MAGNETIC IRON OXIDE NANOPARTICLES
AS POTENTIAL CONTRAST AGENTS FOR
MAGNETIC RESONANCE IMAGING

Dissertation
zur
Erlangung des Doktorgrades
der Naturwissenschaften

(Dr. rer. nat)

dem Fachbereich Pharmazie

der Philipps-Universitat Marburg

vorgelegt von
Christoph Schweiger
aus Schwabmiuinchen / Bayern

Marburg / Lahn 2010



Vom Fachbereich Pharmazie der Philipps-Universitétburg als Dissertation

am 17.12.2010 angenommen.

Erstgutachter: Prof. Dr. Thomas Kissel

Zweitgutachter:  Prof. Dr. Wolfgang Parak

Tag der mindlichen Prifung am 20.12.2010

Erscheinungsort und -jahr: Marburg, 2010

Hochschulkennziffer: 1180



Die vorliegende Arbeit entstand auf Anregung unttuheitung von

Herrn Prof. Dr. Thomas Kissel

am Institut fur Pharmazeutische Technologie ungBamazie

der Philipps-Universitat Marburg.



Gewidmet meinen Eltern

in Liebe und Dankbarkeit.



Table of Contents

CHAPTER 1 INTRODUCTION ...citiiiiiie et et e et e et e ees e s e ne e e e eaaeeees 1
MAGNETIC NANOPARTICLES IN NANOTECHNOLOGY......uiitituieeeriuneeeninneeeeieeeesnneeeennns 2
BIODISTRIBUTION AND TARGETING. .. ctttuiitttueeeiiaeeetieeseeneeeesnsasennssnseessnneesesneeeesnns 3
APPLICATIONS IN BIOMEDICINE. ... tttttueeettiseeettneseetnsesessnesessnnassssssneaessnsesesnnsessssnnanes 6
PHYSICAL PRINCIPLES OF MAGNETISM...tttuiititiieiiiineeeeiiaesesiaesesnnsesssnnsnesesnnnesesnnnnns 9
PRINCIPLES OF MAGNETIC RESONANCE IMAGING (MRI)...uieeviueieiieeeerieeeeiineeeeaineeeennns 21
MRI CONTRAST AGENTS. .. itttutititiee et e ettt e e eet e e e et easeaas e e eat e e eaa e e esa e e eeaeeeeenn s 26
MANUFACTURING TECHNIQUES ... .cttuiiitiietiuiaeeetieeeetieeeeaisasssmssnsesesnseeesnnsesennnaaees 28
OBJECTIVE OF THE STUDY ettt ttttuuttttueeettieeettueeestneeessnassnessnesessnesessnnesesnnaeresnnerens 31
REFERENCES. ... tttutittttie et e ettt e ettt e e et e e e e aat e e e et e e e et e e e et e et et e e e e et e e eennneeeenan 34

CHAPTER 2 NOVEL MAGNETIC IRON OXIDE NANOPARTICLES FOR

POTENTIAL BIOMEDICAL APPLICATION: SYNTHESIS,

STABILITY, CYTOTOXICITY AND MR IMAGING..........ccevvrrinnnns 43
A B ST RAC T ettt ettt ettt e ettt e et et e e e e e e et e e e e e et et e e e et tnnaara e e aaes 44
INTRODUGCTION. 11t ittt et et e et e et e e et e e et e s e emaee st e e aa e e e n e et e e e s e e e e neebn e e ean e e enanneens 45
MATERIALS AND METHODS. ... itutiitiie it ee it e et e et senee e et e et s e ea e e et e e e e e aa e eann s 46
RESULTS ANDDISCUSSION. . ctuiitiiittiettietaineeeiaeeatseeaesseassts e st s esnaeesnsasanaesseeeneeens 51
L0 N o I ] [0\ PSRN 63
ACKNOWLEDGEMENTS ..t ttuttttiiti ettt e etis e et e e et e e et e e s taseeas s e eaa e e st e e ea e e ea e e aa e e aaeeaneeannas 64

REFERENCES . .. . tttuittiitit ettt e et e et e e e et e s eee s et e e et e e et e e e e e et e e ta e e et e e ean s ennaneeennes 65



CHAPTER 3 CELL UPTAKE BEHAVIOR OF OPPOSITELY CHARGED

MAGNETIC IRON OXIDE NANOPARTICLES — IMPLICATIONS

FOR SUBSEQUENT CELLULAR MR IMAGING............cceieinnns 72
ABSTRACT. ...ttt sttt e et e et en e 73
INTRODUCTION. ...ttt se e e e 73
MATERIALS AND METHODS. ..ottt sesese s 75
RESULTS ..ttt et em e 80
DISCUSSION. ...ttt sttt ee e 87
CONCLUSIONS ...ttt e sa e e e et en e eene e e 90
ACKNOWLEDGEMENTS ......uiuiiiiitieeie et sesaess s e e 90
REFERENCES. ......ciuttiieateee et eaee s 91
CHAPTER 4 SUMMARY AND OUTLOOK ....iiieiiiieeeerieeeenineeeeei e eeennnas 97
SUMMARY ...ttt et 98
[ 1 1 100
ZUSAMMENFASSUNG.......cvueteeieeeie e e e sasi s esr et 10
AUSBLICK ...ttt et nn e 103
APPENDICES. ... iiietiieeeette ettt e e e et meee s e e e e e e e e e e e e e e e e eenn e eeenns 104
ABBREVIATIONS .....cutiiiiiitieeie ettt e e eses e se e e et eeeneas 105
LIST OF PUBLICATIONS......cutiuetieeieieieseeieseeesse e sesessese et se e enesesnens 107

CURRICULUM VITAE ...tittiietitee ettt e e et e e et e s eat s e s snmaeseseatneeeaaseseannseeesnnnesssnneesnnns] 08L



Chapter 1 Introduction




Chapter 1 2

MAGNETIC NANOPARTICLES IN NANOTECHNOLOGY

Nanotechnology has revolutionized many branchescance and is generally regarded as
one of the most promising future technologies, doeits broad scope of potential
applications. One general advantage of nanotecgpatoits versatility to modify physical,
chemical and biological properties of materials wheaching nanoscalar dimensions.
Commonly, sizes of approximately 1 — 100 nm in d#gen are regarded as relevant. One of
the subfields in which nanoparticulate objects htowend application is nanomedicine. As
various biological processes occur at the nanonstele, they can be easily accessed or
manipulated by nanoparticles [1]. In combinationthwitheir unique physicochemical
properties, nanoparticles offer interesting featums drug delivery and diagnostic purposes.
Advances in materials science further contributinéodevelopment of improved carriers for a
more specialized treatment and diagnosis of dise@}eThe motivation for these structural
refinements is to approximate the idealized conadptmagic bullets’ proposed by Paul
Ehrlich, who envisioned a pharmaceutical agentcsgldy targeting abnormalities inside the
body with no side effects. Apart from the questdpecificity, nano science is attempting to
provide nanoparticles with additional function&sj such as traceability or susceptibility to
external triggers.

Magnetic nanoparticles (MNP) represent a clasaafers with inherent functionality. Due to
the multitude of physical processes inducible esthcarriers, MNP have gained considerable
interest among the broad spectrum of nanoscaleriaiatéor biomedical use [3]. The effects
mediated by intrinsic magnetic properties rangenftoeat generation to magnetic attraction
and tissue proton relaxation. This versatility ati@n renders MNP highly suitable for
numerous applications, including hyperthermia, nedignresonance imaging (MRI) and
(image-guided) drug delivery. As regards biomediegiplications, MNP are usually

administered orally or intravenously in the formstéble ferrofluidic nanosuspensions [4].
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These nanopatrticles are composed of magnetic irderate cores surrounded by organic or
inorganic coatings and, optionally, drug or tanggtmolecules. In general, the complexity of
the modular design of MNP is dependent on the eé@sipplication. Several routes have been
described for the synthesis of magnetic cores, eaith a different impact on size,
crystallinity and morphology of the generated nartples [5]. Subsequent or concomitant
addition of stabilizers is a crucial step, as thes¢ecules provide size control, stabilization in
agueous environments and the possibility for furtheactionalization [6]. In the majority of
cases, the resultant assembly is comparable teeasbell structure. This dual design involves
MNP being recognized as ‘usual’ nanoparticular elesi from the outside while carrying an
internal functionality. These considerations arevant to the prediction of biodistribution

processes upon administration of MNP.

BIODISTRIBUTION AND TARGETING

Nanoparticles have to overcome a number of phygicéd barriers before reaching the site of
action. In the case of intravascular administragtiomnoparticles are confronted with ample
plasma-protein levels, blood cells and high iortrersgth of the bloodstream [7]. Apart from
aggregation of nanoparticles, extensive attachnwnplasma proteins and subsequent
removal by phagocytic cells can occur. The lattegct is a function of both particle size and
surface texture, and by appropriate manipulatiothe$e parameters, blood circulation times
and access to deep compartments can be significanthanced [8]. Where MNP are
concerned, the impact of size could be demonstratedltrasmall superparamagnetic iron
oxide nanoparticles (USPIO), which display enhang@dma half-life, and are thus capable

of extravasating to a larger extent from the bleessels into interstitial spaces [9].
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In addition, the biodistribution of nanoparticleslargely dependent on the morphology and
accessibility of certain tissues. Targeting effe@n contribute to a preferential accumulation
of pharmaceutical agents inside cancerous are#iseobody. Passive targeting exploits the
characteristic features of tumor biology, whictoallnanoparticles to concentrate in the tumor
by the enhanced permeability and retention (EPR)cef{10]. This effect describes the

facilitated entrance and enhanced residence ofstafexd particles in tumor tissues, due to
the defective vasculature and dysfunctional lymigh@driainage of tumors. The degree of drug
accumulation generally varies with tumor size, wémc maturation and endothelialization

heterogeneity of tumor blood vessels [11].

Figure 1. Passive tumor targeting: Long-time coafrent of pharmaceutical nanocarriers
inside vessels with intact vasculature (top), adlitated extravasation of such carriers due

to fenestrated tumor vasculature (bottom) [12].
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As passive targeting suffers from several limitasioincluding EPR restriction to specific
tumors and random nature of the approach, the fieednore selective strategies has
emerged. Active targeting involves the attachmémtoognition molecules to the surface of
nanoparticles, in order to achieve maximum bindimdarget cell receptors [13]. There are
different classes of potential recognition molesulencluding antibodies, proteins, small
molecules and aptamers [14]. Consequently, tumordibg and internalization are
significantly enhanced at the desired site of actio

The principles of active and passive targeting @so be transferred to magnetic
nanoparticles. As stated above, MNP for biomedegaplications usually carry polymer
shells, so that their interaction with cellular quonents of the body is highly comparable to
polymeric drug delivery vehicles. Consequently, geformance of MNP is associated to
both external factors, such as size and surfataresxand internal factors like magnetism and
crystallinity [15]. Depending on the choice of apption for MNP, different aspects of
targeting have priority. While passive distributioh the MNP formulation throughout the
body is in most cases sufficient for imaging puggmsactive targeting strategies are desirable
for drug delivery and hyperthermia purposes. I ttontext, biodistribution experiments are
often helpful for the prediction of accumulation dameffectiveness of nanocarriers. A
convenient method to measure pharmacokinetic bligtan profiles of magnetic

nanoparticles is radiolabeling [16].
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APPLICATIONS IN BIOMEDICINE

Magnetic nanoparticles in drug delivery and hypertrermia

Drug delivery designates the method or processlaii@istering a pharmaceutical compound
to achieve a therapeutic effect in humans or amrfiaf]. The classical efforts of magnetic
drug delivery included the targeting of drug-loaddNP by means of a strong external field.
Due to the limited depth effect of permanent magnttis method is becoming increasingly
irrelevant [18]. In this context, the near-surfaoeatment of physical defects constitutes an
exception. For example, studies for the intraaldicuetention of magnetic particles in the
presence of an external magnet have shown promigsgits. Implantation of permanent
magnets close to the site of action is anotheripitisg of circumventing the depth limitation
[19]. Moreover, very strong magnetic field gradgemian be used to manipulate MNP in
deeper body regions [20]. The more popular appreddéimage-guided drug delivery will be
discussed in a later section.

Magnetic hyperthermia is a treatment modality fanaer, which exploits the high efficiency
of superparamagnetic crystal suspensions to absmwoebgy in an oscillating magnetic field
and transform it into heat [21]. Depending on thduiced temperature and the duration of
heating, the therapy either results in direct dedtliumor cells, or makes the cells more
susceptible to concomitant radiotherapy or chemaghe[22]. Healthy tissues can tolerate
elevated temperatures for longer periods becauddenf intact thermoregulation. Further
protection of healthy cells can be achieved bydinect local application of MNP into the
tumor tissue. The heat dissipation of MNP resuttsnfthe parallel contributions of thermal
and viscous rotation upon oscillation of a magnigicl [23]. The energy release is dependent
on both particle size and polydispersity of the itext material, and is given as specific
absorption rate (SAR) [24]. Studies with targeteabmetic nanoparticles are still restricted to

thein vitro stage, due to the insufficient level of accumolatat the site of action [25]. In
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contrast, localized administration of magnetic géuids by means of minimally invasive
surgery is currently being studied for a numbeaplications, either as single or synergetic
therapy [26]. In 2010, the medicinal products Namem® and NanoActivator® (MagForce
Nanotechnologies) have found EU approval for tleatment of glioblastoma multiforme

[27].

Applications in magnetic resonance imaging

The application of magnetic nanoparticles as MRhtiast agents aims at the improved
depiction of somatic structures. MNP have the pderto accentuate signal intensity
differences between adjacent tissues in MRI expisn The concurrent contrast
enhancement is attributable to their unique relaatoim properties. In scientific literature,
MNP for imaging purposes are often referred to apesgparamagnetic iron oxide
nanoparticles (SPION and USPIO) [28]. These nartimtes accumulate in the cells of the
mononuclear phagocytic system upon administratidapending on their location after
uptake, these agents can serve as MRI markerg/éordnd spleen imaging, lymph node and

blood pool imaging [29].

Figure 2. MRI detection of breast cancer metastasia liver segment before (left) and after
(right) application of SPION contrast agents. Imped delineation of metastasis (black

arrows) and liver lesions (white arrows) is obsdreafter SPION administration [30].
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Classical SPIONs are not suitable for tumor visadion because of insufficient
accumulation at the tumor site. The need for cehti@gents with pronounced tumor
selectivity has led to the development of modertOBi8 combining previous features with

active targeting principlesable J.

Name Target Imaging application Reports
Folic acid Folate receptor Breast cancer [34]
RGD mimetic oyBs integrin Integrin-positive cell imaging [35]
PBP P-selectin Post-stroke neuroinflammation [36]
RGD peptide oyBs integrin Breast cancer [37]
EGFRvIII antibody EGFRvIII Glioblastoma multiforme [38]
anti-HER?Z2 affibody  HER2/neu Breast cancer [39]

Table 1. Targeting strategies for magnetic nanapbas: name of targeting moieties, cellular

targets and therapeutic application.

