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ABSTRACT VI

Abstract

Within the exciting area of nanotechnology, magnetic nanoparticles constitute an
important subclass of smart materials with a huge number of applications in industry,
life science, and medicine. Controlled synthesis approaches and reliable
characterization of the magnetic nanoparticles are key factors for the development of
novel magnetic nanoparticle systems. Numerous synthesis routes for batch production
of magnetic nanoparticles have been established each exhibiting specific advantages
and disadvantages. Quite often, batch-to-batch variations and broad size distributions
of the resulting magnetic nanoparticles lead to a reduced performance in the envisaged
applications. An alternative approach provides the continuous micromixer synthesis
of magnetic nanoparticles with promising higher reproducibility and scalability
compared to conventional methods. In this approach, spatial and temporal separation
between nucleation and growth of the particles, beneficial high heat and mass transfer,
and the capability to separately control reaction parameters such as temperature and
residence time can be achieved. Due to their huge magnetic moments, single core
magnetic nanoparticles with core sizes larger than 20 nm are of particular interest for
several biomedical applications. However, to synthesize magnetic nanoparticles of
these sizes that remain stable in physiological environment, is very challenging due to
the strong interparticle interactions. Even though great efforts of numerous
researchers have been made, stably dispersed single-core magnetic nanoparticles with
average core sizes above 20 nm are so far not accessible neither by conventional batch

methods nor by continuous synthesis approaches.

In this work, the continuous micromixer synthesis of magnetic single core iron oxide
nanoparticles with core diameters up to 40 nm stably dispersed in aqueous
environment has been established. The synthesis route relies on modifications of the
synthesis method by Sugimoto and Matijevi¢, where ferrous hydroxide is precipitated
and then oxidized to obtain magnetic nanoparticles. The influence of the two main

parameters in micromixer synthesis, the reaction temperature and the residence time,



ABSTRACT VII

was thoroughly characterized. To avoid agglomeration or further oxidation, the
magnetic nanoparticles were stabilized with tannic acid. Additional protein coating of
the nanoparticle surface with bovine serum albumin was successfully achieved to

further improve their stability in physiological environments.

The resulting physicochemical and magnetic properties as well as the reproducibility
of continuous micromixer synthesis in comparison to conventional batch synthesis
were determined. To this end, core and hydrodynamic sizes, size distribution, and
particle morphology were investigated by transmission electron microscopy and
differential centrifugal sedimentation. The crystal structure of MNP was studied using
X-ray diffraction. To study the changes in particle surface, zeta potential
measurements and gel electrophoresis were carried out. AC-susceptibility
measurements of the linear magnetic susceptibility, reflecting changes in the
hydrodynamic properties of the MNP systems were investigated. The colloidal
stability and changes in the magnetic and physicochemical properties of the
synthesized magnetic nanoparticles were analysed in the presence of physiological

NaCl concentrations.

The capability of the micromixer synthesized magnetic nanoparticles as tracer for
magnetic particle imaging was determined by magnetic particle spectroscopy
measurements. Nuclear magnetic resonance relaxivity measurements were carried out
to assess the performance of the magnetic nanoparticles as contrast agent in magnetic
resonance imaging. Finally, the heat generation capacity of the magnetic nanoparticles
in magnetic fluid hyperthermia as a therapeutic approach for cancer treatment was

determined by AC magnetic loss measurements.
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1 Introduction

With his famous lecture entitled “There’s Plenty of Room at the Bottom” at the California
institute of technology on the Annual Meeting of the American Physical Society in
1959, Richard Feynman changed our ideas about microscopic materials. His
innovative talk about the ability to chemically manipulate atoms has opened the door

to a beautiful huge world of “dwarf” particles, the world of nanotechnology [1].

The US National Nanotechnology Initiative (NNI) defined nanotechnology as the
manipulation of matter at length scales of 1 to 100 nm (1 nm = 10° m) [2].
Nanotechnology has a broad range of applications and is used at present for countless
purposes such as catalysts [3,4], batteries [5] textiles [6], cosmetics [7] and biomedicine

[8-11]. Thus, it already became an integral and indispensable part of our everyday life.

Nanoparticles (NP), an important subclass of nanotechnology, drew significant
attention when researchers realized the influence of minimizing the sizes of objects on
their optical, physical, and chemical material properties [12]. In this size range, NP
exhibit different properties compared to their bulk counterparts, which is mainly
attributed to the increased surface area to volume ratio and the small diameter of the
NP. In a dispersed medium, surface atoms, which constitute the largest part of NP, are
directly in contact with different ions and molecules of the medium and consequently,
are influencing the NP properties and performance. For example, plasmonic NP, such
as gold-NP, with different sizes and shapes show various characteristic colours arising
from their surface plasmon resonance modes. This property can be utilized in imaging
applications [13-16]. Besides size, NP are characterized by chemical composition,
structure, and their shape. Therefore, NP engineering requires a well understanding
of these factors for the development of novel applications and for risk assessment

related to their use.

Nanomedicine as an interdisciplinary part of medicine utilizes nanotechnology to
contribute in medical applications at a molecular level [17]. NP have a fraction of the

size compared to human cells, which typically ranges from 5 um to 150 um (Figure 1).
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Thus, NP can be transported within the bloodstream and are able to penetrate
biological barriers through phagocytosis or pinocytosis. Hence, NP are considered as
powerful tools with promising potential in medical applications such as drug delivery
[18-21], imaging [22,23], vaccines [24-26], biomolecule detection [27], antimicrobial
agents [28], or dental treatment [29]. Moreover, coating or surface functionalization
enable to equip the NP additionally with specific targeting moieties, for instant ligands
binding to tumour cell surface markers. Surface modifications are also used to prevent
unwanted protein adsorption (opsonization) or particle agglomeration or aggregation

that would lead to severe side effects if administered to the human body. [30].

DNA-helix
Bacteria cell
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Figure 1. Nanotechnology refers to materials with sizes ranging from 1 to 100 nanometres. Nanoparticles as a
subclass in this size range are objects with dimensions typically larger than DNA but smaller than cells making

them interesting for biomedical applications (adopted from [31]).

Due to their specific properties, magnetic nanoparticles (MNP) have been intensively
investigated for biomedical applications in the last decades. MNP can be oriented and
manipulated by using an external magnetic field. Especially, their magnetic properties
differ from the corresponding bulk material and are strongly size-dependent. As a
consequence, MNP show superparamagnetic behaviour, e.g. by continuously flipping
the direction of the magnetic moments under the influence of thermal energy. After a
certain time, the MNP sample will show a zero net magnetization (vanishing magnetic
remanence) without an applied magnetic field. Note, that superparamagnetism

therefore is depending on the observation (measurement) time and temperature.

MNP composed of iron oxide are biodegradable and biocompatible and therefore

preferable candidates for in vivo applications; in diagnosis as contrast agents for
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magnetic resonance imaging (MRI) or magnetic particle imaging (MPI), as well as in
therapeutic applications as drug delivery vehicles or hyperthermia agents. In
combination, iron oxide based MNP can integrate diagnostic imaging capability and
therapeutic drugs into one multifunctional nanocarrier, for which the term
theranostics emerged, recently [32-34]. One example of theranostic application is
cancer treatment. At present, cancer is one of the leading causes of death worldwide
and is characterized by uncontrolled growth of cells as well as their spread into healthy
tissues [35,36]. Additionally, symptoms usually appear only after the disease reached
advanced stages. Treatment forms involve surgery, chemotherapy, and radiation
therapy. These methods are accompanied by undesirable and often painful side effects
as well as damage of healthy tissue due to insufficient tumour specificity. Therefore,
improving cancer treatment opportunities by minimizing unwanted side effects is
essential. MNP are potentially capable to deliver, accumulate and release
pharmaceutical drugs into tumour tissue controlled by applying external magnetic
fields. Additionally, MNP can increase the efficiency of radiotherapy by producing
reactive oxygen species [37]. Therefore, MNP are promising candidates for cancer

treatment.

An example of MNP-based drug in biomedical applications is ferumoxytol that was
approved in 2009 by the US food and drug administration (FDA) for anemia treatment

for patients with chronic kidney disease [38].

In general, uniformity in the MNP characteristics such as form, size, and magnetic
behaviour facilitates their clinical translation since predictions of their biological fate
and efficacy become more reliable. However, every biomedical application requires a
specific adjustment of the underlying MNP characteristics to improve their
performance and guarantee a safe implementation. Hence, researchers have been
focusing on developing robust, effective, tuneable, and highly reproducible synthesis
routes to manufacture MNP with defined properties. Precise control of reaction
parameters such as temperature, educts, mixing ratios, solvents and surface ligands

play a key role in process development. Additionally, modern synthesis approaches
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need to incorporate preserving environmental resources and minimize row materials
and energy consumption without generating undesirable chemical by-products
during the entire synthesis process [39]. Moreover, using organic solvents and toxic
educts for the synthesis can be harmful to the human body and is therefore

inappropriate for medical applications.

