. The self-assembly
behavior of the intermediate PDMAEMB-PEOb-PDMAEMA (ABA) triblock copolymers
and the ABCBA pentablock terpolymers in dilute s$wns strongly depends on the block
lengths. All these systems were shown to form flelik& micelles upon heating caused by
the collapsing outer A-blocks. Thus, the ABA tritkocopolymers are stabilized by looped
PEO middle blocks and the ABCBA pentablock terpaysiby looped PDMAEMA3-PEO-
b-PDMAEMA (BCB) segments, respectively. Furthermorthe ABCBA pentablock
terpolymers revealed a second phase transitiomgaehtemperatures caused by the collapse
of the PDMAEMA blocks in the corona of the corresgmg flower-like micelles.
Interestingly, the long hydrophilic PEO middle btodoes not have a significant impact on
the transition temperatures of the PDMAEMA bloclahich are in good agreement with
literature values. Furthermore, the PDEGMA A-blockshe pentablock terpolymers reveal a
significant lower phase transition at any invedegapH as compared to the corresponding
PDMAEMA blocks for molar fractions of DEGMA unit$pEcma) > 0.02. This results in two

distinct phase transitions upon heating for the BBGystems.

In addition, these systems were shown to form hyelo at sufficiently high
concentrations. A minimum molar fraction of DMAEMAits fomaema) of 0.19 in the ABA
triblock copolymers is necessary to form stronge$tanding gels. The sol-gel transition
temperature Tsg) decreases significantly with increasing conceimnaand the gel strength
increases. Similar effects were observed by inangathe pH from 9 to 10 which can be
attributed to the pH-dependence of the PDMAEMA ghmansition. Further introduction of
short thermo-responsive PDEGMA outer blocks, wlach switchable at lower temperatures
than the PDMAEMA B-blocks, could reduce the sol-gehsition of the ABCBA pentablock
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terpolymers by 8-10 °C while simultaneously slighticreasing the gel strength at a given
concentration. Since both phase transitions caindependently triggered, as shown by DLS
and uDSC measurements, we expected the gelatithe afystem at the phase transition of the
PDEGMA blocks Tw(PDEGMA) in dilute solution followed by a softenirg the hydrogel
caused by the second contraction of the PDMAEMAwENer, a significant change of the
mechanical properties of the hydrogel could notbbserved, perhaps due to the long PEO
middle block, which may compensate for the secomflagse of the PDMAEMA.
Consequently, an increase of the DEGMA weight fom& might be necessary to shift the
sol-gel transitions of the ABCBA hydrogels to lovtemperatures close #a(PDEGMA) and,

in addition, to realize two clearly separated phaaesitions with a sufficient impact on the

mechanical properties of the hydrogel at the paimtre PDMAEMA starts to collapse.

Despite potential applications in stimuli-respomsilrydrogels the ABCBA pentablock
terpolymer might be interesting as a smart gendovefor gene delivery. Recent studies
showed PDMAEMA-based micelles as effective geneoréé °° The ABCBA pentablock
terpolymers form flower-like core-shell-corona niliee with a collapsed PDEGMA core, a
cationic PDMAEMA shell and a PEO corona at tempeed slightly above room
temperature. Thus, the cationic PDMAEMA shell o tmicelles might be utilized to form
polyplexes with pDNA at physiological conditions Wehthe biocompatible PEO corona
provides sufficient shielding of the polyplex.
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5.7. Supporting Information

Figure S1.*H-NMR spectrum of ABA-90 in CDGI
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Figure S2.*H-NMR spectrum of ABCBA-43 in CDGI

Figure S3. Synthesis of UV-labeled PE@a azide-alkyne Huisgen cycloaddition (“click-
reaction”).
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Figure S4. UV/Vis spectra of 2-proynyl benzoate (dashed linajl the UV-labeled PEO
(solid line) dissolved in chloroform atD* mol/L.

Figure S5. DMAc-SEC traces of the PEO-macroinitiator (dottete), ABA-188 (dashed
line) and ABA-255 (solid line).
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Figure S6. Scattering intensity a7 = 90° in dependence of temperature for ABA block
copolymers in different buffer solutions (pH =8 ), 9 ( ) and 10 ( ); c = 2 g/L) for A)
ABA-70, B) ABA-90, C) ABA-188 and D) ABA-255.
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Figure S7.Schematic illustration of a densely packed miceflatr and a physically cross-
linked hydrogel upon adding an excess of watet)(I&he photograph of the hydrogel formed

by ABA-255 (20 wt%, pH» 9) at elevated temperatures (gel state) aftemgdaln excess of
deionized water shows that the hydrogel is stappdarest dilution due to physical crosslinks.

Figure S8. uDSC heating trace of a 20 wt% polymer solutionAGCBA-25 at pH 9.8
recorded at a heating rate of 0.5 K/min.
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