Depending on their composition, targeted nanoaariaee able to locate a large number of
structures. The possibility of tailoring MNP in $ua way that they can track down a defined
molecular target concurs with the idea of molecutaaging [31]. In addition to structural

refinements, the performance of MNP can be upgrégedtroducing further functionalities,

for example, therapeutic payloads and secondargiilgaagents. Drug-loaded MNP are used
to monitor drug accumulation at the desired sitaation or to trigger drug release, hence the
expressions image-guided drug delivery and therstgrso[32]. The bound agents are in most

cases chemotherapeutics or radiotherapeutics fuzecaherapy. In recent years, stem cell
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therapy has attracted much attention, due to isdirige potential for incurable diseases. The
fate of administered stem cells can be tracked aftevivolabeling with MNP. Meanwhile,

the concept of cell tracking has been expande@nografts, among others [33].

Future developments

Over the past decade, the concept of multimodalityivo imaging has emerged. The term
describes the combination of two or more imagingdatiies complementing each other,
usually within the setting of a single examinatiémong the applied modalities are MRI, X-
ray computed tomography (CT) and single-photon simiscomputed tomography (SPECT).
Contrast agents suitable for multimodalityvivo imaging must be responsive to the chosen
modalities and have to meet strict requirementsduding sustained detectability of signal,
lack of interference and uniformity of signal rati@0O]. The confinement of two
functionalities in one nanocarrier enables dualgimg following a single administration.
Standard nanosystems for MRI and optical imagingaiaing iron oxide and Cy5.5 are, for
example, used for precise surgical procedure phanfail]. In short, the challenge to generate

tailored contrast agents for multimodalityvivoimaging is substantial.

PHYSICAL PRINCIPLES OF MAGNETISM

The first studies on the phenomenon of magnetisi lokack almost three thousand years, but
it was not until the nineteenth century that séstst made enormous progress in the
understanding of the physical principles which uhdemagnetism. Among the most
important findings were on the one hand the dile&age of magnetism and electricity, on
the other hand the atomistic rather relativistiplaration for magnetic effects. Magnetism is

a cooperative phenomenon which involves the indggrplf huge numbers of particles. Thus,
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the magnetic behavior of macroscopic systems isresiricted to the individual state of
intrinsic isolated magnetic moments, because aksor torder and mutual interactions
contribute to the overall effect [42].

In this section, the most relevant mechanistic gypiles and forms of magnetism are
introduced, as they present the base for the phenomof superparamagnetism, which is of

major interest in this work.

Magnetic moments and magnetization
The magnetic moment is the fundamental quantitynegnetism. If an electric curremt
circulates around an infinitesimal oriented loopacgadA, then a magnetic field is generated
normal to the loop plane with a resultant magnetienentdu given by

du=1dA. (Eq. 1)
Due to the fact that a loop of finite size presemdthing else than a giant assembly of equal
infinitesimal current loops distributed throughatst plane, the overall magnetic momenof

such loops can be calculated by the integratich@fjenerated minuscule momedis
p=[du=1[dA. (Eq. 2)
The appearance of magnetic moments in atoms isiagsd with both the orbital motion of
electrons around the nucleus and their tumbling sptation around their own axis. Both
types of movement influence the angular momentuaf the electrons and go along with a
transport of current, thereby creating a magnettnent. According to quantum theory, all
angular momenta appearing in atoms are quantinexljah a way that their values are either
integral or half-integral multiples of the quanti2rt (= #2), whereh is Planck’s constant.

Hence, the magnetic moment of an atom bearing egeltpis also quantized and can be

written as

. (Eq. 3)

Sl i

_an
H 2m
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For an electron with m = grand q =—e which revolves around the nucleus of a hydrogen

atom, the equation is simplified to

en
K=o = Hs s (Eq. 4)
whereps is the Bohr magneton, defined by
_ en _ F* Am2
y7A T om 9.27 x 107" Am*“.. (Eq. 5)

The Bohr magneton is the smallest entity of the meéig moment, and by convention a
convenient unit for describing the overall sizeatdmic magnetic moments. Inside a magnetic
solid, a large number of atoms with magnetic momastpresent. The magnetizatidm
represents the common descriptor for magnetic sgstat the macroscopic scale, and is
defined as the magnetic moment per unit volume. mhgnetizatiorM can be imagined as a

vector field which is continuous throughout homogums materials, except for their edges.

Magnetic field and magnetic susceptibility
The physical quantities of the magnetic fielcand the magnetic inductidhare linked under
vacuum conditions via the permeability of free spac
B=4H. (Eq. 6)

Inside magnetic materials, the relation betweenh bguantities is complicated by the
contribution of the intrinsic magnetizatidn, so that the abovementioned equation has to be
expanded to

B= 4 (H+M)=p(H+xH)=u,0+ Y)H = i 44 H (Eq. 7)
where x is the magnetic susceptibility and = 1 + x is the relative permeability of the
respective material. The paramegedescribes the degree of magnetization of a sudxstan

response to an applied field.
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Depending on the material type, the susceptibjityakes characteristic values which are
indicative of a certain class of magnetic behavior:

Diamagnetism X negative, }| <« 1

Paramagnetism X positive, X| <« 1

Ferromagnetism  x positive, X|> 1.
Diamagnetic and paramagnetic materials exhibit reagrsusceptibilities close to zero, and
consequently only weak responses to external fidldsontrast, ferromagnetic effects are
rather large, able to produce magnetizations ormfensagnitude greater than the applied field
[43]. The reason for this striking discrepancy lieghe state of order: while materials from
the first two groups can be regarded as assembfigsolated, non-interacting magnetic
moments, ferromagnets display long-range magnetierp leading to strong cooperative
forces (below a certain critical temperature). Rertground states with highly ordered
structures include ferrimagnets, which will be dssed later, antiferromagnets and spin

glasses.

Diamagnetism

Diamagnetism is an inherent additive effect of mihterials, but it only constitutes the
predominant role for substances containing atoms@ecules with filled electronic shells.
The application of a magnetic field causes the d¢tidn of a magnetic polarization, which
opposes the original field and therefore weakeasignetic inductioB inside the material
(x < 0). This is in accordance to Lenz’'s Law, whiclairos that the triggered back
electromotive force on charge carriers acts amindional to the magnetic field [44]. It is
noteworthy that all materials undergo this orbrieéponse. However, in paramagnetic and
ferromagnetic substances, this rather weak effeciverwhelmed by the existence of major

permanent magnetic moments caused by unpairedraisct Perfect diamagnets with
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magnetic susceptibilities of —1 have found most saderable technical application as

superconductors.

JHH

Figure 2. Behavior of diamagnetic (left) and paramatic (right) solids in a homogeneous

AR

S

magnetic field. A diamagnetic substance is repdilech the magnetic field, due to induction

of a magnetization opposed to the original fiel@][4

Paramagnetism

When paramagnetic materials are introduced int@xernal magnetic field, an enforcing
magnetization parallel to the existing field isueed. Atoms of paramagnets contain unpaired
electrons, and thus permanent non-zero magneticemisnwhich tend to either randomize
and be statistically distributed at zero field ctiods, or line up with an applied field. For the
latter case, a net magnetizatibh becomes measurable which depends on both the field
strengthB and the temperatufe Thermal agitation counteracts the alignment, wagrhigh
field magnitude favors it. The magnetization oflassical paramagnet is described by the
Langevin function,

L(x) = M _ cothx—l,x= KB
Mg X kg T

, (Eq. 8)
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where kg is the Boltzmann constant amds is the saturation magnetization, which is the
maximum detectable magnetization at complete alegirof all moments.
For small magnetic fields, Curie’s Law states timwerse proportionality of magnetic

susceptibility and temperature.

Ferromagnetism

The special arrangement of magnetic moments inflgdemagnets explains their unique
properties. Ferromagnetic systems are composedrméiths which in turn enclose magnetic
moments of parallel orientation. The unidirectioalidnment of moments is a consequence of
the exchange interactions between identical pagjchnd can be predicted by quantum
mechanical calculations [44]. Despite the fact tbath domain is thus magnetized until
saturation, untreated ferromagnets do not appedetmagnetic at the macroscopic scale,
which is due to the transient change in domainnteitgon and the resultant cancellation of
moments.

Upon application of a magnetic field, several psses including domain wall motion,
domain rotation and coherent domain rotation abléo the gradual alignment of magnetic
moments with the external field, and give rise tostong net magnetization. This
magnetizationM increases with the field strength and experiences saturatioNld at
complete orientation of all magnetic moments wite field Figure 3. When the field is
reset to zero, the system maintains a remanent etiagtion Mg and behaves like a
permanent magnet. In order to entirely demagnetiee system, a coercive fieldc of
opposite sign needs to be applied. Both parametetesmine the course of the associated
hysteresis loop, which encloses an area equivatethe energy loss by heat dissipation
during the magnetization cycle.

The quantityMgr and the hysteresis area are also measures foeltletance of a material to

the reversal of magnetic moments after uniform re#igation. Large hysteresis areas occur
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when the mechanism of domain wall rotation is ety hindered, due to pronounced

anisotropic effects or dislocations in the crysigthphic structure. Corresponding materials
are called ‘magnetically hard’ and find, among osh@pplication as data storage media due
to these unique features. It should also be ndtedl ferromagnets lose their structured

orientation above a critical temperature, the Ctemperature, and then act like paramagnets.

17
M. |

/
)

Figure 3. Hysteresis loop for a ferro- or ferrimagit substance. Magnetic saturationg)Ns

w

-

accomplished at high magnetic field strengths, dmecomplete alignment of magnetic

moments. Field reversal to zero results in a nalw-zemanent magnetizationdj42].

Ferrimagnetism
Ferrites, for which this phenomenon was initialgsdribed, and garnets belong to the family
of ferrimagnets. The domains of these systems @mnagined to be composed of two

interpenetrating sublattices bearing magnetic masneh antiparallel alignment. Unlike in
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antiferromagnets, the different magnitude of opdoseoments or their non-equivalent

distribution among the compartments result in {y@earance of spontaneous magnetization.

e
e
=
—l—
=
e

il——
i ceneeenn
e

bttt

Figure 4. Schematic composition of antiferromagneflieft) and ferrimagnetic (right)
materials. The system assemblies can be considerédo interpenetrating sublattices with
opposite alignment of magnetic moments. In antfeagnets, the magnetic moments of the

sublattices are equal and therefore cancel out [42]

Considering further the partitioning into domaiitsis not surprising that the magnetization
dependence on the field very much resembles thiraimagnets. The same applies for the
influence of temperature, with the exception thaine ferrimagnetic materials exhibit a
compensation temperature at which the two subdstti@in equal moments.

Ferrites are compounds of the basic chemical faurM® Fe,O3; where M is a divalent cation
like Zn**, F&*, Mn**, Ni?*, CU* or C&*. Magnetite (FgD,) and the related defect crystal
maghemite \-Fe03) are part of this group, and their structurestarefly highlighted due to
their relevance for the experimental section. Téxeegal spinel structure contains two types of

lattice sites, namely tetrahedral (or A) sites aothhedral (or B) sites. Cations of the A
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sublattice are surrounded by four oxygen neighbehsle B site cations are coordinated by

Six oxygen atoms.

O  Oxygen @ Asite cations

@ B site cations

Figure 5. Ferrimagnetic coupling of magnetic monseimt a spinel. The orientation of the

moments is parallel in each sublattice and antiflaidbetween the sublattices [43].

Magnetite forms an inverse spinel in whiclf'Fens occupy half the B sites, while the*Fe
ions sit at the other half of the B sites andladl A sites [45]. With all the octahedral moments
aligned in parallel fashion, due to superexchamgeractions, and the tetrahedral moments
pointing to the antiparallel direction, an approation for the saturation magnetization of the
formula unit can be given substractively in mubkgplof the Bohr magneton: 2 (0.5 + 0.5

4) ug — 5 = 4 Ug. The factor 2 is explained by the existence oténas many B sites as A
sites in the crystal. The structure of maghemiteeisy similar and often represented by the
formula Fé"s (F€**13 113 Fe 5 29 Os. This means that only trivalent iron is presenttie

crystal lattice and that vacancy ordering occurthatoctahedral sites where statistically only
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13 1/3 sites are occupied. The saturation magnetizger formula unit of maghemite

amounts to 2.9ig.

Superparamagnetism
The formation of domains in ferro- and ferrimagoethaterials is driven by energetic
considerations. Although the introduction of domamils costs energy, the associated saving
in magnetostatic energy renders it favorable. Téaggilibrium shifts when the sample
dimensions are reduced, and below a critical diani®¢ the material consists of a single
domain [46]. Inside particles of single-domain sitee magnetization is forced to lie along
so-called easy axes due to magnetocrystalline hapesanisotropy reasons. In order to flip
the magnetization between these preferred direstiam energy barriedE has to be
overcome, which depends on the effective anisotogmgtanK.s and the particle volumé:
AE=K_V . (Eq. 9)
For nanoscale objects, the energy barrier is smatbmparison to the thermal eneigyl and
the magnetization can fluctuate easily. In cag€ > K V, the systems behave like
paramagnets with giant non-interacting magnetic ems) hence the expression
superparamagnetism [47]. The reversal tmod the magnetic moments is given by the Néel-

Brown expression

K.V
= exp( o j , (Eg. 10)
ko T

wherer is typically 10° s. If the reversal time is much longer than theepbational time of a
laboratory experiment, the magnetic moments ofsystem appear to be locked in a certain
direction. This macroscopic blockade is maintaibetbw the blocking temperatuiig which
separates the blocked from the superparamagnate gtpart from its dependence on particle

size, effective anisotropy constant and measuiing,{Ts is also manipulated by the applied
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field. The field lowers the energetic barrier fooment reversal, and thus the blocking

temperature.

T<Tg T>Tg

Figure 6. Temperature influence on the magneticalbiein of superparamagnetic materials.
Below the blocking temperatures Tleft), single-domain magnetic moments are blocked
Increase of temperature abovg {Fight) leads to reversal of the magnetic momexitime

scales shorter than the experimental time.

Particles for biomedical applications are usuadlgricated in such a way that their moments
are available in the superparamagnetic state ah temperature. Then, the application of a
field will align the strong magnetic moments andulein a designated effect. Moreover, the
absence of any remanent magnetization upon renobyiheé field prevents the aggregation of

the carriers, and turns them into perfectly swibtbalevices.