Up to now, numerous conventional batch synthesis routes for MNP production have
been developed such as co-precipitation [40,41], sol-gel [42,43], micro-emulsion
[44,45], and thermal decomposition [46,47]. Although co-precipitation is the most
common used synthesis approach, it has some limitations such as addressable size
range, broad size distribution and large batch-to-batch variation of the resulting MNP.
Therefore, novel and advanced synthetic routes to overcome these drawbacks are still
demanded. Continuous manufacturing approaches for NP synthesis promises
significant advantages compared to conventional batch synthesis such as improved
control over reaction parameters, enhanced reproducibility, the possibility to

automate the entire production process and to scale-up the product [48,49].

The properties of synthesized MNP are generally characterized by structural,
physicochemical, and magnetic measurements to assure their quality and to verify
their potential for different applications. The most common measurement techniques
used for characterization are: Transmission Electron Microscopy (TEM) that is an
effective tool using an electron beam resolving single NP to determine core size, size
distribution, and morphology with high resolution. Dynamic Light Scattering (DLS)
and Differential Centrifugal Sedimentation (DCS) are two ensemble methods
employed to measure the average hydrodynamic size and size distribution of NP.
Magnetic properties can be measured by Magnetic Particle Spectroscopy (MPS), which
detects the non-linear dynamic magnetic response of MNP exposed to an alternating
magnetic field and AC-Susceptibility (ACS) to determine the linear dynamic magnetic
susceptibility. Nuclear Magnetic Resonance (NMR) is used to measure the relaxivity

of MNP from which their capability as contrast agent in MRI is assessed. By static DC
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Magnetization (DCM) measurements, magnetic properties of the MNP such as the

saturation magnetization can be extracted.
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2 Theoretical background

2.1 Magnetic Nanoparticles

2.1.1 Classification of magnetic behaviour of materials

All matter is “magnetic” which denotes a property that is caused by quantum
exchange interactions between the electronic orbitals and spins in the atoms
constituting a material. Therefore, materials can be classified according to their
reaction when exposed to an external magnetic field [50]. In diamagnetic materials, the
electrons are arranged in pairs so that there is no exchange interaction between the
atomic magnetic moments. Thus, diamagnetic materials have zero net magnetic
moment exhibiting no magnetic properties in the absence of an external magnetic field.
An applied magnetic field induces an additional angular momentum of the electrons
and thereby leads to a weak magnetization opposite to the field direction resulting in
anegative linear susceptibility y«ia<0 of the diamagnetic material. All materials exhibit

diamagnetic properties.

Paramagnetic materials show no exchange interaction between atomic magnetic
moments, and therefore, as in diamagnetic materials, the net magnetic moment is zero
in the absence of an external magnetic field. However, due to unpaired electrons,
paramagnetic materials exhibit a positive net magnetic moment in a magnetic field
leading to a positive linear susceptibility xpa>0. If present (i.e.,, an electronic
configuration with unpaired electrons such as in radicals, transition metals
lanthanoids), the paramagnetic susceptibility dominates the always existing but much

weaker diamagnetism.

In ferromagnetic materials like iron, nickel, or cobalt, permanent atomic magnetic
dipole moments are existing even in the absence of an external magnetic field. The
moments are coupled with each other forming large areas of parallel arrangement as
a consequence of strong negative exchange interactions in the electronic configuration.

Again, ferromagnetism dominates the diamagnetic behaviour in a material and shows
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hysteresis behaviour in an external magnetic field. Antiferromagnetic materials are
similar to ferromagnetic materials, but exhibit a positive exchange interaction. In such
materials, the application of a magnetic field aligns neighbouring atomic moments into
antiparallel directions, thus resulting in a zero net magnetization. Special cases of
antiferromagnetic materials are ferrimagnetic materials such as the iron oxides
magnetite FesOs and maghemite y-Fe2Os where moments of different size are arranged

antiparallel leading to a residual non-zero net magnetic moment in a magnetic field.

2.1.2 Size-dependent magnetic behaviour of MNP

So far, the magnetic classification was related to general bulk materials. Additional
interesting magnetic behaviour arises in magnetic nanoparticles, where the size of the
objects is reduced down to about 1 to 100 nm. These nanoparticles exhibit
superparamagnetic behaviour. In an individual nanoparticle, all atomic dipole moments
are coupled by exchange interactions either in parallel (nanoparticle made of
ferromagnetic material) or antiparallel (when using ferrimagnetic or antiferromagnetic
materials) configuration as in the corresponding bulk material. In the absence of a
magnetic field, thermal fluctuations permanently flip the individual magnetic
moments of an ensemble of MNP into random directions so that after a ceratin time of
relaxation no longer a net magnetization is observed. Superparamagnetic MNP show
no remanence or hysteresis behaviour in contrast to their corresponding ferro- or
ferrimagnetic bulk materials [51]. Due to exchange coupling of typically 10? to 10*
atomic moments in an MNP, superparamagnetic materials possess much higher
susceptibilities than paramagnetic materials. Applying an increasing external
magnetic field continuously magnetizes (by orienting the MNP moments towards the
field direction) a superparamagnetic material until saturation magnetization Ms (all

moments pointing into field direction) is reached (Figure 2).

Commonly used magnetic nanoparticles are iron oxide nanoparticles (ferrites) like
maghemite y-Fe2Os or magnetite FesOs, metallic nanoparticles like Fe or Co, or alloy

nanoparticles such as Fe-Pt or Co-Pt alloys.
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Figure 2. Classification of materials: In a magnetic field H, materials behave magnetically different. Diamagnetic
materials exhibit a linear negative (dashed red line), paramagnetic materials a linear positive susceptibility x= M/H
(dashed blue line). Ferro- and ferrimagnetic materials show a non-linear magnetization curve (yellow line) with
saturation at Ms and hysteresis, while MNP in a superparamagnetic state, a non-linear magnetization curve (green

line) with saturation at Ms but without hysteresis is present.

Changing the direction of the MNP moments as a reaction of an applied magnetic
field requires a certain time. Accordingly, when switching off an external magnetic
field, the net magnetization of an MNP sample is decaying within a characteristic time
interval (needed for the magnetic moments to reach an equilibrium random
distribution). For this relaxation effect two mechanisms are responsible, the Néel and
the Brownian relaxation. For Néel relaxation, the directions of the magnetic moments
are reorienting by surmounting the energy barriers given by the specific crystal
structure (Figure 3). The corresponding time constant is given by the Néel relaxation

time ™~ (Equation 1):

KV, 1
v = To exp(kB—,IC, 1)



THEORETICAL BACKGROUND
18

where 10 (= 107 s) is a characteristic relaxation time for thermal fluctuations, also called
attempt time, K the effective anisotropy constant including crystal, strain and shape
anisotropy contribution for the MNP, Vc: the volume of the magnetic core, ks the

Boltzmann constant, and T the temperature.

MNP in suspension can undergo a second relaxation mechanism, the Brownian
motion, here the magnetic moment is reorienting by rotation of the whole MNP (Figure
3). The corresponding Brownian relaxation time is given by (Equation 2):

I = 31 Viya (2)
B™ kgT

where 1 denotes the viscosity of the carrier liquid, and Viya: the hydrodynamic volume.

Neel

Relaxation

v

Brownian

Relaxation

Figure 3. The two relaxation mechanisms for reorientation of the magnetic moment of an MNP, Néel and Brownian

process.
If both competing relaxation mechanisms are present, the faster relaxation is
dominating and therefore an effective relaxation time is observed that can be described

by (Equation 3):

1 1 1 (3)
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Since the Néel relaxation time exponentially increases with increasing particle core
volume V. (Equation 1), the Brownian relaxation time becomes dominant for larger
MNP [52] as shown in (Figure 4). For the chosen parameters the transition from Néel
to Brownian relaxation being the dominating relaxation mechanism occurs at a particle

diameter of about d=7.5 nm.
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Figure 4. Effective relaxation time 7t as a function of particle diameter for Néel and Brownian relaxation. For the
calculation, an effective anisotropy constant K= 10* J/m?, the viscosity of water 7=1 mP-s, and room temperature

T=298 K were assumed and for simplicity, Ve=Viyd e.g., a vanishing shell layer of the MNP.

2.1.3 Iron oxide

Iron oxides are composed of iron and oxygen at different stoichiometries and
crystalline structures. The most-common iron oxide structures are magnetite (FesOs),

maghemite (y-Fe20s), and hematite (a-Fe20s).

Magnetite has an inverse spinel crystal structure Fe>* [Fe?'Fe**]O%: with a face-centred
cubic (fcc) unit cell. Tetrahedral sites are occupied only by (Fe*), whereas octahedral
sites are distributed between (Fe*) and (Fe*). (O%) ions are forming a regular cubic

close packing. Maghemite has a defect spinel structure 0.75Fe* [Fe3ss3015]0%s (o
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vacant site) and can be formed from magnetite via oxidation resulting in Fe* sites,
only. Both, magnetite and maghemite are ferrimagnetic materials [53]. Values for bulk

saturation magnetization of magnetite and maghemite are listed in Table 1. [54].