Magnetization measurements

Experimental techniques for examining the magnetioperties of solids are numerous.
Basically, these techniques differ with regardheitt working principle and their sensitivity.
Two devices most frequently used are the vibrasample magnetometer (VSM) and the
SQUID magnetometer. Both methods are based oretleeding of an induction effect caused

by the movement of a magnetic sample [48].
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In a VSM, a sample vibrates sinusoidally up and mloand thereby induces an alternating
current in a stationary pick-up coil. The inducadnal is proportional to the magnetic
moment of the sample and has the same frequenitye agbration pulse. Therefore, it can be
easily filtered out by a lock-in amplifier fed with vibration reference signal. SQUID
(superconducting quantum interference device) ntagmetry is one of the most sensitive
techniques for the determination of magnetic dipolgritially, the alteration of the magnetic
flux upon movement of a magnetic sample along e @ a superconducting pick-up coil is
registered. This flux information is then transéeirvia a coupling coil to the central
component of the magnetometer, namely the SQUIBsmerThe sensor completes the
transformation of the flux signal into an electlicaltage. A dc-SQUID consists of a
superconducting ring which is interrupted at twaipons by Josephson junctions. When the
intrinsic current in the respective halves of thegris affected by a change in the magnetic
flux, a voltage drop becomes detectable at theactsit Magnetic fields as small as’20r
can be measured with modern SQUID magnetomete}s [49

The most direct information on the arrangement afnetic moments inside a specimen can
be achieved by neutron diffraction. The wavelergjtheutrons is related to their velocity and
can be tuned thermally to values similar to atospacings. Incident neutron beams are
scattered on the one hand by atomic nuclei (nudeattering) and on the other hand by
variations in the magnetic field (magnetic scattgyi This is somewhat surprising, since
neutrons do not interact with electron clouds du¢heir zero charge. In fact, the magnetic
scattering is brought about by the coupling of atomagnetic moments with those of
neutrons. Various events can be revealed by therded diffraction patterns: the
magnetization of a sample results in additionakpe#hile a change in strength of magnetic
order causes a change in amplitude. Moreover, o dliffraction can be applied to determine

the arrangement of magnetic moments in an ordergdtat [42]. Despite all these
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possibilities, the acceptance of this method ikematautious, due to the fact that neutron

generation is very expensive.

PRINCIPLES IN MAGNETIC RESONANCE IMAGING (MRI)

Atomic nuclei of non-zero spin configuration alsarny magnetic moments. However, these
moments are negligibly small in comparison to thokelectrons. Sensitive techniques, such
as magnetic resonance imaging (MRI), are able tectlssuch faint nuclear moments via
excitation under resonance conditions. MRI repressamoninvasive imaging routine for the
detailed visualization of body structures, and #stipularly suitable for the high-contrast
depiction of soft tissues. Selective focusing dyrthe recording procedure enables the
production of sectional images of the area of agerThe individual pictures are finally put
together to yield three-dimensional models of tineestigated zone. A further benefit is that
MRI involves no ionizing radiation. The scientistad later Nobel Prize winners Paul C.
Lauterbur and Sir Peter Mansfield extended the sdafanuclear magnetic resonance for
imaging purposes, and were leading in the developmeMRI. The central role in clinical
MRI is played by hydrogen nuclei which consist cfilagle proton and appear ubiquitously in
the human body.

The rotation of protons around their own axis, dretktnown as proton spin, creates a
permanent magnetic moment parallel to the rotatiaria of the spins. Upon application of a
magnetic fieldBy, the magnetic moments react with a precessionomatiound the field at a

characteristic Larmor frequenay which is given by
w =yB, , (Eq. 11)
whereiny is the gyromagnetic ratio. The subtle loss of epelgring precession forces the

moments to align gradually with the field, theratrgating a net longitudinal magnetization
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Mz along the axis of the external field. By the peaqieular input of an appropriate high
frequency pulse under resonance conditions, that ikarmor frequency, an entire 90°
deflection of the magnetization vector to the xgn@ takes place. The precession and spin
motion of this transverse magnetizatidry induces an oscillating current in the detectol, coi

which is amplified to give the MR signal.

>
>

detector coil

<

X

Figure 7. Precession movement of magnetic momerds iexternal field Bresults in a net
longitudinal magnetization M (top). After application of a high frequency puylske

magnetization vector flaps to the xy plain and rekia signal in the detector coil (bottom).

After removal of the high frequency pulse, the nmlodwf the transverse magnetization and
thus the oscillation amplitude decrease with tiché to special relaxation mechanisms, and

the resultant fading of the signal is known as frekiction decay [50].
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The processes leading to the decay of transvergaetiaation are referred to as spin-lattice
relaxation and spin-spin relaxation. Other denotona are T and T relaxation,
respectively. Spin-lattice relaxation appears duertergy exchange between the spin system
and the surrounding lattice. This causes a proiyeessalignment with the external field, and
a recovery of the longitudinal magnetizatida in such a way that

M,=M,1-¢e""), (Eq. 12)
whereMp is the magnetization along the external field girium state and is the so-
called longitudinal relaxation time.
Simultaneously, spin-spin relaxation weakens thasverse magnetization by dephasing of
the spins. The loss of phase coherence can bbud¢t primarily to the energy exchange
among the spins, which is known as pure spin-spiaraction, but it can also be due to
constant inhomogeneities in the external magnetid.f The time constant, for the pure
spin-spin interaction is given by

M,, =M,,.@-e""), (Eg. 13)
whereMxy- is the maximum magnetization in transverse dioectin case the contribution of
field inhomogeneities cannot be eliminated, theetifor the relaxation process is generally
shortened and expressed as transverse relaxatioi .
As T, relaxation is a much faster process tihamelaxation, the observed signal loss after a
single high frequency pulse is dominated by thexsvarse dephasing. However, when
multiple excitations are performed during a measmt cycle, the weighting between these
parameters can be shifted [50]. In this connectiba,settings of both the repetition tirfig
and the echo tim@g of a measurement sequence have a strong impaetqUdntityTr is
defined as the time interval between two conseeutixcitations of a section of interest. In
order to attain a so-callél weighting, that is the assessment of contrasttaldee different

longitudinal relaxations of certain tissues, thpetéion time should be kept rather small.
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After a shortTg, the magnetization vectofd; of different tissues accessible for further
excitations vary the most, and consequently, trghdst possible contrast of signals is
achieved.

The echo timelg specifies the time range between excitation amustation of the MR
signal. The later the registration happens, theemmonounced the differences in spin
dephasing for the investigated tissues due to wadguelaxation times. Therefore, the type
of image acquiration with a combination of longe#tfion time and long echo time is called
T,-weighted. In contrast]; weighting is accomplished by small valuesTef and Te. A
typical set of scan parameters fofaweighted sequence would contain a repetition fige
between 3000 and 5000 ms dndn the range of 80 to 150 ms. [51]

The choice of the MRI sequence is sometimes cridicrathe detection of malignant masses
[52]. This is because the differences in absoligeat values are dependent on the respective
sequence, but have to be maximal for the tissuasaexamined, in order to allow for
sufficient contrast and distinguishability.

Spin echo sequences are a method to eliminate Blowementioned magnetic field
disturbances and their influence on the spin reélamabehavior, respectively. After standard
excitation with a 90° pulse, the signal decays tuspin dephasing. A second 180° inversion
pulse reverses the spins in the xy plane, wheretlpey start to rephase again. Complete
phase coherence is obtained affer, and the amplitude swelling of the echo signa&is
measure for the pure spin-spin relaxatibiggre 8.

As already pointed out, the selection of the pslsguence is a major factor affecting image
contrast in MRI studies. The contrast is furthetedained by the individual physique of the
patients, the technical specifications of the scanulevice and the effect of MRI contrast

agents.
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RF pulse

Signal

Figure 8. Timing of RF pulses and signal of detectml during MRI spin echo sequence
(upper chart). The spin echo effect (lower chafd). The equilibrium magnetization initially

lies along the z-direction. (b) Magnetization presien in the xy plain after 90° pulse (t = 0).
(c)(d) Gradual spin dephasing because of field mbgeneities. (e) Spin reversal and
beginning rephasing after application of 180° pulse 7). (f) Complete rephasing of spins at

t = 27- spin echo signal [42].



Chapter 1 26

MRI CONTRAST AGENTS

Contrast agents are a group of pharmaceuticalstoseghance the visibility of internal body
structures, and to elaborate faint differenceshim signal intensity of adjacent tissues. In
general, the brightness (or darkness) of a tisssiglts additively from its proton density and
its resonance behavior. While the first item iheatdifficult to manipulate, the relaxation
properties can be altered by means of most cordrditncers. This is due to the generation of
local magnetic fields which interact with the swmding protons. For paramagnetic MRI
contrast agents, the interaction is a combinatianreer- and outersphere relaxation, whereas
the latter mechanism dominates for superparamagaggnts [6]. Outersphere relaxation is
mediated by the movement of water protons in tleenity of the generated magnetic field
gradients, and has a strong effect on the transvetaxation.

On this basis, MRI contrast agents are classifita positive and negative contrast enhancers.
Paramagnetic agents mainly accelerate the longilidi relaxation and cause a hypersignal
in the region of interest. Due to this brightenieffect, they are called positive contrast
agents. In contrast, superparamagnetic formulatiodace rapid spin dephasing and thus
massive shortening of the relaxation time [53]. Tissues containing minimuswdls of these
agents appear darker in appropriate sequenceseféhersuch agents are also referred to as
negative contrast agents.

Most positive contrast agents contain the parantaggadolinium ion in chelated form. The
attachment of strong chelators reduces the toxtenpal of gadolinium, and permits the
intravasal application of the complex solutionseTihdications for gadolinium complexes
range from whole-body imaging and angiography, he tletection of focal liver lesions.
Several marketed products have been approved byFib%, such as Omniscan® and

Magnevist®.
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Nanosuspensions of superparamagnetic iron oxiddficettbns have found application as
negative contrast agents in the past decd@blé¢ 3. The approved ferrofluids contain
magnetite or maghemite nanoparticles of differeimessions, which are surrounded by
macromolecular stabilizers. The surface coveragke thiese molecules prevents the particles
from aggregation, and optionally enables the prgébion of blood residence time, due to the
hindrance of plasma protein opsonization. Dependimgheir size, the coated nanoparticles
tend to accumulate in different compartments oflibdy. While nanoparticles of very small
dimensions (< 40 nm) concentrate in the lymph nafes 24 hours, larger nanoparticles of
around 100 nm are rapidly taken up by the reticudo¢ghelial system. As sufficient tissue
enrichment is necessary for effective contrast eoément, the indications follow from the

respective pharmakokinetic distributions in theyod

Trade name Manufacturer  Specifications Indication Dosage

Endorem® Guerbet S.A. @,/ Dextran Liver lesions 15 pmol [Fe] per kg

11.2 mg [Fe] per mL body weight

Lumirem® Guerbet S.A. KOs/ APTMS Gl tract, bowel 600 — 900 mL (oral)

0.18 mg [Fe] per mLdelineation 300 — 600 mL (rectal)

Resovist® Bayer FeO,4/ y-Fe0s / Liver lesions 0.45 — 0.7 mmol [Fe]
Schering Carboxydextran (intravenous)
0.5 mmol [Fe] per

mL

APTMS : [3-(2-Aminoethylamino)propyl]trimethoxysiie

Table 2. Marketed contrast agents based on magimeticoxide nanoparticles.
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MANUFACTURING TECHNIQUES

Several procedures for the fabrication of magnedisoparticles are available nowadays [5].
The selection of the appropriate synthesis routedsucial step, due to the fact that it affects
composition, shape and crystallinity of the produéturther features directing the decision
are the eventual application, yield and particldarmity. The most important methods for
synthesizing nanoparticles of the iron oxide specks0, and y-FeO; are aqueous
coprecipitation and thermal decompositidalfle 3.

Coprecipitation is a convenient way to synthesiagnetic iron oxides from aqueous iron salt
solutions by the simple addition of a base. Theetisions and the size distribution of the
nanoparticular products can be regulated by a seok settings, among these the
iron(Il)/iron(lll) ratio, type of iron salts use@H and temperature [47]. In case the reaction is
carried out under inert atmosphere, crystalline meétg is formed as a product. Due to its
susceptibility to air oxidation, magnetite is eith@ored under appropriate conditions or
deliberately oxidized to also magnetyeFe,O;. Despite all scientific efforts, control of
particle size remains the weak point of the copitaion method. Basic approaches for
solving this problem contain then situ stabilization of nanoparticles by polymers or
carbohydrates during the precipitation process.[®Mjiform crystal growth can further be
mediated by the use of special chelating agents fo§reat advantage of the coprecipitation
method with respect to biomedical applicationshe tomplete lack of organic solvents.
However, the prepared magnetic nanoparticles fieste to be stabilized by protecting
surfactant or polymer coatings, before they caadrainistered.

Monodisperse iron oxide nanoparticles with highescontrol can be synthesized by the
thermal decomposition of organometallic precursites iron pentacarbonyl Fe(CObr iron
acetylacetonate Fe(acacYhe reactions are carried out under the presehsearfactants in

high-boiling organic solvents, and vyield either @gumetal or iron oxide nanoparticles,
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depending on the valence of the precursor molecligmlly formed metal nanoparticles can
be easily converted to their oxides in a conseeutiep. For example, Hyeon et al. prepared
monodisperseg/-Fe,0; nanocrystals by thermal decomposition of Fe@Ci@)a mixture of
octyl ether and oleic acid at 100 °C and subseqogiaation of the intermediate by the
addition of trimethylamine oxide [56]. In generdhe dimensional and morphological
properties of the nanopatrticles are precisely tlenbi controlling the reaction times and the
temperature, as well as the concentrations andsrafi the employed reactants. In order to
render the hydrophobic magnetic nanoparticles wditgrersible, polar molecules have to be
introduced. This is managed, for example, by theharge of surface ligands or the
intercalation of amphiphilic molecules between dizdr chains.

Droplets inside water-in-oil microemulsions canveeas nanoreactors for the formation of
iron oxide nanoparticles. The dimensions of thefastant-stabilized water droplets are
determined by the ratio of surfactant to water [&&nsequently, the size of the nanoparticles
can be controlled to a high extent. A popular patccurring in many synthesis protocols
comprises the isovolumetric mixing of two analogcraemulsions, one containing an iron
salt solution, the other containing an alkalinecjoitation agent [58]. The hydrophobic
nanoparticles are recovered by acetone and etheeaiiment, and are readily dispersible in
organic solvents.

Besides the presented strategies, a multitude ¢ifiods are available for the fabrication of
magnetic iron oxide nanoparticles, such as sokggttions, hydrothermal synthesis and laser
pyrolysis. Nevertheless, progress in this fieldstdl ongoing. In microfluidic systems,
reactants are compartmentalized in droplets antersysally fused by electrocoalescence.

The generated nanoparticles exhibited very smadissand narrow size distributions [59].
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Synthetic method  Reaction Solvent Shape control Yield
temperature [°C]
coprecipitation 20-90 water - high / scalable
thermal 100 — 320 organic ++ high / scalable
decomposition compound
microemulsion 20-50 organic + low
compound
hydrothermal 220 water-ethanol ++ medium
synthesis

Table 3. Synthesis routes for the generation ofmafig (iron oxide) nanoparticles.
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OBJECTIVE OF THE STUDY

The general objective of the present work was #nelbpment of a novel ferrofluid of high
versatility for biomedical applications. Here, timeain focus was on the suitability of
designed formulations to operate as effective esht@gents in MRI studies. Our goal was to
optimize these formulations in terms of functiohaglselectivity and biocompatibility in order
to overcome limitations of currently marketed MRiIntrast agents. The overall process
involved the synthesis and stabilization of femaflc nanosuspensions based on magnetic
FeOs; as well as the evaluation of their compliance witle technological requirements
necessary for an effectiwe vivo application.