Table 1. Magnetic properties of iron oxides in the bulk state [55].

Iron oxide Ms(T =5 K) Ms(T =300 K)
Am?/kg(Fe) Am?/kg(Fe)
FesOs4 98.0 92.0
v-Fex0s 84.0 78.0

2.1.4 Biomedical applications of MNP

Living organisms are made up of cells with typical sizes of 5-150 um. However, these
cells contain much smaller components such as proteins that have typical dimensions
of several nanometres (about 5 nm). Therefore, MNP are a powerful tool to investigate
cells and cellular processes. Numerous other medical applications are relying on using

nanoparticles including (see Figure 1 in publication: Bioengineering, paper No.1):

1- Magnetic cell tracking [56-58].

2- Drug delivery [59-61].

3- Gene therapy [62,63].

4- Magnetic fluid hyperthermia [64-66].

5- Bio-magnetic imaging (as a contrast medium) [67-71].

6- Nanorobotics and magnetic actuation [72-74].

In this work, the performance of continuously synthesized MNP for medical
applications was evaluated and optimized for the following three applications: MRI,
MPI and magnetic hyperthermia. Further details and state of the art for these methods
are discussed in publication: (Bioengineering, paper No. 1). The evaluation of the MNP

synthesized in this work for medical applications are shown in publication: (Nanoscale
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advances, paper No. 2). In the following three paragraphs (2.1.4.1 — 3), the general

principle of these applications of MNP are shortly summarized.

2.1.4.1 Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a common imaging modality to visualize
living organisms without using ionizing radiation. This non-invasive technique
provides detailed information about the structure and function of living tissues with a

sub-millimetre spatial resolution [75].

MRI relies on the nuclear magnetic resonance (NMR) of protons which have an
advantageous high abundance in living tissues. The signals are detected after applying
radiofrequency pulses for excitation of the protons. Tissues can be differentiated
depending on their proton content. To enhance imaging contrast between similar
tissues like muscles and blood vessels, or to detect tissue damage, MNP as contrast
agents can be utilized [76]. Contrast agents are capable to shorten the T: (longitudinal)
and T: (or transverse) relaxation time of surrounding water protons. The signal
intensity of Ti-weighted images appears brighter and is known as positive contrast.
On the other hand, T>-weighted images appear darker and are known as negative
contrast. In both approaches, the contrast agents lead to a higher image resolution [77-

79].

The biodistribution of contrast agents is a crucial factor for medical applications.
Commonly used gadolinium-based contrast agents are rapidly eliminated from the
blood circulation by renal excretion [80]. In contrast, iron oxide based MNP have lower
toxicity and the biodistribution depends on their size and surface modification.
Because they are accumulated in reticuloendothelial system (RES) organs, liver and
spleen, iron oxide based MNP are advantageous to be used for MRI visualization of
these organs. Feridex and Resovist are examples of iron oxide-based MNP that have

been approved by the FDA for liver imaging [30].
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2.1.4.2 Magnetic Particle Imaging

Magnetic Particle Imaging (MPI) is a quantitative tomographic imaging technology
that was first introduced in 2005 by Gleich and Weizenecker [81]. MPI is using MNP
as tracers and is characterized by a high spatial (less than 1 millimetre); excellent
temporal resolution (few milliseconds) and a good sensitivity (ng) for MNP detection.
After successful proof of principle demonstration by imaging a beating mouse heart
[82,83], MPI presently is under development for human application with a high
potential for diagnostic vascular or perfusion imaging, imaging-guided vascular

interventions, or cancer detection [84].

MPI relies on the detection of the non-linear dynamic magnetization of MNP exposed
to a sinusoidally oscillating magnetic excitation field. For spatial encoding, additional
magnetic field gradients are used that create a field-free region (depending on the
device architecture called field-free-point or field-free-line) from which the MNP response
is recorded by receiving coils. Only within this spatially constrained region, the
dynamic magnetic magnetization response of MNP is occurring, while at all other
regions the MNP are saturated (Figure 5). By moving the field-free region through the
field of view (FOV) of the sample, signals from the MNP are acquired from which an
image of their distribution can be reconstructed by solving an inverse problem. For the
image reconstruction an additional calibration measurement for each MNP type is
required, where a point-like reference sample of known MNP content is positioned by
a robot at numerous defined positions in the FOV and the corresponding MNP
dynamic magnetization response is recorded. This process is called system-function
measurement and can last up to several days depending on the chosen voxel resolution
and averaging. In contrast, measuring a sample is very fast, since the excitation fields
and the field-free space movement is operated at kHz frequencies, a scan of the whole

FOV can be achieved within about 20 ms [81,83,85].
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Figure 5. General mechanism of MPI, a: In the field-free region (no magnetic gradient field), the MNP exhibit a
dynamic magnetization response to the basic sinusoidally magnetic excitation field at a frequency of about 25 kHz
(red curve). Due to the non-linear magnetization of the MNP a distorted magnetization response is resulting (green
curve) which after Fourier Transform leads to the characteristic MPI spectra (red bars). b: If an additional gradient
field is applied (e.g.., everywhere outside the field-free region, nearly no response (green curve) is observed since
the MNP magnetization is saturated. Accordingly, no MPI spectra become visible after Fourier Transform (red

bars), (adopted from [81]).

MPI detects solely the MNP. Therefore, the resulted MP images are background-free
and do not provide any anatomical information. A combination of MPI with MRI data
could be a promising hybrid MPI/MRI modality for a high-resolution 3D images with
molecular tracking of MNP [86].

2.1.4.3 Magnetic fluid hyperthermia

Hyperthermia is an established method to treat diseases by exposure of locally
affected organs or the whole human body to elevated temperatures. Already in ancient
times, Egyptians used heating power to treat breast cancer by fire drills (hot blades
and sticks). This method was also known in China and India [87]. Much younger is
magnetic fluid hyperthermia, an approach to fight tumour cells by increasing their

temperature using MNP heating up in an external oscillating magnetic field. Since
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cancer cells are more sensitive to temperature than normal cells, cancer cells will
undergo apoptosis or necrosis, e.g., their cell death followed by a series of metabolic
cascades [88-90]. MNP are advantageous to reach organs such as the brain that cannot
be reached easily by conventional heating methods. The heating mechanism can be
attributed to the Néel und Brownian relaxation of the MNP (as described in section
2.1.2) that occur if they are exposed to an alternating magnetic field [91,92]. The energy
transformation from magnetic into thermal energy can be characterized by the specific
absorption rate (SAR) of MNP in units of W/g and is given by (Equation 4) [93]:

SAR = C (d—T) (=) @)

dt/) \m,,

where C is the specific heat capacity of the solvent, dT/dt the initial slope of the time-
dependent temperature increase (heating curve), ms the mass of the solvent, and mm
the mass of MNP. The SAR value crucially depends on many factors such as size,
shape, size distribution, crystallinity, functionalization and magnetic properties of the
MNP as well as the amplitude and frequency of the applied alternating magnetic field
[94,95]. Commonly, the SAR value of a MNP suspension is determined experimentally
by detecting the temperature increase (heating curve) with a fiber optical thermometer
after switching on the excitation field at a given excitation frequency (typically, 100 to
500 kHz) and amplitude (20 to 30 kA/m). Alternatively, the SAR value can be extracted
from the area of the measured dynamic magnetization curve at the same excitation

parameters [96].
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2.2 Synthesis of magnetic nanoparticles

Uniform characteristic MNP parameters such as shape, size, size distribution, and
crystal structure are mandatory for their successful applications, especially under
biomedical considerations. Since a small variation in the synthesis procedure might
radically change the resulting MNP properties. Control over the thermodynamical and
kinetic processes is crucial to fabricate MNP with desired properties for successful
biomedical usage [97]. There are two general approaches to produce MNP, namely the
“top-down” and “bottom-up” strategy. In the top-down approach, MNP are produced
reducing the material size by different techniques e.g., laser ablation and mechanical
milling, ultrasonication [98]. This approach is preferred in industry because it is cheap,
simple and easy to scale up. However, the resulted MNP are exhibiting a broader size
and shape distribution than MNP produced by bottom-up approaches and their
functionalization is often problematic [30,99]. Therefore, the bottom-up approach,
which depends on producing MNP starting from solution of ferrous (Fe*) or ferric
(Fe*) ions, including synthetic routes such as co-precipitation, sol-gel, micro-emulsion,
and thermal decomposition are preferably used to fabricate MNP with enhanced
control over shape and size for medical applications. Numerous strategies have been
developed to produce MNP with various sizes and shapes [100-105], shapes include,
spherical [106], nanotubes [107], hierarchical superstructures, nanorods [108-110],

nanowires [111,112], nanoflowers [113,114], nanocubes [115,116], etc.

2.2.1 Nanoparticle formation and ripening mechanisms

Kinetic factors have to be considered to influence the nanoparticle formation and
achieve MNP synthesis with controlled size and desired narrow size distribution. The
mechanism of nucleation and growth of MNP can generally be explained by the LaMer
model postulated by Victor LaMer for colloidal sulphur in the 1950s. The mechanism

is divided into two phases: Nucleation and growth.
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If the concentration of the precursors that constitutes the NP reaches supersaturation,
nucleation occurs. In this phase, homogeneous seeds are formed, continuously
dissolved and reformed again. If the concentration of the precursors is further
increased above a critical concentration, stable nuclei are formed, by which the
precursor concentration decreases, accordingly. Below a certain nucleation threshold,
further nucleation is inhibited. In the second phase, the size of the nuclei is increased
by diffusion of precursor to the surface of the forming particle until no more precursor
is available (see Figure 2 in publication: Bioengineering, paper No. 1) [117]. Generally,
the two phases are present at the same time, especially in conventional batch synthesis,
which leads to a broad size distribution of the NP. Size distribution narrowing can
then be achieved by separating the two phases temporally and spatially. This approach

is addressed by the continuous synthesis via micromixer. (See section 2.2.4)

After synthesis, NP are still subjected to a dynamic process called Ostwald ripening.
Briefly, smaller NP tend to dissolve in favour of further growth of larger NP. Small
particles have a higher surface energy and therefore dissolve to minimize their energy
which favours the formation of larger particles [118]. Additionally, NP size can be

increased by coalescence of multiple nanoparticles, also known as fusion [97].

Moreover, ligand binding to the NP surface plays a significant role in synthesis,
especially in crystal growth and structure. In addition to the chemical bond between a
NP surface and the anchor group of a ligand, ligand-ligand interactions at the NP
surface are not negligible. These interactions increase with a higher packing density,

size, and structure of the ligands [97].

In a colloidal solution, there is a dynamic equilibrium between ligands and NP,
which means that ligands continually are adsorbing to and detaching from the particle
surface [119]. NP growth only takes place if additional material can reach the particle
surface, thus, only at moments when ligand molecules are detached from the surface.
Therefore, the ligand density at the surface determines the rate of NP growth.
Generally, nanosystems tend to minimize their total surface energy, which is the sum

of individual surface energy contributions of different areas (facets) of the NP (Wulff
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construction) [97,120,121]. The binding affinity of a ligand might vary within different
areas of a NP surface. At a surface area with more adsorbed ligands, the growth will
be inhibited because the accessibility of additional material for growth is reduced
through the ligands, thereby reducing the growth rate (defects in nanocrystals should
be taken into consideration) [122-125]. Which area is more preferred by the ligands
depends on various factors such as the charge and the size of the anchor group. If all
areas of an NP are equally favoured for chemisorption, spherical shape will be
resulting since it has the lowest surface area to volume ratio. In the other extreme, a
polyhedron with sharp edges will be formed if only one area is preferred for growth.

Numerous intermediate NP shapes can occur between these extreme cases [97].

2.2.2 Co-precipitation

Due to the straightforward preparation and productivity without using harmful
precursors, co-precipitation is a common method using nucleation and grain growth
to fabricate MNP [126]. In this method, MNP are produced by aging a stoichiometric
mixture of Fe?* and Fe® in aqueous media [127]. Size, shape, and chemical composition
of the resulting MNP depend on reaction parameters such as the type of iron salts
(chloride, sulphate, etc.), the ratio of ions (Fe*/Fe?), ionic strength of the media, pH
value of the solution, temperature, as well as the rate of adding the basic solution and
stirring rate [128-135]. According to thermodynamical considerations, a (Fe*/Fe*)
ratio of 0.5 should result in pure magnetite [101]. However, normally a mixture of
magnetite and maghemite is obtained because of the oxidation sensitivity of magnetite
to maghemite. Generally, smaller ratios of (Fe*/Fe*) lead to goethite, whereas larger
ratios lead to formation of maghemite and magnetite. Additionally, smaller MNP sizes
are obtain by increasing the pH, ionic strength, or temperature of the reaction

[101,129].

Mainly, MNP are precipitated by two well-established synthetic methods. In
Sugimoto and Matijevi¢'s method established in 1980, Fe? is used in the presence of

OH- and NOs ions and lead to MNP in the size range of 30 to 200 nm [136]. On the
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other hand, in the most common method by Massart presented in 1981, a mixture of
Fe3*/Fe?*is used in the presence of base and leads to smaller MNP sizes (<20 nm) and
clusters [127]. However, stable dispersed single-core nanoparticles between 20 and 30

nm are not accessible by none of the two methods.

The chemical equations for the precipitation reaction according to Sugimoto can be

written as:
Fe*+20H™ — Fe(OH):2
3Fe(OH)2 + NOs~ — FesOs + NOz + 3H20
and according to Massart as:
Fe?+20H™ — Fe(OH):
Fe* + 30H™ — Fe(OH)s

Fe(OH): + 2Fe(OH)s — FesOs4 + 4H0O

Homogeneous nucleation and growth resulting in uniform MNP during the synthesis
can be improved by mechanical stirring in a reduced reaction volume. Therefore, mass
production of MNP is still challenging since in large reaction volumes insufficient
mixing leading to heterogenity in nucleation and growth is lacking [137]. The synthesis
parameters need to be carefully chosen and subsequent purification or fractionation is

often carried out to improve the homogeneity of the resulting product [138].

The saturation magnetization of the material varies between 30 and 80 Am?/kg(Fe)
[128,139]. These much lower values compared to bulk materials indicate the reduced

quality of the MNP crystal structure (see Table 1).

In this work, the MNP were synthesized according to the synthesis of Sugimoto and

Matijevi¢ using iron chloride (FeCl:) and a strong base (NaOH) [136].
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2.2.3 Thermal decomposition

Thermal decomposition is the second commonly used method to fabricate well
defined MNP that possesses a good control over size with narrow size distribution and
different shapes (cubic, spherical, etc.) [140,141]. This method depends on the
decomposition of precursors such as iron pentacarbonyl (FeCO)s) or iron
acetylacetonate (Fe(acac)s) in the presence of organic surfactants such as oleic acid at
elevated temperatures up to 300 °C. The ratio of the precursors, the used surfactant,
and solvent, the reaction time and temperature, as well as the aging duration are key
factors for size and shape control in thermal decomposition. Single core MNP with
sizes in the range 20 to 30 nm are accessible by thermal decomposition [47,84].
However, since the synthesis occurs in an organic solvent, the resulting MNP
synthesized by thermal decomposition need to undergo a post-treatment (e.g., phase
transfer into aqueous solvent) to be usable for biomedical applications. Thus, due to
strong interparticle interactions of larger nanoparticles with high magnetic moments
the transfer from organic to aqueous media often fails resulting in unstable, aggregated
particles. Additionally, this method requires much more energy, material usage and

time consumption than other synthetic routes such as co-precipitation.

2.2.4 Continuous synthesis of nanoparticles

In the last decades, continuous flow synthesis of NP was developed utilizing flow
chemistry and micromixers to improve the quality and quantity of NP production due

to its numerous advantages compared to conventional batch synthesis [142-146].

In contrary to conventional chemical synthesis routes with concentration gradients
and inhomogeneous temperature distribution within a reaction flask, continuous
synthesis significantly improves heat and mass transfer offering enhanced mixing and
precise temperature control due to the higher surface area to volume ratio within the
microchannels [49,146-149]. Hence, microfluidic systems have the potential to increase

the reproducibility of NP production significantly resulting in lower batch-to-batch
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variations with the feasibility to production upscaling [49]. Since the rapid nucleation
phase of MNP takes place inside the micromixer and the growth phase in the
connected capillary (ripening zone), spatial and temporal separation of the two phases
can be achieved leading to more uniform MNP [49,150,151]. Micromixers allow to mix
two fluids in close proximity in the micrometer channel within milliseconds [147,152].
Thus, a significant enhanced mixing is achieved compared to mixing in batch reactors.
Moreover, complicated (hazardous) reactions such as peroxides, fluorides, or
chlorination can be carried out safely in micromixers due to the small volume needed
to run a reaction [153,154]. Nevertheless, NP precipitation in microstructured devices
remain challenging due to the tendency of fouling and rapid blocking of
microchannels. Careful experimental design and material selection is a mandatory

prerequisite.

In continuous synthesis there are two major principles of mixing inside the
micromixer: single-phase (continuous flow), where miscible phases can be
homogeneously mixed by diffusion, and multi-phase (droplet-phase or plaque flow),
where two immiscible phases such as gas-liquid or liquid-liquid (oil and water) form
a droplet that works as a tiny reactor and is transported in the flow [49,155] (Figure 3

in publication, Bioengineering, paper No. 1).