Chapter 1 provides background information on the status gumagnetic nanopatrticles in
various biomedical disciplines. Furthermore, gehaspects of particular relevance for the
better understanding of the topic are addressedpngmthese basic principles of
magnetochemistry and magnetic resonance imagint) Wie aim of imparting more
transparency to the reader.

In order to be qualified for biomedical applicatprmagnetic nanoparticles have to meet
certain requirements. These include small size, adispersity, high magnetization values,
superparamagnetism and peculiar surface coating.rdle of surfactant choice is not to be
underestimated, since these agents provide staiiliy protection, functionalization and
biocompatibility. Accordingly, it was our goal toegerate nanoparticulate iron oxide
formulations matching the specified features thetbsay possible. We assumed that
appropriate selection and subsequent tuning osynéhesis route could maximize magnetic
and relaxation properties of the nanocarriers.Heunhore, the implementation of a new class
of surface stabilizers was supposed to confer coetbcompatibility and versatility to the
magnetic carriers. lIi€hapter 2, respective experiments highlighting the influerndeboth

synthesis procedure and stabilizer choice on thtoymeance of magnetic nanoparticles are
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described. Iron oxide nanoparticles were synthdsimean aqueous coprecipitation process,
and thoroughly characterized with regard to thegdecsications. For the purpose of
comparison, the magnetic cores were coated witheeipoly(ethylene imine), a standard
polymer for the stabilization of iron oxide nandapdes, or the grafted derivative
poly(ethylene iminel-poly(ethylene glycol). It was hypothesized thag¢ tmodification of
nanoparticles with a surface stabilizer carryingGPEoieties would enhance the colloidal
stability in protein-rich environments, and leadatoeduction in cytotoxicity. In addition, the
relaxation parameters of the formulations were stigated in order to reveal the potential
effectiveness in MRI contrast enhancement. As elar is a physical property brought
about by the magnetic part of the compounds, wenasd it to be independent of the
respective coating agent. Were the assumptionsetovddidated, the novel iron oxide
formulation containing poly(ethylene iming)poly(ethylene glycol) would possibly be able
to compete with presently marketed MRI contrasnégye

The investigations described @hapter 3 move the focus to the cellular uptake of oppogitel
charged magnetic iron oxide nanoparticles. Basetherfact that the surface potentials of
nanoparticular systems severely affect their ceférnalization rate and mechanism, we
anticipated a major difference in accumulation vedraand possibly cell-internal distribution
in comparative uptake studies. Moreover, we attethfd reveal implications of cellular
localization for the relaxometric performance ofgmetic nanoparticles. For that purpose,
particle-loaded cells were subjected to differenRIMsequences, in order to evaluate the
contrast enhancement potential of the ferrofluilse setups of the examined formulations
differed in both the charge of the polymeric stabil and the applied synthesis route.
Therefore, we assumed the cell uptake kineticsratedto be a cooperative effect of several
variables, but governed by surface charge. It wathdér hypothesized that accumulation of
positively charged iron oxide nanoparticles woutdwr at a faster rate, and to a higher extent.

In general, a pronounced uptake does not necgssapftove the signaling of a tissue in MRI
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sequences, due to the detrimental effect of cefipaytmentalization. However, we predicted
this effect to be less pronounced for formulationith the potential for endosomal escape,
such as the applied compounds of iron oxide ang(giblylene imine). Such formulations
were suggested to be highly valuable for applicetisuch as stem cell tracking, which do

require high cell loading levels with contrast ageand sufficient MRI signaling.
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ABSTRACT

Magnetic iron oxide nanoparticles have found appilon as contrast agents for magnetic
resonance imaging (MRI) and as switchable drugvdefi vehicles. Their stabilization as
colloidal carriers remains a challenge. The po&tmti poly(ethylene imined-poly(ethylene
glycol) (PEGPEI) as stabilizer for iron oxide-KeOs) nanoparticles was studied in
comparison to branched poly(ethylene imine) (PEBrrier systems consisting gfFe,03-
PEI and y-FeOs-PEGPEI were prepared and characterized with regard their
physicochemical properties, including magnetic nesiee relaxometry. Colloidal stability of
the formulations was tested in several media, aytdtaxic effects in adenocarcinomic
epithelial cells were investigated.

Synthesizedy-Fe,0O; cores showed superparamagnetism and high degresysiallinity.
Diameters of polymer-coated nanoparticfgse,Oz-PEI andy-FeOs-PEGPEI were found to
be 38.7+ 1.0 nm and 40.4 1.6 nm, respectively. No aggregation tendency olzervable
for y-FeO3-PEGPEI over 12 hours, even in high ionic strenggdia. Furthermore, ig
values were significantly increased by more tharfald, when compared tg-Fe:Os-PEI.
Formulations exhibited, relaxivities of high numerical value, namely ardur60 mMm* s™.

In summary, novel carrier systems composed ydie,0O;-PEGPEI meet key quality
requirements, rendering them promising for biomadapplications, e.g. as MRI contrast

agents.
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INTRODUCTION

Magnetic iron oxide nanoparticles (IONP) have méhwncreasing interest due to potential
biomedical applications, amongst others in drugvdey} [1, 2], magnetic resonance imaging
(MRI) [3, 4] and hyperthermia of tumors [5]. Redgnthe design of such carrier systems has
moved towards multifunctionality based on drug E&dONP [6, 7] and more selectivity by
the attachment of targeting ligands [8]. In all egsbiocompatibility of IONP regarding
immunogenicity and colloidal stability is of conoer

In general, surface coatings are necessary whittheirce aggregation behavior, colloidal
stability in blood, cytotoxicity, and furthermordag a significant role in pharmacokinetics
and biodistribution in the body [9]. Stabilizatiostrategies for magnetic iron oxide
nanoparticles are mostly based on polymer coatii@glymers investigated include
crosslinked dextran, poly(lactic acid), poly(etmgeglycol), chitosan and polyvinyl alcohol
[10]. Newer strategies concern amphiphilic polynfersphase transfer of IONP generated in
organic solvents [11]. Also, cationic polymers sashpoly(ethylene imine) (PEI) have been
used to stabilize IONP by adsorptive coating on enoms occasions [12]. Such IONP have
been investigated in the context of multifunctiocaitriers, allowing imaging and nucleic acid
delivery [13, 14],but also for targeting and imaging purposes [5}, 1

Problems associated with PEI coated IONP are tlak of colloidal stability and
cytotoxicity associated with the polymer. It hastelemonstrated that such IONP tend to
aggregate in certain cell culture media and inpitesence of serum proteins [17]. A potential
strategy to overcome these problems could be thdifitation of PEI backbone with
poly(ethylene glycol) (PEG), as PEG provides copwys with increased stability, increased
circulatory lives and lower toxicity [18]. Only stainformation is available on IONP

stabilized by copolymers of PEG and PEI [19].
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It was hypothesized that copolymers of the typeg/(athylene imine)g-poly(ethylene glycol),

PEGPEI could serve as coating agent for magnetic oxide nanoparticles, leading to
enhanced colloidal stability and reduced cytotdyidue to PEG shielding effects. To verify
these assumptiong;Fe,03; nanoparticles were coated with PEGPEI, using agsttforward

manufacturing technique. These IONP were comparéld REI coated nanoparticles to
evaluate the effect of PEG shielding. IONP were ratizrized with respect to
physicochemical properties and composition. Moreogelloidal stability and aggregation
behavior were investigated, as well as cytotoxictyd contrast enhancement in MRI

experiments.

MATERIALS AND METHODS

Materials

Iron(Il)chloride tetrahydrate and iron(lll)chlorideexahydrate were purchased from Sigma
Aldrich (Taufkirchen, Germany). Branched poly(etng imine) (PEI) with a molecular
weight of 25,000 Da was a gift from BASF (Ludwigldrg Germany). Block copolymers of
the general composition PEI(25)PEG(20k), abbreviated as PEGPEI, were synthesized as
previously described [20]. Synthesis procedures dihdion steps were carried out in ultra
pure water (0.055S/cm, USF Seral, Seradest BETA 25 and Serapur DEUVAJF) unless
otherwise stated. All other chemicals were obtaifilech commercial sources, and used as

received without further purification.

Preparation of y-Fe,O3 nanopatrticle cores
Iron oxide nanoparticles were prepared by an agieoprecipitation route adapted from the

Massart process [21]. Briefly, concentrated ammaoiation (25 %) was slowly added to a
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0.13 M slightly acidic solution of iron(lll) chlade hexahydrate and iron(ll)chloride

tetrahydrate (molar ratio 2:1) until formation oflark black slurry occurred. After collection

with a permanent magnet and triple washing withaydure water, particles were refluxed in a
mixture of nitric acid and 0.34 M iron(lll)nitrateonahydrate at 90 °C for 30 minutes. The
precipitate was collected by magnetic decantatiod subsequently dispersed in water to
yield a stable final suspension at pH 2.

Functionalized nanoparticles were generated byngixihe iron oxide suspensions with PEI
or PEGPEI polymer solutions for 30 minutes at angef mass ratio [Fe] to [PEI] of 1:2.

Unbound polymer was removed by dialyzing the susio@s in multiple cycles against a 500-
fold excess of ultra pure water, using Spectra/Por@nbranes with MWCO 100,000 Da

(Carl Roth, Karlsruhe, Germany).

Characterization of y-Fe,O3 cores

* Transmission electron microscopy
Size and morphology of-FeOs; cores were investigated using transmission electro
microscopy (TEM). Suspension droplets were placgegd oarbon-coated copper grids S160-3
(Plano, Wetzlar, Germany) and allowed to air drfteAinsertion into the microscope JEM-
3010 (Jeol Germany, Eching, Germany), pictures waken at an acceleration voltage of 300
kV. Core dimensions were calculated by averagindeast 200 particle diameters using

ImageJ software.

» X-ray diffraction
X-ray diffraction (XRD) patterns of naked iron orictores were recorded on a Panalytical
X'Pert Pro powder diffractometer (Almelo, Nethewdish to characterize the crystallite type

and structure of the material. For that purposetigh@ suspensions were lyophilized and
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desiccated thoroughly before being screened wetlgtmiometer at2angles from 20° to 80°

at a stepwidth of 0.0131°.

* Magnetization measurements
The dried samples were further investigated witfard to their expected superparamagnetic
behavior. Small amounts of material were introduicgéd a Magnetic Property Measurement
System MPMS® equipped with 5 T magnet (Quantum d@esBan Diego, CA), using
superconducting quantum interference device (SQUH#zhnology. Samples underwent a
zero field-cooled field-cooled (zfc-fc) sweep franto 350 K at a rate of 2 K/min and an

external magnetic field strength of 50 and 500 1@gpectively.

Characterization of polymer-coated nanopatrticles

» Dynamic light scattering
Hydrodynamic diameters of nanoparticles after p@ydunctionalization were assessed by
dynamic light scattering (DLS) on a Zetasizer Na&® (Malvern Instruments, Herrenberg,
Germany). Measurements were performed at 25 °C @bigropriate dilution of the respective
samples with ultra pure water to avoid multiscattgevents. DTS v. 5.10-software was used
to calculate both particle mean diameters fromnisitg-weighted distributions (Z-Ave) and

distribution widths displayed as the polydispersiiyex (PDI).

* Thermal gravimetric analysis and FT-IR spectroscopy
Investigations on the general and quantitative amsitipn of polymer-coated iron oxide
nanoparticles were carried out via thermal gravimetnalysis (TGA) and infrared
spectroscopy (IR). In the course of the thermalysig lyophilized samples of iron oxide,
pure PEI or PEGPEI and core-shell compounds theveoé tracked over a temperature range

from 25 to 900 °C at a scan rate of 20 K/min undépgen atmosphere using a PerkinElmer
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TGA 7 assembly (Rodgau, Germany). Samples of girtyifze were also subjected to infrared
wavenumber scans between 4000 and 4006 ema Bruker FT-IR spectrometer with Alpha

Platinum ATR sampling module (Bruker Optics, Eglgm, Germany).

Colloidal stability

The stability of the polymer-coated formulationsswisted in a dual set of experiments.
Firstly, change of particle diffusivity in differémelevant media was examined over a time
scale of 30 minutes. Here, 10 pL of nanopartickgpeasions containing iron concentrations
of 1 mg/mL were diluted 40-fold with one of theltaling agents: ultra pure water, sodium
chloride 0.9 % (w/v), fetal calf serum (FCS) offfelient concentrations or Dulbecco’s
Modified Eagle Medium (DMEM) high glucose supplertezh with 10 % FCS and L-
glutamine. Trends of diffusion coefficients overetimalf-hour period were read out by
dynamic light scattering on a Zetasizer Nano Z2&t°C with settings analogous to the
section stated above for size measurements.

Secondly, the same formulations were analyzed 4C3ior alterations in turbidity at 630 nm
over 12 hours with an Ultrospec 3000 spectrophoteméharmacia Biotech, Vienna,
Austria). Suspensions were mixed with the abovermeet solutions in a 1:40 ratio, and
transmissions were recorded at given times. Sanydes stored in a thermal block at 37 °C

throughout the whole experiment, and redispersed fwr each measurement by vortexing.

Cell culture and trypan blue exclusion assay

Human lung adenocarcinoma cell line A549 was maiath in DMEM high glucose
containing 10 % FCS and L-glutamine without theitold of antibiotics in a humidified
atmosphere at 37 °C and 8.5 % L£®or the experiment, cells were seeded onto 24-wel
plates at a density of 60,000 per well. After amgitadherent growth, culture medium was

exchanged with DMEM supplemented with 5 % FCS,roheo to avoid interference with the
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assay reagents. Immediately thereafter, the weksewncubated with increasing [Fe]
concentrations of either iron oxide-PEI or ironaedPEGPEI for a period of 24 hours. For
the purpose of comparison, treatment with pure W&3 performed, due to its well-known
cytotoxic properties. Unmanipulated wells servedaasontrol. After 24 hours, cells were
washed twice with PBS to remove aggregated matemal 20 puL of 0.4 % trypan blue were
added by pipet. Three minutes after addition ofdhe, magnified pictures of the respective
wells were taken on a camera-equipped microscope. percentage of cell viability was
determined by inspecting at least 200 cells fok lacpresence of intracellular blue color, as

dead cells soak up the dye due to loss of membndegrity.

MR relaxometry

Magnetic resonance imaging studies were carriecbout 7 T Bruker ClinScan 70/30 USR
(Bruker BioSpin, Rheinstetten, Germany). Concemmnaseries of polymer-functionalized
iron oxide nanoparticles were placed into microgkige cups to avoid artifacts from
surrounding air. For measurements of transv&sselaxation times, spin-echo multicontrast
sequences were run Bt values of 2000 ms, varying spin echo tinfeg10-150 ms with an
increment of 10 ms), field of view 65x75 mm, matti¥2x128 and slice thickness 0.6 mm.
Data quantification was achieved by evaluating DMC@nages.T, maps were generated
from the overlay of successive spin-echo imageaagusnonlinear monoexponential fitting of
the signal intensitySl) decay curveSl (t) = S exp (1/T,), whereSy is the signal magnitude at
equilibrium andt the particular echo time. Relaxation timBsand their reciprocal values,
relaxation rate®, (=1/T,) could therefore be derived by analyzing regiohmterest (ROI)
within the created maps.