Although continuous synthesis of MNP has been reported in many works so far, the
presented procedures often do not comprise the entire production, including
purification and stabilization steps. The resulted single core MNP are either too small,
less than 10 nm, or not stable in aqueous phase forming clusters or agglomerates [156].
Stable, well dispersed single-core MNP in aqueous media with core size above 30 nm
are still not accessible neither by continuous synthesis nor conventional batch
approaches. Additionally, microfluidic processes based on photolithographic
manufactured polydimethylsiloxane (PDMS) structures are commonly used, but
usually, they do not tolerate high flow rates, pressure, and temperature. Subsequently,
they are operated at very low flow rates in the range of microliter per minute, which

limits the throughput and scalability [156-161].
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Micromixers

Although numerous micromixer types with different structures and mixing profiles
have been developed and applied for chemical synthesis in the last few decades, there
are still ongoing developments to improve their performance. For example, currently
micromixers are being developed to produce lipid nanoparticles as vehicles for novel
mRNA vaccines. The Covid-19 pandemic demonstrates the urgent need for upscale
production of the vaccines including the nanoparticle formulation process for mRNA.
To this end, challenges such as channel clogging and scaling up the production
reaching a yield in the range > 10 L/h still need to be solved to provide sufficient

vaccines [162].

Simple micromixer types are the so-called T or Y micromixers, where two solutions
are mixed by diffusion. Herein, the specific surface area between the fluids is
determines the mixing time. Mixing efficiency can be improved by multi-lamination
of fluids before mixing by a comb-like structure (interdigital-mixing) and
subsequently focusing of the fluids at the outlet. An example of such a mixer is the Slit
Interdigital Micro Mixer (SIMM), which has been developed at Fraunhofer IMM

(Figure 6).

Figure 6. Slit Interdigital Micromixer (SIMM). Left: flow profile in a SIMM mixer. Right: Photograph
(©Fraunhofer IMM) of the stainless-steel SIMM manufactured at Fraunhofer IMM. The left side shows a
dismounted SIMM, the right an assembled SIMM.

Another version with improved mixing via mutilamination is the star-laminator
micromixer (OFraunhofer IMM). This type relies on stacking star-like thin foils with
through-holes to generate an alternating interdigital feeding array resulting in a finely
dispersed injection of the two fluids (Figure 7). These type of micromixers operate at

relatively high flow rates providing improved mixing efficiency. For instance, for the
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star laminator (StarLam 3000), high throughputs up to 3 m3/h were demonstrated for

aqueous systems [163].

Figure 7. Star-laminitor Micromixer. Left: flow profile star-laminator. Right: Photograph (©Fraunhofer IMM) of

StarLam 300/3000 mixers manufactured at Fraunhofer IMM.

The impinging-jet micromixer was developed to perform mixing in a wall-free
environment to avoid micromixer plugging. The fluids are pumped into the jets of the
micromixer forming a Y-shaped configuration. Smaller jet diameters improve the

mixing quality [164] (Figure 8).

Figure 8. Impinging-jet Micromixer. Left: flow profile of an impinging-jet micromixer. Right: Photograph

(©Fraunhofer IMM) of the mixer manufactured at Fraunhofer IMM.

The micromixer type used in the present work is the Caterpillar Micromixer (CPMM)
developed by Fraunhofer IMM with a caterpillar-shaped mixing chamber. It is based
on the split and recombine principle. This means that by dividing (splitting), folding
over and then recombining of the solutions under laminar flow conditions, a large
contact area of the substances can be achieved (simulation in Figure 9). In a CPMM,
efficient mixing within milliseconds is achieved. The mixing chamber has an inner
volume capacity of 10 ul. At a maximum flow rate of 4 L/h a mixing time below 4 ms
is achieved. The mixing structure in a CPMM has a width of 300 um and consists of 12
units. In each unit, the fluids are mixed in the split and recombine approach. Ideally,

this leads to the formation of 4096 (= 2!2) lamellas. However, in realistic operation,
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increased internal friction leads to lamellas flow distortions. These transversal forces
dominate the flow profile with increasing distance in the mixing chamber, which in
the end causes rather turbulence mixing and results in a chaotic flow profile [165,166].
By this efficient “controlled” turbulence mixing, a mixing time tm% can be reached
within milliseconds. The inlets of the CPMM are parallel, which minimize the impact

of asymmetrical flows and the mixing times stays almost constant [166].

Figure 9. Flow conditions and concentration profile across the 300 um caterpillar mixer. Copyright © 2012, De

Gruyter. Asked for permission) [166].

Moreover, increasing the flow rates increases turbulences, which improve mixing
efficiency and quality. Due to its robust construction and the advantageous low
tendency for plugging, the CPMM is a micromixer type often used. Additionally,
CPMM is available with larger inner diameters (600 and 1200 um) giving the
possibility of scaling up the production [167].

Compared to the SIMM or star-laminator, which have higher plugging risk, or the
impinging-jet micromixer, which is wall-free and incapable to be connected with a
residence loop, the CPMM is suitable for fast mixing and high throughput and can be
used for precipitation reactions such as MNP synthesis with low plugging probability
under pressure (up to 100 bar) and high flow rates. The narrow channels inside the
micromixer allow rapid nucleation favouring the formation of uniform particle seeds.

Particle growth takes place in the following residence loop, which enables the
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separation between nucleation and growth phases (Figure 10). The residence loop has
a total volume in the millilitre range. The fast mass and temperature transfer in the
developed set-up including the micromixer (nucleation phase) and the connected
residence loop or dwell zone (growth phase) offer excellent conditions for controlled
MNP synthesis. Some technical specifications of the CPMM-R300 micromixer type are

summarized in Table 2.
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Figure 10. Schematic representation of continuous micromixer synthesis of MNP. Top row: The CPMM following
the split and recombine principle. Left: Design principle and mixing of two precursor materials visualized as red
and blue arrows. Right: Photograph of the caterpillar structure inside the CPMM-R300 developed at Fraunhofer
IMM. Bottom: Synthesis process scheme, the precursors are pumped into the micromixer, where the MNP are
precipitated with subsequent growth in the residence loop. To control the reaction and residence temperature, a

water bath is used.

Table 2. Specifications of the CPMM-R300 (Fraunhofer IMM)

type CPMM-R300
Size (L x B x H) [mm] 60 x 45 x 20
Standard mixing channels [pum] 300 x 300
Inner volume [pL] 10
Material- Stainless steel 1.4435
Temperature [°C] -40 - 220
Pressure [bar] 100
Flow rate [L/h] 05-4
Residence time [ms] 3.6-72
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The impact of temperature and residence time variation on the properties of
continuously synthesized MNP are investigated in the publication: (Nanomaterials,
paper No. 3). Here, continuously synthesized MNP using the CPMM-R300 micromixer

were compared with MNP obtained by conventional synthesis routes.

2.3 Stabilization of MNP

The colloidal stability of MNP in a suspension depends on the concurring
interactions between the huge number of individual nanoparticles, e.g., dipole-dipole
interactions between the MNP. By exposure of a concentrated suspension of MNP to
an external magnetic field, the effective magnetic field seen by each MNP is reduced
because of the demagnetizing effect caused by the dipolar fields of all other MNP.
Thus, changing the concentration of an MNP suspension might change their magnetic
properties. Moreover, clustering of MNP leads (for large moment particles) to weaker
magnetic response because of the increased dipole-dipole interactions and potential
transition from Brownian to Neel relaxation [168]. Additionally, forces acting between
the surface atoms and the surrounding environment, i.e. solvent, ligands or other

nanoparticles in the medium possibly alter the magnetic behaviour of the MNP [97].

Colloidal stability can be improved by both, increasing the repulsion or decreasing
the attraction between the particles in the dispersion. This can be achieved by various
stabilization approaches. In electrostatic stabilization, the attractive van der Waals
force is counterbalanced by the repulsive coulomb force of the negatively charged
particle surface. Negatively charged surface ions attract counter-ions from the
surrounding volume leading to a stabilizing electric double layer. Steric stabilization
inhibits the approximation of neighbouring particles and hence their aggregation
through adsorption of macromolecular stabilizers on the particles surface [169].
Polymers are ideally suited for steric stabilization. They can spatially expand and coil
up in the suspension leading to an energy loss caused by elastic deformation.
Furthermore, depletion forces can be used for colloidal stabilization involving

unanchored (free) polymeric molecules which create forces between the particles [170].
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Surface protection

Often, the surfaces of MNP have to be protected from external influences such as
oxidation, which would convert magnetic magnetite to nonmagnetic hematite.
Likewise, a protection against the presence of damaging substances such as strong
acids (hydrochloric acid) could be necessary, which otherwise would lead to particle
dissolution and the loss of their magnetic properties. Moreover, formation of reactive
oxygen species (ROS) lead to reduced magnetic properties and could decline the
biocompatibility of MNP [171]. Therefore, protective covering of the “bare” MNP is

crucial part of the synthesis.

MNP surface coating can be achieved by two main approaches: in situ and post-
synthetic coating [30]. For in situ coating, also known as one-pot synthesis, the coating
material(s) are mixed with the precursors that form the MNP. Formation and coating
of MNP take place simultaneously, which might negatively influence the crystallinity
of the resulting MNP. Additionally, the pH-values of both, the MNP precipitation and
the coating materials must be taken into consideration [172]. Post-synthetic coating can

be achieved by ligand exchange, direct grafting, or hydrophobic interactions.