Additionally, effective transverse relaxation tim@s*) were calculated fronT,*-weighted
images taken with the following settings: gradieoho multicontrast withTg 350 ms,

multiple spin echo time$g (2-5 ms), field of view 58x78 mm, matrix 96x128¢s thickness
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0.5 mm.T,* values were obtained correspondingly by plotting MRI signal intensities of

the acquired maps versus echo tifhes

Statistical analysis

Measurements were carried out in triplicate anch dae presented as mean + S.D. unless
otherwise noted. For statistical testing, one-wdyOVA in conjunction with Bonferroni‘s
postt test analysis were performed. Probability valuds poc< 0.05 were considered

significant.

RESULTS AND DISCUSSION

Particle synthesis

Iron oxide nanoparticles prepared by the aqueoesigitation route suggested are generally
of the maghemite {Fe,O3) type, after mild oxidation of the intermediate difa@ation
magnetite (F€D,). Initial stabilization was conferred to the nakeBeO; nanoparticles by
electrostatic repulsion following peptization inidic environment. Ammonia solution was
added dropwise to the reaction mixture to induahert burst of nucleation and controlled
growth of IONP. Both parameters have been describdoe essential for size uniformity,
according to the LaMer diagram [22]. Other factdetermining particle size, such as type,
molarity and ratio of iron salts, were kept constdmroughout the whole manufacturing
process. Mixing of iron oxide suspensions with pody solutions yielded the formulations of
interest, y-F&03-PEI and y-Fe,0Os-PEGPEIL. The simplicity and lack of organic solwent

generally render this coating procedure favorattédofological applications.
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Physicochemical characterization

» Size and morphology ofy-Fe;O3 cores
The maghemite cores depicted on TEM pictufeéigure 1) were found to be irregularly
shaped with an average diameter of 2080 nm, and arranged in clusters, because of their
magnetic nature. Size values were obtained by gwegd200 core diameters, representing a
number-weighted distribution pattern. Dynamic ligktattering experiments showed
considerably larger diameters, due to the inclusibrregions of agglomeration and the
analysis in intensity-weighted mode (data not showmansmission electron micrographs
revealed uniformly arranged planes insideWe,0; crystallite at very high magnifications.
Relatively wide size distribution and poor contafl the shape of IONP are drawbacks
generally observed with the aqueous coprecipitatiarte [23]. Distribution width, however,
is still in an acceptable range and the avoidama@ganic solvents turns out to be beneficial
for biomedical use. The high resolution images ssg@n inverse spinel structure of the

maghemite crystal lattice.

Figure 1. Transmission electron micrographs on morphologysyfithesized«Fe, O3 cores

and crystallite structure at higher magnificatianget).
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» Crystal modification of synthesized iron oxide
Evidence of identity and crystal structure werdHar verified by X-ray diffraction patterns.
Intensity signals appeared at defined scatterirgjean? with the most prominent ones at
30.6°, 35.9°, 43.3°, 57.4° and 63.Fidure 2. The Bragg peaks could be assigned to specific
diffraction planes inside the maghemite lattice2(R), (31 1), (400), (51 1) and (4 4 0).
The assembly of the diffraction peaks is indicatofea cubic inverse spinel structure and

conforms to maghemite/magnetite reference specteatd the relative positions of signals

[24].

Intensity (a.u.)

! L L) . I * 1 . v £ 1

20 30 40 50 60 70 80

26 (°)
Figure 2. XRD pattern of prepared iron oxidgRe,O3) nanopatrticles, indicative of inverse
spinel structure. Signals are assignable to diffiat planes (2 20),(311),(400), (511)

and (4 4 0) at 30.6°, 35.9°, 43.3°, 57.4° and 63r@Spectively.

In general, appearance of signals is regulatedhéyricident X-ray wavelength (K 1.5406
nm, Kq2: 1.5444 nm). Distinguishability between the mazhfionsy-Fe,0; and FgO, is not
possible due to the crystallographically isomorghstructures of both materials. Broadening

of the peaks is caused by crystallite size and lEsser extent, lattice strain [25]. Crystallite
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diameters were accessible by application of thee@eh equation, which considers size
contributions to peak broadening [26]. The formalgiven by

KA
L cos@

whereB is the half-value width of respective Bragg peak#je applied X-ray wavelength,

the diameter@the Bragg angle and the shape-dependent Scherrer constant (set toTh8)
calculated mean diameters of 1&3L.2 nm supported findings from transmission etectr
microscopy. The slight discrepancies between bathads can be explained by the existence

of thin amorphous layers on the surface of the ioaide nanoparticles, and the already

mentioned lattice strain.

* Superparamagnetism
Temperature-dependent magnetization measurementsaked iron oxide nanoparticles
indicated the presence of a blocking temperalgref 75 K, visible in the zero field-cooled
section, at an external field strength of 50 Gryre 3. Also, the rather broad distribution
around theTg maximum was clearly noticeable. Moreover, the kilog temperature shifted
to lower values at 500 Oe and vanished completehljigher magnetic field strengths (data
not shown). The appearance™@f is an indicator for the superparamagnetic behavidhe
types of iron oxide prepared. Nanoscale magnetitiches possess a so-called blocking
temperature as thermal limit that divides blocked auperparamagnetic state [27]. Above
this value, thermal energy exceeds anisotropy gnemg leads to randomization of magnetic
moments much faster than the experimental timeesc#ls seen here, the thermal energy
input upon heating of the samples disturbs theegyst initially leading to unblocking and
alignment of magnetic moments with the external metig field. Thereafter, iron oxide
nanoparticles drift into the superparamagneticestettaracterized by randomization of

magnetic vectors and decrease of magnetizatiarantthus be concluded that the IONP are
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combining strong magnetic moments and paramagrietltavior (superparamagnetism),

which is of great importance for biomedical apicas.
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Figure 3. Temperature-dependent magnetizatiopleé,O3; nanoparticles, as obtained from
zero field-cooled — field-cooled (zfc-fc) sweep aat external field strength of 50 Oe.

Superparamagnetic limit is given by the maximunthef zfc curve, namely the blocking

temperature g.

» Hydrodynamic diameters of polymer-coated nanopartites
All further physicochemical investigations were foemed on the coated nanoparticle
formulations after adsorptive layering with polymeParticle sizes, as measured by dynamic
light scattering, were found to be 38&71..0 nm {(-FeOs-PEI) and 40.4- 1.6 nm {-FeOs-
PEGPEI), suggesting an increase in radii of 13+4ibumder the assumption that single iron
oxide cores were layered with the respective potgniBable 1. Polymer layer thickness is

thus similar for both formulations, despite PEGRidplaying almost double molecular
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weight. The polydispersity indices (PDI) represegtithe widths of the fitted Gaussian

distributions amounted to 0.2%#20.013 and 0.186 0.018, respectively.

size (hm) 5 (MMt s? r* (MM s?)
y-Fe03 10.8+3.0°
y-Fe0s-PEI 38.7+1.0"7 163.2 249.1
y-FeOs-PEGPEl  40.4+1.6" 155.7 231.7

" as measured by TEM

" as measured by DLS (n = 3)

Table 1.Physicochemical parameters of magnetic iron oxigleaparticles.

As a result, these IONP had particle sizes sméii@n those of the commercially available
product Resovist® (60 nm) and may be designatedltagasmall superparamagnetic iron
oxide nanoparticles (USPIO). It has been shownegdHat poly(ethylene imine) can attach to
very different surfaces within a broad pH range][28e assume that the binding mechanism
of PEI onto maghemite is a combination of hydrogending and dipolar interactions. The
slight difference in polymer layer thickness reéerto, suggests in our opinion the orientation
of PEG molecules along the nanoparticle surfaceretty forming a protective shield in

aqueous environment. Besides that, we observedutmaregulation of the pH values after

mixing iron oxide and polymer suspensions to numlodr7.5 to 7.7, presumably evoked by
the buffering capacity of the branched poly(ethglémine) and its derivative PEGPEI. This
enables an euhydric application of the formulatetihout further manipulations. So, despite
its simplicity, this synthesis strategy permits fabrication of small nanoparticulate carriers
with relatively narrow size distributions at nelitpd. However, the colloidal stability of

these adsorptive compounds remains to be addressed.
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» Composition of polymer-coated nanopatrticles

In additional experiments, the relative compositainthe hybrid particles, consisting of an
inorganic iron oxide core and an organic polymaliskivas assessed by thermal analysis and
IR spectrometry. Thermograms revealed a degradatnset for pure PEI at 370 °C and a
biphasic degradation process for PEGPEI. The cuimeshe hybrid nanoparticles showed
analogous patterns and remainder of the inorganit oxide cores at high temperatures
(Figures 4a and b Due to apparent minimum water residues in thapdas, an absolute
guantification of polymer contribution to the oviérzarticle mass was difficult, but estimated
to be 55 % in the case of PEI and 65 % for PEGFRé degradation temperature values
obtained were in good accordance with results femarlier studies [29]. Furthermore, it
became obvious that almost all polymer applied rduthe layering process of maghemite
nanoparticles is bound to the surface (maximum rfrasion PEI 59 % and PEGPEI 72 %).

Only a small percentage got washed out during sislyurification of the batches.

Q
oy

100 v-Fe,0, 100- v-Fe,0,
80 804
S S
= 60 £ 60
(=] (=2}
S y-Fe,0,-PEI 'S
z 404 z 40 y-Fe, 0 -PEGPEI
2 =
- -
© ©
o 20 T 20-
1 1=
; PEI PEGPEI
0- 04
L} ) L} L} ] 1 T L] ) T L} 1
0 200 400 600 800 1000 0 200 400 600 800 1000
T(°C) T(°C)

Figure 4. Relative weight loss of hybrid nanopdetiisystems (a)Fe,Os-PEI and (b) )~
Fe,Os-PEGPEI upon heating to 900 °C (TGA). Respectivwesifor nakedyrFe,O3; cores

and pure polymers were taken for comparison reasons
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Further evidence for the qualitative assembly af bHybrid nanoparticles was gained by
infrared spectra, for clarity only data for ti#d-e,0s-PEI type are shown. Vibration signals
originating from the Fe-O bond were found at wavehars of 630, 585 and 440 ¢nand

coexisted for both pure maghemite arlde,Os-PEI nanoparticlesHigure 5.

y-Fe,0,-PEI

PEI

I . I v I kd I
4000 3000 2000 1000
wavenumber (cm'1)

Figure 5. Infrared wavenumber scans for lyophilizedce,Os-PEI and its singular

components. Spectra were arranged on top of edwdr dor clarity.

Moreover, characteristic bands for poly(ethylenaai, such as the N-H stretch at 3500-3300
cm?, were recorded and coincided with those of hybddicles. Others reported that finite-

size effects in nanoparticulate maghemite caustisglof the Fe-Ov; band to values above

570 cm and shifting of thes band (375 cM) to higher wavenumbers [30].
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Colloidal stability in different media

Diffusion coefficients of formulationg-Fe,Os-PEI andy-Fe,Os-PEGPEI in various media, as
calculated from the DLS auto-correlation functievere recorded to identify alterations in
overall particle size. The changes were most prooed fory-FeOs-PEI in supplemented
cell medium DMEM with a 65 % decrease of diffusiooefficients after 30 minutes, while
dispersion of both formulations in saline or fatalf serum left the particle diffusivity rather
unchanged, with a minor exception for very hightgimlevels in FCS 90 %~(gures 6a and
b). Turbidity measurements over 12 h generally coréd these findings, as the decay of
transmission indicating aggregation of nanopamiclas found to be most distinct fgr
FeOs-PEI in DMEM 10 % FCSKigures 6¢ and jJ also macroscopically observable by a
complete loss of transparency.

The results suggest that adsorption of serum coergerdid not induce detrimental effects on
stability of polymer-coated iron oxide nanopartidgstems, as seen by the constancy of
relative diffusion coefficients. However, absolsiges after protein adsorption were found to
be slightly enhanced for theFe,0Os-PEI type, hinting at facilitated and increase@etment

of the protein fraction. When additionally introdukinto a high ionic strength environment
like DMEM, these carriers begin to precipitate nnasy, presumably due to shrinkage of the
electrical double layers and loss of repulsive lding between the particles. The improved
performance ofy-Fe,Os-PEGPEI (in DMEM 10 % FCS) is assumed to be cause@n
effective reduction in absolute protein adsorptievels, thus retaining individuality of the
nanoparticles, and may be attributed in large fathe presence of surface PEG moieties.
PEG coatings have been shown to prevent proteilinfpand to provide steric hindrance
suppressing aggregation [31]. As cell medium DMEKBI % FCS has a similar ionic
composition to simulated body fluid and equals harbébod serum assembly, results are
promising for a possiblen vivo application of PEGPEI-modified nanopatrticles. @e bne

hand, these patrticles can evade rapid sequestiatidS organs due to their small size and
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stability [32], on the other hand iron oxide pedya offers possibly the beneficial effect of
reduced protein opsonizatiom vivo. Through the synergistic combination of these
mechanisms, the blood circulation half-lives of tb&riers are supposed to be greatly

enhanced, and hence the access to deeper comp@risfacilitated [33].
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Figure 6. Colloidal stability of nanoparticle forrations in NaCl 0.9 %), FCS 10 % A),
FCS 90 % ¥ ) and DMEM supplemented with 10 % FG&),(as measured by changes of
relative diffusion coefficients B and relative transmissionsefover time. Initial values were
set to 100 %. Course of {pwas monitored for (a)sFe,Os-PEI and (b) xFe,Os-PEGPEI
nanoparticles (n = 3) in the different media. Grapft) and (d) show transmission data at

630 nm fory-Fe,Os-PEI and ):Fe,Os-PEGPEI, respectively.
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Cytotoxicity assessment

A549 cell viability profiles after incubation withanoparticulate [Fe] amounts of 0.1-100
pg/mL were sigmoidally fitted and yielded sCvalues of 6.8 and 160 pg/mL [Fe] fgr
FeOs-PEl and y-FeOs-PEGPEI, respectively (data not shown). Due to thet that
cytotoxicity of hybrid iron oxide nanoparticlestine applied concentration range is caused to
a major extent by their polymeric coatings [34;ubation concentrations were recalculated
and standardized to polymer molarities of eithet ®EPEGPEI, and viability curves were
replotted for comparison purposdsigure 7). For example, the incubation amount of 10
png/mL [Fe] equals 14.3 pg/mL ¢iFe0O3; and, given the findings from TGA analysis, where
hybrid y-Fe,0O3-PEI nanopatrticles were found to contain 60 % dfper, subsequently 21.5
pg/mL or 0.86 uM of PEI. Thereafter, it could beerseclearly that poly(ethylene imine)
layered on iron oxide particles exhibited cytotayicomparable to free PEI polymer, while

PEGPEI created these effects only when applied atraost 20-fold amount.
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Figure 7. A549 cell viability, as observed by trgdalue exclusion assay after incubation with
dilutions of PEI 25k A), yFe,Os-PEI (m) and yFe,O3-PEGPEI (). Values are plotted
against polymer fractions of each formulationsJ@umbers were accessible by sigmoidal

fitting of the curves.
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Despite the implemented approximation, the informeavalue of the chosen display is in our
opinion higher than for standard depictions plgftinability versus iron concentration. The
highly destructive nature of poly(ethylene imineljgmates from its strong cationic character,
which is responsible for inducing defects intodiilayers [35]. Shielding of cytotoxicity has
been reported to be brought about by covalentlatiaat of poly(ethylene glycol) to harmful
polymers like PEIl. However, the massive reductioncytotoxicity seen here outscores
findings for PEI(25k)g-PEG(20k) polyplexes, where decrease in cell-detrimentadabéf
upon pegylation was not that pronounced [36]. Alsodification of PEI 25 kDa was shown
to reduce cytotoxic and oxidative stress most &ffely at high degrees of PEGylation and
low PEG chain lengths [37]. We explain the diffédrbahavior by the fact that PEG moieties
on the surface of iron oxide nanoparticles are mathrected towards the surrounding
medium, thereby efficiently contributing to the aling of these systems, whereas
polyplexes hide large parts thereof on the indigal calf serum concentration was reduced

to 5 % prior to incubation experiments in ordentmimize masking effects by proteins [38].

Potential of IONP as MRI contrast agent
Relaxivitiesr, andr,* were accessible by measuring relaxation timegdocentration series
of the formulationy-Fe,Os-PEI andy-Fe,Os-PEGPEI via the general equation

1/Tox =1 /Tinie. +r2¢% C
where Tinir. represents the initial relaxation time, amg or T,* are the relaxation times
determined for [Fe] concentratio@s Experimental values for at a magnetic field strength
of 7 T ran up to 163.2 and 155.7 i for y-Fe,0s-PEI andy-Fe,0s-PEGPEI, respectively
(Table ). Gradient-echd>,* images of linearly arranged concentration serfeske,0Os-PEI
suspensions revealed loss of signal decay withedsuorg iron concentrations, visible by

transient brightening of the respective microcémnge tubesKigure 8. This phenomenon is
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caused by the significant enhancement of transyasen relaxation in the vicinity of areas

containing magnetic iron oxide, thus leading tocgdading of MR signals.

Figure 8. T*-weighted image of vFe,Os-PElI nanoparticle suspensions with [Fe]

concentrations of 100, 50, 30, 20, 10, 5, 2, 1 @Aidug/mL (top left to bottom right).

As the coating thickness negatively affects thdqgoerance of magnetic nanoparticles, the
slightly higherr, andr,* values fory-FeOs-PEI particles can be attributed to their lower
polymer fraction. However, the calculatedrelaxivities are a measure for the efficiency of
contrast agents and were found to be superior & marketed products [39]. Taken together,
the results prove the possibility of applying tleenfulations as MR contrast agents, e.g. for
cell tracking, where accelerated uptake behaviatiated by positive surface charges would

increase the degree of cellular labeling.

CONCLUSIONS

An interesting alternative to current polymer caades for coating of iron oxide
nanoparticles was suggested to be poly(ethylenaejgipoly(ethylene glycol) (PEGPEI),
representing in our opinion an advancement of potgethylene imine) in terms of colloidal
stability and cytotoxicity, due to introduced PERietding moieties. We generated a novel

magnetic carrier system based on the assembly GfPEEE and iron oxide nanoparticles,
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which meets the premium requirements for biomedipglications, amongst these small size,
narrow size distribution and superparamagnetisnspDe the simplicity of the synthesis
procedurey-Fe,Os-PEGPEI particle systems displayed good colloitibisty over long-term
range when suspended in critical cell media. Moeeoyarticle-associated toxicity was
significantly reduced in contrast to correspondeptse,Os-PEl due to introduction of
hydrophilic PEG groups to the polymer backbone akainetric data underlined the general
ability to enhance contrast in magnetic resonant&ging. The findings confirm the stated
assumptions of increased stability and reducedtayity after nanoparticle coating with
PEGPEI. Given these results, iron oxide-PEGPEI pariles possess great potential for
biomedical applications. Especially the use of ¢hearriers for cell tracking purposes is
envisioned, where sufficient intracellular accuntiola and concurrent absence of toxicity are
needed. These effects are supposed to be balaaetbimy-Fe,03-PEGPEI, but need to be

investigated in further studies.
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ABSTRACT

Sufficient accumulation of magnetic iron oxide npadicles inside certain tissues is
beneficial for cellular magnetic resonance (MR) ging. In our opinion, the extent of cell
internalizationin vitro can be controlled by several measures, includiogutation of size,
surface charge and colloidal stability.

To investigate this, two series of maghemy#€03) nanoparticles modified with polymers
of opposite charge, in detail poly(ethylene imi(feftl) and a polymaleic anhydride derivative
(PMA), were synthesized and thoroughly charactdrizgth respect to size, zeta potential,
colloidal stability and magnetic properties. Furthere, the uptake rate of both formulations
into A549 carcinoma cells after fluorescent labglof the carriers, as well as the resulting
alteration in MR relaxation times were evaluateatrdcellular iron levels after 24 hour
incubation withy-Fe,Os-PEI particles were found to be almost 10-fold leigthan those of
their negatively charged counterparts. In additeffective signal darkening if,-weighted
sequences was only achieved upon cellular incotiporaf sufficient iron molarities, as it
was seen for the Fe,03-PEI type.

These findings underscore the cooperative effecudiace charge and colloidal stability on
uptake, and highlighy-Fe,0Os-PEI suspensions as potential agents for cell imgcgurposes,

where extensive iron internalization and contrasiacement are of top priority.

INTRODUCTION

Magnetic iron oxide nanoparticles have moved ihtofocus of researchers due to their broad

application range in biomedical disciplines, inchgldrug delivery [1, 2], MR imaging [3, 4]

and hyperthermia [5]. In recent years, much eff@as been put into the development of iron
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oxide-based tracking agents allowing the non-inxasietection of specific cell types. Most
investigations in this segment concern the suasik of stem cell movement after insertion
into the human body [6]. Further studies have shtvenpossibility of localizing transplanted
graft tissues and their potential rejection in inmocompetent models, respectively, after iron
oxide loading [7]. Limitations to these concepts aaise, for example, from insufficient
cellular accumulation of magnetic carriers, leadiagdeficient usage as image probes [8].
Combined with the fact that MR signal enhancemeatjsed by conventional iron oxide
nanoparticles, is still unsatisfactory comparedhtat obtained with other imaging modalities
such as PET [9], the necessity for either highiglartoadings or more efficient assemblies
becomes obvious [10]. Several factors influence dbkular uptake of nanoscale objects,
amongst these size, surface properties, cell typk endocytotic pathways [11]. Labeling
characteristics of superparamagnetic iron oxideoparticles of different size have been
reported to be superior for larger diameters [Mreover, surface functionalization with
charged moieties is known to affect the cellularalip of polymeric nanoparticles [13], and
these findings have also been transferred to imicgeolloidal carriers [14]. In general,
cationic magnetic nanoparticles were found to pEssexcellent properties for tracking
applications, as they enter cells with higher g@ffeness [15]. This has been proven for a
variety of iron oxide formulations coated with pelgctrolytes of positive surface charge,
such as poly(L-lysine) or dendritic guanidines [1i8pwever, thorough comparative analyses
between oppositely charged magnetic nanoparticlestl missing. In order to accentuate
the exclusive impact of surface charge on celldecumulation of nanocarriers, in our
opinion size effects have to be disabled by keepengicle dimensions constant. Apart from
the overall uptake rate of nanoparticulate objdabesy respective pathway of internalization is
manipulated by surface charge [17]. This is of @umportance, as compartmentalization of
iron oxide carriers, evoked by several internal@@atmechanisms, has been reported to

negatively affect the eventual relaxivity behavior MR imaging [18]. Therefore, the
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manipulation of non-phagocytic entering of nanaeasrinto cells, which occurs mainly by
adsorptive or receptor-mediated endocytosis andropamcytosis [19], represents an
interesting target. A parameter which is mostlyleded fromin vitro internalization studies
is agglomeration, although it contributes signifita to particle sedimentation, and
subsequently to increased interaction with celétay20].

On the basis of this knowledge, we hypothesized tea cellular uptake rate of polymer-
coated magnetic nanoparticles can be favorablyrexgthn vitro, by using cationic species
with reduced colloidal stability. Resultant fromathtotal iron loading levels are supposed to
increase, thereby facilitating the detection by Mkaging. To support our assumptions, we
developed two size-equivalent formulations of imade modified with oppositely charged
polymers by different synthesis routes, and studhesr internalization kinetics and the
localization inside carcinoma cells. In additione thus produced cells were fixed in tissue-
imitating agarose phantoms, and subjected to spewihignetic resonance measurement

sequences.

MATERIALS AND METHODS

Chemicals

Iron(Il)chloride tetrahydrate and iron(lll)chlorideexahydrate were purchased from Sigma
Aldrich (Taufkirchen, Germany). Branched poly(etng imine) (PEI) with a molecular
weight of 25,000 Da was a gift from BASF (Ludwigidta Germany). Fluorescein
isothiocyanate (FITC) and Dy636 were from Sigmarishl (Taufkirchen, Germany) and
Dyomics (Jena, Germany), respectively. All chensicalere obtained from commercial

sources, and used as received without furtheripation.
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Synthesisy-Fe,O3-PEI / particle system |

Iron oxide nanoparticles of the maghemite type waepared via aqueous coprecipitation,
according to the Massart protocol [21]. Briefly, monia solution (2.6 mL, 25 % w/v) was
added to a slightly acidic solution of iron(lll) lohide hexahydrate and iron(ll)chloride
tetrahydrate (100 mL, 0.13 M, molar ratio 2:1) undenstant stirring, until persistence of a
black slurry. Nanoparticles were collected by anpmrent magnet and washed thrice with
ultra pure water, then refluxed in a mixture ofrinitacid (2 N HNQ) and iron(lll)nitrate
nonahydrate (0.34 M) at 90 °C for 30 minutes. Thecipitate was gathered by magnetic
decantation, and subsequently dispersed in wategiield a stable maghemite suspension.
Following that, dispersions were reacted with petlyylene imine) (PEI) solution at a defined
mass ratio of [Fe] to [PEI] of 1:2 under vigorousking for 30 minutes. Unbound polymer
was removed by extensive dialysis across Spect®/RPembranes with MWCO 100,000 Da

(Carl Roth, Karlsruhe, Germany).

Synthesisy-Fe,03-PMA / particle system Il

Nanocrystals of thg-Fe,0O3 type were prepared according to the method destily Hyeon
and coworkers [22]. Briefly, 10 mL of octyl ethenca1.28 g of oleic acid were mixed and
degassed in a 50 mL flask at 60 °C for 20 minufégn, 0.29 mL of Fe(C@)were added at
100 °C and the solution was heated up slowly tiuxafg temperature (~ 300 °C) for 1 h. The
solution was cooled down to room temperature, add @ of (CH)3sNO were added. The
mixture was heated up and maintained at 130 °@ for then refluxed at 300 °C for another
2 h. After stopping the reaction, particles werecjpitated by addition of anhydrous toluene
and methanol, followed by alternating washing stefib toluene and methanol, and final
redispersion of particles in toluene (hydropholaawparticles).

Amphiphilic poly(maleic anhydride) derivative (PMAyas synthesized and used for the

transfer of hydrophobic nanoparticles to aqueoukitism, according to a previously
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published protocol [23]. Briefly, 500 uL of amphipt polymer solution (0.5 M) were mixed
with 2 mL of hydrophobic nanoparticles (0.48 puM)itek mixing, the solvent was slowly
evaporated under reduced pressure, until the samgdecompletely dried. The remaining
solid film was redissolved in SBB (sodium boraté,rBM, pH 12) under vigorous stirring to

yield clear nanosuspensionsyefFe,0s-PMA particles.

Physicochemical characterization

Size and morphology of the synthesized iron oxidees were investigated on a JEM-3010
transmission electron microscope (Jeol Germany,ingchGermany) at an acceleration
voltage of 300 kV. Maghemite suspension dropletsew#aced onto carbon-coated copper
grids S160-3 (Plano, Wetzlar, Germany) and alloteedry. Core dimensions were calculated
by averaging at least 200 diameters registerednagéJ software.

Hydrodynamic diameters and zeta potentials of nartimtes after polymer functionalization
were assessed by dynamic light scattering (DLS)laser Doppler anemometry (LDA), using
a Zetasizer Nano ZS (Malvern Instruments, Herremb@ermany). DLS measurements were
performed at 25 °C after appropriate dilution af tespective samples with ultra pure water,
to avoid multiscattering events. As to LDA analyssamples were dispersed in sodium
chloride (10 mM) in order to maintain a constamtigostrength.

For magnetization studies, small amounts of lyopéd material (~ 1.5 mg) were placed into
a Magnetic Property Measurement System MPMS® egdippith 5 T magnet (Quantum
Design, San Diego, CA) using superconducting quanioterference device (SQUID)
technology. Magnetization values of the samplesewarrveyed during a field-dependent

sweep from-55,000 to 55,000 Oe at room temperature.
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Iron quantification

ICP-OES (inductively coupled plasma - optical emoissspectroscopy) technology was
applied for [Fe] quantification. After lysis of inooxide nanoparticle systems with nitric acid
(65 % wl/v), absorbance of samples was measurdtes tifferent wavelengths (238.2 nm,
239.6 nm, 259.9 nm) on an Optima 2000 DV (PerkirdflnRodgau, Germany). Amounts of

iron were calculated by standardization to intestahdard yttrium(lll)chloride.

Labeling of particle systems

For fluorescent tagging of particle system |, grebe FITC was conjugated to PEI as
previously described [24]. The labeled polymer wattached to naked maghemite
nanoparticles analogous to the synthesis protottw@reby yielding y-FeOs-PEI-FITC
carriers.

Particle system Il was tagged with red marker DyG8@ two-step process. First, 1 mg of
amine-containing dye was dissolved in 0.4 mL oflmaabl and reacted with 0.5 mL of PMA
solution in CHC4. The solvent mixture was exchanged to anhydroleaiorm, and the final
polymer concentration was set to 10 mM. Then, 215 oh Dy636 modified amphiphilic
polymer were mixed with 2 mL of hydrophobicFeO; nanoparticles (0.48 uM). The
mixture was treated analogously to abovementioneldbeled particles to yield stable

y-Fe0s-PMA-Dy636 nanosuspensions.