Surface modification can be achieved with organic compounds, mostly surfactants,
polymers or di- and polysaccharides, or with an inorganic shell (e.g. silica) or metals.
The selection of the stabilization mechanism has to be chosen based on the intended
application field, as it also determines the possibilities for further functionalization of
the particles with other ligands [173]. Polymers with functional groups such as
carboxyl (carboxylic acids), phosphate or sulphate groups can be attached to the
surface of MNP [53]. Examples of utilized coating materials for surface modifications
of nanoparticles are pyrroles [174], polyacrylic acid [175], polyvinyl alcohol [176], and
polyethylene glycol [177].
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2.3.1 Functionalisation of MNP for biomedical applications

As already mentioned, MNP are of great interest for various biomedical applications,
especially iron oxide nanoparticles because of their low toxicity [178]. Their small size,
high saturation magnetization, and superparamagnetic behaviour make them
preferable for biomedical applications due to the easy transport and distribution in
physiological systems [179]. For successful in vivo and in vitro application, the long-
term stability of MNP dispersions must be guaranteed. Moreover, prolonging the
blood half-life and increasing the cellular internalization are required for successful
translation into clinical applications. Furthermore, the surface properties of the MNP
are very important for the inhibited recognition by the reticuloendothelial system
(RES) recognition. Nanoparticles with a negatively charged surface exhibit less
opsonisation, e.g. the covering of the NP by a protein corona, which will reduce
unspecific NP uptake by phagocytosis, whereas a positively charged surface increases
the interaction with a cell membrane and subsequently endocytosis [30]. Moreover,
biocompatibility and suitable surface modification on the surface are particularly

important for in-vivo cellular uptake of nanoparticles.

Functionalizing the surface of MNP with appropriate non-toxic, biocompatible, and
biodegradable molecules can improve their half-life (stealth properties), enhance their
colloidal stability and prevent their non-specific interaction with biological system
components, e.g., serum proteins, blood, and endothelial cells. Additionally, by
decorating MNP with medical active molecules multifunctional systems for

theranostic applications are created [30].

Physisorption and chemisorption are further two strategies to coat the surfaces of
MNP. Reversible physisorption is characterized by weak interactions (Van der Waals,
hydrogen bonds, etc.) of surfactants, macromolecules and amphiphilic polymers on
the surface of nanoparticles. The physical interaction between hydrophobic tails of an
amphiphilic surfactant and hydrophobic ligands on the surface of MNP (e.g., MNP
produced by thermal decomposition) leads to liposomal or micellar structures [180].

On the other hand, covalent bounds can be achieved by binding polymers that have
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affinity to the complementary functional groups on the MNP surface to create a

tethered chain [181].

The surface of MNP can be modified to increase a specific cellular binding employing
different ligands such as antibodies, protein, peptides, or small molecules [30]. Organic
polymers, metallic (e.g., gold) or other inorganic surfaces (e.g., silicon dioxide or
aluminium oxide) are suitable for further modification or functionalization to enable

the reaction with various bioactive molecules [182] .

2.3.2 Tannic acid used for MNP coating

Tannic acid (TA) is a natural product that is ingredient of many beverages such as
green and black tee, beer, red wine and coffee and food such as grapes, peas, bananas,
and chocolate. The chemical structure of TA (Figure 11) consists of organic polyphenol
with sugar esters and like many other polyphenols, TA has antioxidant, anti-
mutagenic, and anti-carcinogenic properties. It was also shown that TA has anti-
proliferation activity in several cancer cell lines. Moreover, TA has affinity to bind to
polyvalent cations in aqueous solution with complex formation. Additionally, the
numerous phenol groups present in TA enable further functionalization [39,183].

Therefore, it was used as a stabilizer for iron oxide nanoparticles in this work.
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Figure 11. Structure of tannic acid used for MNP coating (adopted from [39]).

2.3.3 Serum albumin

Serum albumin (SA) is the most abundant protein in mammals with a molecular
weight of about 66 kDa with negative charge. The water-soluble protein constitutes
more than 50% of the blood plasma. The physiological function of SA is to maintain
the pH and osmotic pressure of blood and to transport lipids and metabolites.
Furthermore, SA is capable to transport drugs (covalent conjugated or adsorbed) with

the blood stream and to facilitate a ligand-mediated association into cells [184].

Bovine serum albumin (BSA) is extensively used due to its good availability and
ability to improve the colloidal stability of NP. Additionally, it has a similar sequence
and structure as the human analogue human serum albumin (HSA). BSA is considered
as a suitable biodegradable, biocompatible, and non-toxic coating material for MNP to
improve their stability and prolong their circulation time [185-187]. Therefore, BSA

coating was selected to further improve the synthesized MNP for their application in
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biomedicine. The results are presented in publication: (International Journal of Molecular

Sciences IJMS, paper No. 4).
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3 Characterization methods

3.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is an imaging technique to determine the

geometry and structure of nano- and microscale objects.

In TEM, a beam of accelerated electrons is transmitted through the sample and
partially scattered to form an image. Due to the smaller electron wavelength compared
to the light wavelength used in optical microscopy, TEM-images of significantly
higher resolution can be obtained. Generally, the maximum resolution of optical
microscopy is estimated to be half of the wavelength of the used light. Thus, only

particles up to 0.5 um can be resolved by optical microscopy.

According to the wave-particle duality introduced by de Broglie [188], a corpuscular
object like an electron of mass m and velocity v can be associated with a wavelength

A (Equation 5):

h ®)

where h is Planck constant. The much shorter wavelength of the electrons used in
TEM is depending on the energy of the electrons and enables a resolution up to

approximately 0.2 nm.

The TEM design (illustrated in Figure 12) is similar to an optical microscope, save
that the glass lenses are replaced by electromagnetic lenses. A tungsten cathode serves
as a source (electron gun) for electron emission. The electrons are accelerated from the
cathode to an anode within a vacuum chamber of about 1 m length thereby passing
the sample. For this, high voltages of more than 10° Volt are used [189]. Images of the

samples are taken by a CCD-camera.
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Sample preparation is carried out on a thin cupper grid that is coated with a layer of
carbon. A drop of a fluid nanoparticle sample is spread onto the grid and left drying.

Then, the grid is fixed onto a holder that can be inserted into the vacuum chamber.

The drying procedure of the sample or general particle arrangements might lead to
some uncertainty and ambiguity in the images, nevertheless TEM is used in this work
as a fast and reliable technique to obtain information about morphology, size, and size
distribution of the nanoparticle cores. The poor contrast of the organic coating of the
magnetic nanoparticles and strong changes during the drying process on the copper
grid limit the capability to extract information about the coating layer thickness and
integrity from TEM imaging. However, from the observed spacing between the single
cores, rough estimates of existence and dimensions of the coating layer can be

obtained.

Image evaluation is carried out using the software Image] that determines the size
distribution of a sample. After adjusting image sharpness and contrast using various
filters, the image is converted into a black and white scaled image using a threshold
value. Further criteria can be chosen during evaluation e.g., including only particles
within a range of expected sizes, excluding erroneously detected "particles" such as
pixel groups generated by noise or contamination, and defining a value for the

circularity of the detected particles.

Since TEM resolves individual particles, a sufficiently large number of particles has
to be included to obtain statistically significant results. The resulting mean parameters
are arithmetic averages of the specific parameters determined for all selected particles.
To minimize the effect of image selection and measurement adjustment, a minimum

of 5000 particles taken from at least five different images is analysed.

Sample preparation in liquid environment can be investigated by Cryogenic
Transmission Electron Microscopy (Cryo-TEM). Here, after dripping sample material
onto the grid, the sample is shock-frozen in liquid propane (at about -42°C under

ambient pressure) to avoid the formation of water crystals. Furthermore, Cryo-TEM is
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used to obtain information about a biological sample preserving its natural

environment.
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Figure 12. Illustration of the TEM principle. From the electron source, the tungsten cathode (Top), electrons are
accelerated by a high voltage to the anode with the CCD camera (bottom) passing the grid with sample material on
it. The path of the electrons is electromagnetically controlled and focused by a couple of coil systems (indicated by

yellow crosses).

3.2 Differential centrifugal sedimentation

Differential Centrifugal Sedimentation (DCS) is a technique to determine the
hydrodynamic size distribution of particles suspended in a liquid medium [190]. DCS
applies centrifugal sedimentation to separate the particles with respect to their size
and density in a gravitational field (Figure 13). Larger particles will sediment faster
than smaller particles having the same density. The sedimentation can be described by

Stokes' law (Equation 6):

_ 271 g (pp — py) (6)
N 9n

Up
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where Jp sedimentation velocity, r particle radius, g acceleration due to gravity,

ppparticle density, p; fluid density, n dynamic viscosity of fluid.

Since the sedimentation velocity increases with the square of particle radius, already
small size differences lead to a significant change of the sedimentation velocity. Thus,
hydrodynamic particle sizes can be differentiated with high resolution. Consequently,
isolated (single-core) particles can be clearly distinguished from agglomerated

particles.

Dynamic light scattering (DLS) is another method commonly used for determining
the hydrodynamic diameter distribution of nanoparticles. In this work, DLS could not
reliably resolve the hydrodynamic size distribution of the synthesized MNP since the
light absorption by the nanoparticles with a large core size and only a thin tannic acid
coating layer was too strong (in contrast to other polymeric coatings such as PEG that

scatter the excitation light well). Therefore, DCS measurements were used, only.

In DCS measurements, the mean density of the core and shell materials should be
taken in consideration to precisely determine the hydrodynamic diameter. In this
work, a density of 0=5.2 g/cm? for the core material (magnetite) of MNP was used,
neglecting a slight density reduction of the entire nanoparticle caused by the thin
organic tannic acid coating layer. For BSA-coated MNP, the volume average of the core
magnetite density 0=5.2 g/cm? and of pssa=1.41 g/cm? for the shell material [191] with
a hydrodynamic radius of rn,ssa= 4 nm [192,193] were taken into account. Assuming a
monolayer of BSA with a thickness of dn,ssa=8 nm and an MNP core diameter of dc~ 30
nm, a mean density gssa-mnxe~ 2.4 g/cm?® for BSA-coated MNP was estimated and used

for the hydrodynamic diameter determination by DCS.

A DCS measurement is carried out by injecting a sample volume of about 100 uL into
the centre of a rotating disk. By the gravitational forces produced by the high rotation
velocity (up to 24,000 rpm), the particles are driven through a density gradient (sucrose
gradient) to the outer edge of the disk, where a light source (4=470 nm) and a detector

are located. When the particles approach the outer edge of the disc, they are detected
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by absorption as they pass the light beam. The time required to reach the detector
corresponds to a particular fraction of the hydrodynamic particle size distribution
according to Stokes' law and Mie’s theory of light scattering. Polyvinyl chloride (PVC)
or Silica (SiO2) particles of defined sizes are used for calibration of a DCS device [194].

Light array

Detector

Light source

Rotation achse

N Density gradient

Figure 13. Illustration of the DCS principle. The particles are injected into the centre of the rotating disc and
driven by gravitational force through a sugar matrix with density gradient. By arriving at the outer edge of the

disc, they are detected by passing the light beam (adopted from [194]).

Data evaluation is carried out by the software Origin®. In this work, the volume
weighted data set is analysed. In a data set, each peak is approximated by a Gaussian
curve using an automatic fitting from which the mean peak position and distribution

width are extracted.

3.3 X-ray diffraction

X-ray diffraction (XRD) is a technique used to determine the crystal structure and
composition of a sample. The crystalline structure scatters an incident X-ray beam into

specific directions as described by the Bragg equation (Equation 7):
nA = 2d sinf (7)

wheren=1, 2, 3, ..., denotes the order of scattering, A the wavelength of the radiation,

d spacing between lattice planes, and 6 the angle between incident and reflected beam.
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A diffraction pattern is obtained by plotting the intensity of the reflected beam
against 26. The main peak positions of the XRD spectra can be analyzed according to

values reported in literatures [195-197].

3.4 Magnetic particle spectroscopy

Magnetic particle spectroscopy (MPS) derived from magnetic particle imaging (MPI)
is a powerful tool to detect the non-linear dynamic magnetic response of MNP exposed
to an alternating magnetic field. Though it was originally developed to determine the
performance of a nanoparticle tracer in MPI and can be considered as a zero-
dimensional MPI scanner [198], it has become an independent, highly sensitive,
versatile platform for investigating MNP in different biological environments [199],
for quantifying the cellular uptake of MNP [200], and for cell labelling and tracking
[201].

In MPS, an alternating sinusoidal magnetic excitation field is applied to generate the
non-linear magnetic dynamic response of the MNP (the non-linear magnetization
curve of MNP as displayed in Figure 2, see section 2.1.2). Operating at an excitation
frequency of typically 25 kHz, dedicated (gradiometric) coil systems are used to
acquire the MNP response as a function of time. Operated in a batch mode, a sample
volume of about 10-30 pL is filled into a PCR tube and positioned into the detection
coil system. Typically, the temporal response of the MNP is recorded for about 10 s
and averaged. By Fourier transformation the MPS spectra are obtained containing a
kind of fingerprint for a given MNP system the dynamic magnetic moments A
(i=1,3,5,...) of the excitation frequency fo. Since the basic excitation field is contained in
A1 of the response, this harmonic is discarded (technically, a gradiometric detection
coil arrangement and high-pass filtering are applied to suppress the excitation entering
and saturating the receiving unit). To evaluate the MNP performance, three
characteristic parameters are used, the As*, which represent the amplitude of the third

harmonics normalized to the iron amount, As/As, representing the ratio between fifth
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and third harmonic, and the phase of the 3rd harmonic ¢s. The latter two parameters
are advantageous, since they are independent of the (exact) iron amount in the sample,
in contrast to As*, for which the accurate knowledge of the iron concentration c(Fe) and
sample volume Vs of the sample under investigation is mandatory. For comparison,
the MRI liver contrast agent Resovist has become a kind of gold standard as a reference

MPT tracer.

Recently, online-MPS measurements were demonstrated using a novel benchtop
magnetic particle spectrometer with an integrated flow cell. The MPS was connected
directly to the growth stage of the micromixer platform. The advantage of this method
is its capability to directly monitor alterations of magnetic parameters when changing

one or more synthesis parameters during the micromixer synthesis [202].

3.5 Static (DC) magnetization

Static or DC-magnetization (DCM) measurements are used to determine the
magnetization M(H,T) of a MNP sample in thermal equilibrium at a given external
magnetic field H and temperature T. From the M(H,T) curve the saturation
magnetization Ms of an MNP sample can be determined, e.g. the value of the
magnetization M that does not change upon further increasing the applied magnetic
field H. For a high measurement sensitivity, a magnetic sensor based on a
Superconducting Quantum Interference Device (SQUID) is employed to measure the
current induced in the pick-up coil. Modern DC magnetometer operate in the field

range up -5 T to 5 T and temperatures covering the range 1.3 K to 400 K.

3.6 AC susceptibility

AC susceptibility (ACS) measurements are an important tool for characterizing MNP
[203]. To measure the ACS, a small sinusoidal magnetic field (typically smaller than
1mT, e.g., small enough to ensure a linear response of the MNP, see Figure 2) is

applied to a sample and the resulting AC moments of the MNP are measured. Because
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the induced sample moment is time-dependent, AC measurements yield information
about magnetization dynamics which are not obtained in DC measurements, where
the sample moment is constant during the measurement time. It measures the
differential (dM/dH) response of the MNP magnetization exposed to drive magnetic

field with operating frequencies ranging from 1 Hz to 100 kHz [204].

In this method, a sinusoidal magnetic excitation field is generated by a cylindrical
coil. The amplitude of the excitation field must be low enough to ensure a linear
magnetization response of the MNP (otherwise MPS would be carried out). A
gradiometer pick-up coil system is used, consisting of two identical coils connected
anti-serially and positioned inside the excitation coil, so that the signal of the excitation
coil cancels out. When placing a MNP sample inside one of the two detection coils, the
AC response is phase sensitively detected by a lock-in amplifier, as real part x' and
imaginary part x" of the AC-magnetization divided by the excitation field amplitude
H at a given frequency f (Figure 14). Using the Debye-model the ACS can be described

as (Equation 8):

= o ——— ®)
X=Xy (wt)?
And (Equation 9)
wt
N ©)

X T (w2’

where, xo is static susceptibility, w the angular frequency w= 27tf (f is the excitation
frequency), and T the characteristic relaxation time, which is related to the Neel and

Brownian relaxation time (section 2.1.2).
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Figure 14. Illustration of the ACS principle. When a sample is located inside one of the two gradiometric detection
coils (green), the AC response of the driving oscillating magnetic field provided by the excitation coil (blue) can be

detected sensitively by the lock-in amplifier (adopted from [205]).

3.7 Nuclear magnetic resonance relaxivities (MNP as contrast agent)

MNP alter primarily the transversal relaxation T2 of water protons in the vicinity of
the particle. When MNP are present in tissue, the large magnetic moments of the MNP
align with the strong external magnetic field of the MRI device thereby creating huge
heterogeneous stray fields through which water protons diffuse. This causes efficient
spin dephasing and shortening of the T: relaxation time leading to a decrease in signal
intensity [206]. The contrast provided by MNP in a T: weighted image is termed
negative contrast enhancement since areas with high MNP concentrations appear
darker in the MR images. In contrast, ultrasmall iron oxide MNP with core diameters
below 10 nm, are capable of producing positive contrasts in T1 weighted images [207].
Therefore, the knowledge of the longitudinal and transversal relaxation times T: and
T2 for a given MNP system is important to assess its performance as an MRI contrast
agent. For this purpose, nuclear magnetic resonance (NMR) devices have been
developed that are capable to determine the influence of the MNP concentration on
the transversal T2 and longitudinal T:relaxation times, also known as NMR relaxivities

r1 and 72.