Cell culture and uptake studies

Human lung adenocarcinoma cell line A549 was maieth in DMEM high glucose
containing 10 % FCS and L-glutamine without theitold of antibiotics in a humidified
atmosphere at 37 °C and 8.5 % L£O

For experiments on uptake kinetics, cells were egemhto 24-well plates at a density of

60,000 per well. After awaiting adherent growth/tue medium was exchanged with



Chapter 3 79

DMEM supplemented with 5 % FCS, in order to avaiterference with the assay reagents.
Immediately after this, the wells were incubatedhweither particle system | or particle
system Il at fixed iron concentrations (1 pg WLFor the purpose of comparison, blank cells
and wells treated with unlabeled particle speciesevincluded. Following definite incubation
times (5 min, 15 min, 30 min, 60 min, 2 h, 4 h,,84 h), cells were washed twice with PBS,
trypsinized and fixed in a 1:1 mixture of FACSFdhand paraformaldehyde (4 % wiv). Cell
dispersions prepared in this way were analyzed weisipect to their fluorescent intensity via
flow cytometry (FACS), using a FACSCanto Il (BD Bmences, San Jose, CA). Signals

from a total of 10,000 cells were recorded on clets1d88 nm and 630 nm, respectively.

Agarose phantom relaxometry

A549 cells were plated at a density of 100,000 well, and incubated with iron oxide
suspensions of different typegKe,0s-PEI andy-Fe,0O3-PMA) and concentrations (1, 10, 30
and 50 ug mt) for 24 hours. After PBS washing and trypsinizaticell numbers were
counted by means of a Neubauer chamber. Quaniiicaif cell-internalized iron was
realized by ICP-OES after cell lysis in concenuatatric acid (600 uL) for 4 hours.
Phantoms for MR relaxometry were produced by disipgrlG doped A549 cells in agarose
(1 % wi/v). Magnetic resonance (MR) imaging studieacerning thel, and T,* relaxation
times of the respective phantoms were carried oua & T Bruker ClinScan 70/30 USR
(Bruker BioSpin, Rheinstetten, Germany). For measents of transversé, relaxation
times, spin-echo multicontrast sequences were trilip @lues of 2000 ms, varying spin echo
timesTe (10-120 ms with an increment of 10 ms), field @w 75x75 mm, matrix 128x128
and slice thickness 0.6 mm. Data quantification a@sieved by evaluating the such created
DICOM images. Relaxation timés could be derived by analyzing regions of inter&sDI)
within T, maps generated by the overlay of successive ghio-emages, using a

monoexponential fitting of the signal intensifl)(decay curveSI (t) = & exp (1/T,), where



Chapter 3 80

S is the signal magnitude at equilibrium antthe particular echo time. Effective transverse
relaxation timesT,*) were calculated fronT,*-weighted images taken with the following
settings: gradient-echo multicontrast with 350 ms, multiple spin echo timé&s (3-32 ms),
field of view 89x89 mm, matrix 128x128, slice thmdss 0.5 mmT,* values were obtained
correspondingly by fitting the MRI signal intenssi of the acquired maps versus echo times

Te.

RESULTS

The different synthesis strategies for formation-6&,03; nanoparticles clearly had an impact
on the resulting morphologyFigure 1). While inorganic cores generated by aqueous
coprecipitation (particle system I) were found ® ibregularly shaped, those coming from
thermal decomposition of organometallic precursotetules were of perfect spherical shape

(particle system II).

Figure 1. Transmission electron micrographs depigtithe morphology ofyFe,0Os
nanoparticles after synthesis by (a) aqueous pietipn route and (b) thermal

decomposition of organometallic precursors.



Chapter 3 81

Analysis of Feret diameters on TEM micrographshertrevealed mean diameters of 18.4
2.4 nm and 10.& 0.12 nm for the two setups, respectively. Adsemptattachment of
poly(ethylene imine) completed particle systemydF&Os-PEI), whereas intercalation of
polymer strands between surfactant alkyl chainséat the final step in producing particle
system |l {-FeOs-PMA). Hydrodynamic diameters for the two polymeodified
formulations, as measured by dynamic light scaitgeramounted to 3880.3 nm and 37.4
0.8 nm. Both types of nanopatrticle suspensionshéeli unimodal size distributions and zeta
potentials of comparable absolute value, in numb&r8+ 1.1 mV fory-Fe,Os-PEI and —18.7

+ 0.6 mV fory-Fe,0Os-PMA (Table 1.

hydrodynamic  polydispersity  zeta potential saturation
diameter index magnetization
[nm] [mV] [emu g']
y-Fe0s-PEI 38.8+ 0.3 0.144+ 0.019 16.8 1.1 23.7
y-F&Os-PMA 37.4+ 0.8 0.321+ 0.025 -18.# 0.6 16.4

Table 1.Physicochemical parameters of magnetic iron oxigleaparticles.

The impact of preparation technology on magnetatuiees of the samples was investigated
by monitoring field-dependent magnetization data arSQUID system Higure 2. All

recorded curves showed lack of remanence and tygigmoidal characteristics. Saturation
magnetizations, i.e. the states of maximum alignneérmagnetic spins at strong external
fields, were derived by tangential fitting of theree maxima. Numerical values decreased

from 54.6 to 23.7 emu gfor particle system | after actual coating witHygethylene imine).
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For counterparty-Fe0s-PMA, values were reduced from 27.7 emtifgr hydrophobicy-

Fe,0; after organic synthesis (data not shown) to 164 g*.

60 4 —o—1v-Fe,0,

—=—y-Fe,0 -PEI

40

-1

204

magnetization / emu g

T T d T v T d T v T d
-50000  -25000 0 25000 50000
H/ Oe

Figure 2. Field-dependent magnetization curves arelb():Fe,O; from aqueous synthesis)

and polymer-coatedAFe,Os-PEI and 4Fe,O3-PMA) iron oxide nanoparticles at 298 K.

When incubating A549 cells with fluorophore-beariparticle systems | and II, different
gualitative uptake patterns were observed for Whe $pecies. Positively charggeFeOs-
PEI-FITC nanopatrticles were internalized in a sye@@nner over the examined period of 24
hours, with the predominant uptake taking placenwithe first two hours after incubation
(Figures 3a and b Single-peaked mean fluorescence intensity ssgimalicated, that there
were no cell population subsets with lower degrefeparticle incorporation. In contrast to
that, negatively charged particle$-e,0;-PMA-Dy636 were seen to accumulate in cells only
to a small extent within two hours. The major fractof these carriers was incorporated
between time points 4 and 24 hours, mostly afteo@&s. Interestingly-Fe,0;-PMA-Dy636

were incorporated faster by the cells in the preseariy-Fe,Os-PEI-FITC.
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Figure 3.Cellular uptake kinetics of nanoparticle formulatgoyFe,Os-PEI-FITC (a) andy

Fe,O3-PMA-Dy636 (b). Cells were incubated with distiaohounts of the respective particle
systems (1 pg [Fe]) for time periods of 15 minn&i@, 4 h and 24 h. Fluorescence intensities
were recorded by means of flow cytometry for altofal0,000 events on channels FITC
(excitation 488 nm) and APC-A (630 nm). (Dot plegdi for cell gating is shown on the upper

chart.)
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Intensity signals were measured via confocal lasmmning microscopyF(gure 4 and

FACS, but as measurements were performed on ditfedfdCS channels and labeling
efficiencies of the two particle systems were naimbgenous, absolute comparability
betweeny-Fe0s-PEI-FITC andy-FeOs-PMA-Dy636 was not given before quantification of

cell iron via ICP-OES, following analogous inculoatiregimes.

Organometallic
synthesis

4h

& incubation time =

= Synthesizedin
agueous selution

Figure 4. Investigations on cellular uptake kinstiof nanoparticle formulationg-Fe,Os-
PMA-Dy636 (top) )-Fe;Os-PEI-FITC (middle), and a co-incubation mixturelafth (bottom)
by means of laser scanning confocal imaging. A548s cwere incubated with the
corresponding nanoparticles, and the cell membraagsvell as the nucleus were stained

with wheat germ agglutinin — alexa 594 or DAPI,pestively.
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When cells were exposed to particle system | ahiial dose of one microgram [Fe], about
12 % of this amount were found to be internaliziédr&4 hours. Consistent with the findings
from flow cytometry, the uptake of this speciesr@ased constantly over time. Unlike that,
particle system Il invaded A549 cells to a sigrafidy lower extent of 1.5 %. Data points
after 15 and 60 minutes were indistinguishable fimaokground, and the most pronounced
rise in intracellular iron mass appeared after foours. Nevertheless, the results from ICP-
OES caorrelated well with MFI values from flow cytetry, as indicated by the calculated

coefficients of determination for each of the fotations (R = 0.993 and R= 0.990 fory-

Fe,0s-PEI-FITC andy-Fe,0Os-PMA-Dy636, respectively)Rigure 5.

-Fe_O.- PEI - FITC
a0l 1Fe0; L 4000
4 T
120 -
) [ 3000
5 100-
o . —
£ L
< 80- =
g y-Fe,O,- PMA - Dy636 | 2000 I:I
L1000
T T L0

16 60° 4h 24h 15 60° 4h 24h

Figure 5.Quantification of absolute intracellular iron comtes after 24 h incubation of A549
cells with formulationgsFe,Os-PEI-FITC and Fe;0Os-PMA-Dy636 (red bars). Correlation
of these data with mean fluorescence intensityeglgained after identical cell treatment

(green bars) were performed for comparison of m@ggh&P-OES and flow cytometry.
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Relaxation parameters of manufactured agarose @mmantcontaining doped cells were
dependent on the effective amounts of iron per éalexpected, A549 incubation with high
iron molarities caused non-proportional enhancenwnintracellular accumulation. For
particle system I, maximum incubation with a totdl 50 pg [Fe], for instance, led to
intracellular iron levels of 6.9 pg per cell, andbsequent relaxation rat&s* of 23.0 §. An
identical application scheme of particle systemedulted in values of 1.4 pg per cell and 8.2
s,

m  celliron/ pg

254

20 1

10 -

54

00 02 04 06 08 10 12 14

o celliron/ pg
Figure 6. Relaxation rates R of agarose phantoms containing *1@ells doped with
maghemite nanoparticles. Data points representicgtular iron levels after incubation with

increasing amounts gkFe,O3-PEI (m) and y-Fe,Os-PMA (o), respectively (1, 10, 30 and 50

ug [Fe)).

Despite the discrepancy in absolu®* numbers, the efficiency of both iron oxide
nanoparticle setups in reducing transverse relaxaimes, often denoted as relaxivity,

turned out to be equivalent, as derived from comparof the slopes of the best-fit lines

(Figure 6.
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DISCUSSION

In order to study the role of surface chemistry nmodulation of cellular uptake and
relaxometric performance, maghemite nanoparticlespgred from alternative synthesis
routes were modified with positively charged potiifgene imine) and negatively charged
PMA, respectively. Much effort had to be put intae testablishment of manufacturing
protocols for the two different carrier systemseda the fact that equal dimensions of the
fabricated iron oxide cores and the entire polyowated nanoparticles were required for
comparison purposes. We created particle systemsppbsite surface potential with the
above specifications, namelyFe,Os-PEI andy-FeOs-PMA. The discrimination between
both particle setups, apart from the measuredpdtntials, was possible by investigating the
regularity in morphology of precipitated maghenutgstals. Relatively wide size distribution
and non-controllable shape of particles are thenvain drawback criteria suffered from the
agueous coprecipitation route [25]. However, kegpin mind the scope of biomedical
application, these slightly negative features ammmensated by the easy handling and the
absence of organic solvents. Additionally, synthesirategy seems to affect magnetic
properties of the fabricated iron oxide nanopaetclit is well-known that magnetization of
inorganic colloids is determined primarily by tharystal diameter. As maghemite core
dimensions were found to be almost identical, weuae that crystallinity represents the
essential parameter for variation in overall sdatanamagnetizationsMsay) of the two particle
systems. Another explanation for the differifa: values might be the existence of a
magnetically dead layer on the maghemite surfab&wdoes not contribute to the collective
magnetic moment of-Fe,O3; nanoparticles. The general reduction in magnedizatwith
respect to bulk maghemite [26], can be attributeslelveral mechanisms, such as spin canting
or spin-glass-like behavior of the surface spirthbof them being effects which become

more and more important with decreasing partice.sPolymer shielding of the naked iron



Chapter 3 88

oxide cores induced further lowering of gram-stad#d saturation magnetizations, which
appears logical as the organic material does ndt tadthe magnetic properties of the
respective particle systems. Moreover, organic niiga used to stabilize magnetic
nanoparticles lead to quenching of surface magmatienents [27]. Displayed sigmoidal
curves are indicative of superparamagnetism of pdde,0Os-PEl andy-FeOs;-PMA. This
feature is not only beneficial due to the avail@pibf giant magnetic moments, but also due
to the reduction in agglomeration tendency, whechttributable to complete paramagnet-like
loss of magnetization at zero external field.

Several models have been stated for the internalizaf differently charged iron oxide
nanoparticles [28]. However, no efforts have beedenso far to directly compare particle
systems of equal dimensions and opposite charde nesipect to their cellular uptake rate.
Consequently, our approach consisted in eliminatizg as a key factor for nanoparticle
uptake by keeping the diameters of the two fornmuhat constant. We hypothesized that,
under these circumstances, the invasion into eglisonly dependent on the surface potential
and the colloidal stability of incubated carriefhie steady, but nonlinear uptake pattern of
positively chargedy-FeOs-PEI carriers suggests the involvement of a saleyaeceptor-
mediated mechanism of cell intrusion. Other intkzasion routes proposed for magnetic iron
oxide nanoparticles are macropinocytosis and atigerpndocytosis [29]. The low extent of
uptake fory-Fe,0Os-PMA particles after 24 hours was most strikingedilostatic interactions
with the negatively charged cell membrane certafalyor fast attachment and subsequent
ingestion of cationic specigsFe0Os-PEI, but can hardly explain the extreme discreasnc
observed. Thus, our opinion is that colloidal digbof the respective nanoparticle systems
plays a cooperative role not to be underestimatedptake kinetics. In the course of the
experiments, primary agglomerates dispersed isdpernatant tend to sediment more rapidly
onto the ground cell layer, according to StokesvL@he aggregation tendency, as indicated

by findings from gel electrophoresis measuremenstsjgnificantly increased for positively
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charged y-Fe,0Os-PEI particles. Consequently, the particle-cell tech area is largely
enhanced, leading to higher total internalizatiat@s. Although the phenomenon of colloidal
instability drastically limits the application ofish carrier systems, their rapid enrichment in
certain tissue#n vitro outbalances this drawback. Sufficient and fastlitog of certain cell
types is, for example, desired for tracking purgoga magnetic resonance imaging [30]. The
reason for this is the concentration-dependentredmaent of transverse proton relaxation in
the vicinity of areas containing magnetic iron aidhus leading to quick fading of MR
signals and gain of contrast T-weighted images [31]. Based on that knowledgetigiar
systemy-FeOs-PEI should perform superior to its anionic coupéet, when being used for
cell tracking tasks. In order to corroborate thgtdthesis, agarose phantoms containing iron-
labeled cancer cells were subjected to MR measuresgguences. Phantom matrices act as
versatile human tissue equivalents, as alteratioth@r basic composition allows for the
imitation of specific intracorporal regions, andpapdant relaxation properties [32]. Most
effective signal darkening if>-weighted maps, denoted as high absolute relaxatta
values R,*, was observed for cell dispersions carrying lasgaounts ofy-Fe,Os-PEI.
However, the effects were not as pronounced asfrémly dispersed nanoparticles. We
explain this behavior by the intracellular confirerh of magnetic iron oxide carriers, which
has a strong impact on the detected proton retaxaimes [33]. Coming back to the
magnetization properties of the tested formulatioves predicted higher molar relaxivities for
the systemy-FeO;-PEI, due to enhanced magnetic interactions withrosading proton
spins. Surprisingly, the efficiencies of both testermulations were found to be in the same
range. The relativization of this parameter ispun opinion, a consequence of the clustering
of particles brought about by both colloidal insliab and organelle compartmentalization.
Altogether, the results point out that magnetiaiaxide nanoparticles of theFeOs-PEI

type are promising for cell labeling and subseqaeaking purposes.
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CONCLUSIONS

We successfully synthesized iron oxide nanopart&ystems of opposite charge, and
evaluated them with respect to physicochemical gnogs, cell uptake patterns and
relaxometric performance. Surface modificationhef generated carriers was found to be the
key factor governing the internalization into celositively chargeg-Fe,Os-PEI particles
accumulated rather rapidly, due to a synergistal diechanism of attractive forces to the cell
membrane on the one hand, and deficient colloiddilgy on the other hand. Although slight
agglomeration tendency of nano-sized particlesriotsttheir applicabilityin vivo, this
problem is of minor importance fan vitro purposes. Cells incubated withFe,Os-PEI
compounds revealed high numeric iron loadings, sarlisequently effective signal darkening
in MR sequences. These findings suggebe,0s-PEI suspensions as promising agents for
cell tracking purposes, where extensive iron uptahkeé contrast enhancement are premium

requirements.
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SUMMARY

This thesis presents the development of novel ftatimns on the basis of magnetic iron
oxide nanoparticles. Optimization of the synthesiste resulted in the development of
particles meeting general requirements for evergpplications. Furthermore, the selection of
appropriate stabilizing agents imparted the nartmbes with beneficial features, making an
in vivo application possible. In doing so, the formulat@@em to be especially promising for
the application as contrast agents in magneticgse imaging.

Chapter 1 gives a brief insight into current research in fieéd of magnetic nanoparticles.
While the originally promoted idea of dragging npadicles to the site of action by a
massive external field is becoming less importrg, use of magnetic carriers as single and
multifunctional imaging agents is gaining in img@orte.

Chapter 2 describes the synthesis of magnetic iron oxideoparticles with optimal
properties for MRI contrast enhancement and the peoative assessment of polymeric
macromolecules as stabilizers for such nanopastitievas revealed that particles covered by
poly(ethylene iminel3-poly(ethylene glycol) performed better than thmaty(ethylene imine)
counterparts, in terms of stability and cytotoxicifThe systems containing the former
polymer showed pronounced colloidal stability ewerprotein-rich cell media. In addition,
cytotoxicity was reduced by more than an order agnitude. In this respect, the assumptions
made in the run-up to the studies have found owmiafiion. Indeed, the introduction of
hydrophilic poly(ethylene glycol) moieties to thelymer backbone positively manipulated
the above properties. In addition, the physicoclkahproperties of the generated iron oxide
nanoparticles were found to be excellent, despigesimplicity of the synthesis procedure.
The iron oxide cores displayed high crystallinityigh saturation magnetization and
superparamagnetic features. The polymer-coated paaiices were narrowly distributed

around an average diameter of 40 nm and showedatela parameters comparable to
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presently marketed products. Given these reshisestablished magnetic ferrofluids appear
to be interesting for an intracorporal applicatemnan MRI contrast agent.

The assumption that the configuration of magnetanaparticles affects cell uptake
(mechanisms) and localization, and subsequentlylaeMRI signaling, provided a basis for
further studies.Chapter 3 includes the evaluation of oppositely charged iraoxide
nanoparticle systems with regard to physicochempcaperties, cell interaction and cell-
constrained relaxometry. The findings of this smtitonfirm that surface potential is the key
factor controlling cell internalization of magnefion oxide nanoparticles. Particles with a
positive zeta potential were taken up to an alrte¥bld extent after 24 hours, and with faster
kinetics than the negatively charged counterpaBasically, these results confirm the
preliminary assumptions that electrostatic attvactorces between the cell membrane and the
nanoparticles favor an enhanced internalizationpasitive carriers. However, the clear
discrepancy in overall uptake led to the conclustat synergistic effects, such as colloidal
stability, also influence the rate of particle aoedation in cells. Both systems were found to
be compartmentalized in endosomes after their eptaito cells by a correspondent
endocytotic pathway. This cellular confinement ealihe relaxation parameters to change in
comparison to freely dispersed nanosuspensiorgjdh a way that the signal contrasiin
weighted MRI sequences degraded. Neverthelessigharof cells incubated with positively
charged nanoparticles still revealed effective aigtarkening in these MRI sequences. The
results suggest the suspensions examined as pngnagents for cell tracking purposes, as

here high iron uptake in combination with pronouhoslaxivity is required.
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OuTLOOK

The development of a novel ferrofluid based on imade and poly(ethylene imingj)-
poly(ethylene glycol) has been successfully accashet. Moreover, the general potential of
this formulation for biomedical applications hassbedemonstrated. The platform created
facilitates the continuation of research in variali®ections. Among the many possibilities
available, formulation testinigp vivo seems to be the most reasonable option. In timtext
biodistribution patterns after intravenous admmaisbn could be recorded, in order to identify
accumulation in tissues other than the liver. Hoavein case the magnetic nanoparticles are
rapidly transported in large part to the liver,yttoan still be tested for the detection of focal
lesions. Most MRI contrast agents marketed arecatdd for this kind of disorder, due to
their missing tissue selectivity. Nevertheless, filmeire goal must be to achieve sufficient
degrees of tumor selectivity. One approach, whah lheen discussed for several years, is the
attachment of small molecules or other targetingeties to the formulated nanoparticles. For
the abovementioned particles, such a functionabzatould be relatively easy, as the linker
molecule in the form of poly(ethylene glycol) istrinsically present. Depending on the
selection of the targeting moiety, artificial turaamplanted into the flanks of mice could
accumulate sufficient amounts of nanoparticles, #mas be imaged in a high-contrast
manner. Concerning cell tracking purposes, it wdngddnteresting to determine the maximum
loading levels of different cell types with ther@ituidic nanoparticles. Here, an upper limit is
naturally set by cytotoxic side effects.

Besides the application in the domain of magnetsonance imaging, ferrofluids can also be
used for hyperthermia treatments. After loadindsceith magnetic nanoparticles, it might be

possible to selectively destroy the cells by anpRise.



Chapter 4 101

ZUSAMMENFASSUNG

In der vorliegenden Arbeit wird die erfolgreichet&@itklung neuer Formulierungen auf der
Basis magnetischer Eisenoxidnanopartikel vorgéstellrch Optimierung der Syntheseroute
gelang es, Partikel zu entwickeln, die die genenelAnforderungen fir eine anschliel3ende
Anwendung erfillen. Die hergestellten Nanopartikehnten zudem durch die Auswahl
geeigneter Stabilisatoren derart ausgestattet weddess eine Applikatiom vivo moglich ist.
Dabei scheinen die Formulierungen besonders auwssath fir die Verwendung als
Kontrastmittel im Bereich der Magnetresonanztomphie(MRT) zu sein.

Kapitel 1 gibt einen kurzen Einblick in den derzeitigen Staer Forschung auf dem Gebiet
magnetischer Nanopartikel. Wahrend die urspringlmptopagierte Idee, magnetische
Nanopartikel durch starke Magnetfelder an einenk@/r zu bringen, immer mehr an
Bedeutung verliert, steigt ihr Stellenwert als wder multifunktionales Kontrastmittel fiir die
MRT stetig.

Kapitel 2 beschreibt die Synthese magnetischer Eisenoxigh@atikel mit optimalen
Eigenschaften fur die Kontrastgebung sowie die leaigende Bewertung verschiedener
polymerer Makromolekile zur Stabilisierung diesartiRel. Es konnte gezeigt werden, dass
die Umhullung der Kerne mit PolyethylenimgaPolyethylenglykol (im Gegensatz zu
Polyethylenimin) zu Partikeln fuhrte, die besseigeBschaften hinsichtlich Stabilitdt und
Zytotoxizitdt aufwiesen. Dabei zeigten Systeme mistgenanntem Polymer sogar in
proteinreichen Zellmedien ausgepragte kolloidalabfitat. Aul3erdem konnte fur dieses
System eine Verminderung der Zytotoxizitat um madrden Faktor zehn festgestellt werden.
Insofern wurden die Annahmen aus dem Vorfeld dedi8tbestatigt. Die Anbringung von
Polyethylenglykol-Resten ans Polymerrickgrat fuhite der Tat zur Veradnderung der
genannten Eigenschaften — Stabilitat und Zytottétiz+ in die vorausgesagte Richtung. Des

Weiteren ergab sich, dass die physikochemischeanBapaften der Eisenoxidnanopartikel
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trotz der Einfachheit der Synthesemethode heraesthgvaren: die Eisenoxidkerne zeigten
hohe Kristallinitat, hohe Sattigungsmagnetisierund superparamagnetisches Verhalten. Die
polymerbeschichteten Nanopartikel waren eng vertgil einen mittleren Durchmesser von
40 nm und verfugten Uber Relaxationsparameteryeligleichbar zu denen derzeit auf dem
Markt verwendeter Produkte sind. In Anbetracht Begebnisse erscheinen die hergestellten
ferrofluidischen Nanosuspensionen interessant fiile entrakorporale Anwendung als
Kontrastmittel fur die MRT.

In Kapitel 3 werden entgegengesetzt geladene NanopartikelsystenHinblick auf ihre
physikochemischen Eigenschaften, Zellaufnahme unelax@metrie untersucht. Die
Ergebnisse dieses Abschnitts bestétigen, dass derfl@chenladung magnetischer
Eisenoxidnanopartikel entscheidenden Einfluss aefem Zellinternalisierung hat. Die
Aufnahme nach 24 Stunden lag fur Partikel mit posih Zetapotential fast zehnmal so hoch
wie fir negative Partikel und erfolgte zudem mitrsgllerer Kinetik. Grundsatzlich bestéatigen
die Ergebnisse unsere Annahme der schnelleren Aofegositiver Tragersysteme aufgrund
der elektrostatischen Anziehung durch die ZellmembiDer deutliche Unterschied in den
absoluten Aufnahmeraten der beiden Systeme lie€rdalgs vermuten, dass weitere
synergistische Effekte, wie zum Beispiel die Kals@bilitdt, zur Zellinternalisierung
beitragen. Beide untersuchten Systeme waren naeh MAufnahme in zellularen Endosomen
lokalisiert. Der Einschluss in endosomalen Kompaetiten fiihrte zu einer Anderung der
Relaxationseigenschaften im Gegensatz zu frei eggliden Nanosuspensionen. Zudem
schwéchte sich der Signalkontrast Tigrgewichteten MRT-Sequenzen ab. Nichtsdestotrotz
bewirkten Zellphantome nach Inkubation mit posgeiadenen Nanopartikeln ausgepragten
Kontrast in diesen Sequenzen. Die Ergebnisse deamendass die untersuchten positiv
geladenen Nanosuspensionen geeignete Kontrastraiifettem Gebiet der Zellverfolgung

darstellen kénnen, da dort umfassende Aufnahmeusdepragte Relaxivitat gefordert sind.
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AUSBLICK

Die Herstellung eines neuartigen Ferrofluids ausiB&on Eisenoxid und Polyethyleninmgga-
Polyethylenglykol wurde erfolgreich durchgefuhrtndu sein generelles Potential fir
biomedizinische Anwendungen aufgezeigt. Die gedehaf Plattform ermdglicht eine
Fortsetzung der Studien in verschiedene Richtungeter den vielen Optionen stellt die
vivo Testung der Formulierung die sinnvollste Moglichlgar. In diesem Zusammenhang
kbnnte die Bioverteilung nach intravendser Appildat untersucht werden, um die
Akkumulation in anderen Geweben als der Leber teushten. Im Fall, dass der Grof3teil der
magnetischen Nanopartikel doch in der Leber angesdnwird, kann eine Anwendung fur
die Detektion fokaler Lasionen in Betracht gezogemden. Die meisten vermarkteten MRT-
Kontrastmittel sind aufgrund ihrer fehlenden Seletét fur diese Indikation zugelassen. Das
Ziel fur die Zukunft muss es sein, ein ausreichendald an Tumorselektivitat zu erreichen.
Eine seit Jahren diskutierte Methode ist das Amgarmnkleiner Molekile (small molecules)
und anderer zielgerichteter Reste an Nanopartikét. die genannten Partikel ware eine
derartige Funktionalisierung relativ leicht, da th&insisch vorhandenen PEG-Molekile als
Linker verwendet werden kdonnen. Je nach Wahl dek#analitadt wirden sich kinstliche
subkutane Tumoren in ihrer Aufnahmefahigkeit furteuschiedlich modifizierte Systeme
unterscheiden und mussten folglich differenzietiilaibar sein. Bezuglich der Zellverfolgung
wéare es interessant, den maximalen Beladungsgragschredener Zelltypen mit
ferrofluidischen Nanopartikeln zu ermitteln. Hierbst eine natiurliche Grenze durch die
zytotoxischen Nebenwirkungen gegeben.

Neben der Anwendung auf dem Gebiet der MRT koénnenroHuide auch fur die
Hyperthermiebehandlung eingesetzt werden. Nachdemllerz mit magnetischen
Nanopartikeln dotiert werden, ware eine selektiversbrung dieser Zellen durch

Radiofrequenzimpulse moglich.
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ABBREVIATIONS

ANOVA
CT
DLS
DMEM
EGFR
EPR
FCS
FDA
ICs0
ICP-OES
IONP
IR

LDA
MFI
MNP
MPS
MR
MRI
MWCO
PBP
PBS
PDI
PEG

PEI

Analysis of Variance
Computed tomography
Dynamic light scattering
Dulbecco’s modified eagle medium
Epidermal growth factor receptor
Enhanced permeation and retention
Fetal calf serum
Food and drug administration
Inhibitory concentration 50 percent
Inductively coupled plasma optical emisspectrometry
Iron oxide nanoparticles
Infrared spectroscopy
Laser Doppler anemometry
Mean fluorescence intensity
Magnetic nanoparticles
Mononuclear phagocytic system
Magnetic resonance
Magnetic resonance imaging
Molecular weight cut-off
P-Selectin binding peptide
Phosphate buffered saline
Polydispersity index
Poly(ethylene glycol) / Poly(ethylene oxide)

Poly(ethylene imine)
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PET
PMA
RF

ROI
SAR
SPECT
SPION
SQUID
TEM
TGA
USPIO
VSM

XRD

Positron emission tomography

Poly(maleic anhydride)

Radiofrequency

Region of Interest

Specific absorption rate

Single photon emission computed tomography
Superparamagnetic iron oxide nanoparticles
Superconducting quantum interference device
Transmission electron microscopy

Thermal gravimetric analysis

Ultrasmall superparamagnetic iron oxide
Vibrating sample magnetometer

X-ray diffraction
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