A spectroscopic NMR system works on the same physical principles as MRI but

without using magnetic field gradients for spatial encoding. In general, NMR allows
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higher sensitives compared to MRI due to the lack of magnetic gradients and much
smaller coil geometries. In this work, NMR relaxivity measurements were performed
using a commercial NMR relaxometer (mq 60, Bruker BioSpin). A homogenous
magnetic field of 1.5 T is provided by a permanent magnet additional coils are used to
generate the RF-pulses and to acquire the proton signals. Sample volumes up to about
500 pL can be measured, limited by the spatial sensitivity profile of the receive coil.
MNP quantification was performed using a Carr-Purcell-Meiboom-Gill (CPMG) spin-
echo sequence to determine r2 [208] (Figure 15). This sequence uses an initial 90°-pulse
for excitation of the proton spins, followed by a train of 180°-pulses for signal
refocusing the spins at time intervals n ‘TE — TE/2, (n € N). The transverse
magnetization is measured at the so-called echo times n-TE. The transverse relaxation
time is calculated by performing a mono-exponential fit using the signal amplitudes
acquired for varying TE. The choice of TE has to be adapted depending on the MNP
concentration to cover most of the exponential signal decay, with a minimal achievable

TE > 0.04 ms.

RF pulses
90° 180° 180° 180° 180°

A

TR (pulse repetition time)

T2* decay

Figure 15: Carr-Purcell-Meiboom-Gill (CPMG) radiofrequency (RF) pulse sequence to determine the T:-relaxation:
Timing of the RF-pulses transmitted into the sample and FID (T2* decay, dashed line) and spin echoes detected by
the receiver coil of the relaxometry device. Typically, several hundreds RF pulses are applied in a single sequence.

The envelope of the spin echo maxima decays exponentially with the time constant T2.

To determine the longitudinal relaxation time T: a 2-pulse inversion-recovery

sequence (see Figure 16). At time point =0 a 180° pulse is applied to turn (invert by
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180°) the magnetization M0 from +z to -z. Then, after the time interval 7 during which
the magnetization partially can relax back to +z, a 90° pulse is applied to the sample to
probe the magnetization component that already has been returned to +z appearing as
an FID. By stepwise increasing 7 and analysing the FID after the 90° pulse, M:(7) is
obtained e.g. the component of Mo that has returned back to +z. By fitting the model
M:(7)=Mo (1-2exp(-t/T1), the longitudinal relaxation time T: is extracted. To avoid
saturation effects, the repetition time TR between two subsequent inversion recovery
sequences should at least by 5- T1 so that the magnetization has completely returned

to +z before the 180° is applied.

T T2
_ Delay
Relaxation period Acquisition
delay <« T —

Relative Mz (au)

Inversion
pulse

0 5 10 15 20 25 30 35 40 45 50
T

Figure 16: Inversion recovery pulse sequence to measure the T1 relaxation time constant by NMR relaxometry.
Left: 180° inversion pulse and 90° recovery pulse after time interval 7 followed by the FID. Right: By repeating
the sequence with stepwise increasing 7, the return of the longitudinal magnetization Mo from -z to +z is extracted

from the FID.

From the graphs of the iron-concentration c(Fe) dependent relaxation times r: and 72
(r1=1/ T1 and r2 = 1/ T2), the corresponding relaxivities r: and 72 (in units of L-mol*-s?)
are determined (Figure 17). For graphical presentation the measured relaxation rates

of a pure water sample (without any nanoparticles) is commonly subtracted.
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Relaxation Rates
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Figure 17. NMR proton relaxation rates R1 =1/ T1 and Rz =1/ T2 as a function of the iron concentration c(Fe). The

slopes represent the relaxation rates r1 and r.
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4 Objectives

Magnetic iron oxide nanoparticles are well investigated and popular systems
developed for numerous biomedical applications. Conventional synthesis routes
provide MNP with core diameters up to 20 nm and clusters or aggregated magnetic

structures larger than 40 nm.

This work aimed on establishing the continuous micromixer synthesis addressing

five major aspects:

e Applying the micromixer synthesis to produce single core MNP with core sizes
between 20 and 40 nm without forming any aggregates or clusters during
synthesis to demonstrate the capability and high quality of the resulting MNP
for their diagnostic and therapeutic biomedical application. (Publication:

Nanoscale advances, No. 2).

e Further developing the micromixer synthesis with focus on sustainability and
reliability. The entire synthesis route is shown to be aqueous, green, rapid,
reproducible, and scalable with low energy consumption. This leads to an
improved continuous manufacturing employing micromixer technology.

(Publication: Bioengineering, No. 1, Nanomaterials, No. 3).

e Enhance the process control to achieve a higher product quality than batch

synthesis approaches. (Publication: Nanomaterials No. 3,).

e Identify and assess physicochemical and magnetic properties for relevant
biomedical applications in diagnostic imaging and treatment of diseases

(Publication: Nanoscale Advances No. 2,).

e Further modify the surfaces of synthesized magnetic nanoparticles enabling
their stable and reliable application in physiological environment. (Publication:

Nanoscale Advances No. 2, International Journal of Molecular Sciences, No. 4).



RESULTS AND DISCUSSION (PUBLICATIONS)
55

5 Results and discussion (Publications)

5.1 Advances in Magnetic Nanoparticles Engineering for Biomedical

Applications—A Review

Published in: Bioengineering, impact factor (Tracked for impact factor)

In this review, the basics of common synthesis approaches to produce magnetic
nanoparticles (MNP) are presented. The magnetic and physiological properties of the

MNP as well as their specific biomedical application fields are addressed.

For this purpose, well established, conventional synthesis approaches together with
recent, chemical and bio-based synthetic routes for MNP production are discussed and
compared. The mechanism of MNP formation was explained forming the basis for the
development of continuously synthesized MNP produced in this work. Furthermore,

biomedical applications of MNP in diagnosis and therapy are introduced.

To this end, the state of the art of production and applications of MNP are
investigated and summarized. The quality and performance of MNP produced in this

work are compared with MNP obtained by other synthesis methods.

The publication draft is written and revised by me, Abdulkader Baki.
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Advances in Magnetic Nanoparticles Engineering for
Biomedical Applications—A Review

Abdulkader Baki 1, Frank Wiekhorst 2 and Regina Bleul +*

1 Fraunhofer Institute for Microengineering and Microsystems IMM, Carl-Zeiss-Strafie 18-
20,
55129 Mainz, Germany; Abdulkader.Baki@imm-extern.fraunhofer.de

2 Physikalisch-Technische Bundesanstalt, Abbestrafle 2-12, 10587 Berlin, Germany;
Frank.Wiekhorst@ptb.de

* Correspondence: Regina.bleul@imm.fraunhofer.de

Abstract: Magnetic iron oxide nanoparticles (MNPs) have been developed and
applied for a broad range of biomedical applications, such as diagnostic imaging,
magnetic fluid hyperthermia, targeted drug delivery, gene therapy and tissue repair.
As one key element, reproducible synthesis routes of MNPs are capable of controlling
and adjusting structure, size, shape and magnetic properties are mandatory. In this
review, we discuss advanced methods for engineering and utilizing MNPs, such as
continuous synthesis approaches using microtechnologies and the biosynthesis of
magnetosomes, biotechnological synthesized iron oxide nanoparticles from bacteria.
We compare the technologies and resulting MNPs with conventional synthetic routes.
Prominent biomedical applications of the MNDPs such as diagnostic imaging, magnetic
fluid hyperthermia, targeted drug delivery and magnetic actuation in

micro/nanorobots will be presented.

Keywords: magnetic nanoparticle synthesis; microfluidic systems; microreactor;
magnetosomes; magnetic resonance imaging; magnetic particle imaging; magnetic

fluid hyperthermia; drug delivery; magnetic actuation; micro/nanorobotics
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1. Introduction

In 1959, Richard Feynman drew the attention of scientists to the significance of size
and miniaturization of materials with his famous lecture “There is plenty of room at the
bottom” [1,2]. After the starting gun had been fired, many methods were developed to
manipulate atoms chemically to form nanoparticles and engineer nanomaterials.
Subsequently, the scientific community became fascinated with the enhanced
functional properties of nanomaterials compared to the corresponding bulk materials

[3], and opening the door for plenty of technical and medical applications.

In this way, the unique properties of magnetic nanoparticles (MNPs) have been
broadly studied for potential biomedical applications in the last decades. In particular,
their magnetic properties strongly differ from bulk materials and become size-
dependent [4,5]. A deeper understanding of the magnetic behavior of MNPs with
respect to size was gained by applying domain theory [6], realizing that the behavior
of magnetic material changes if the geometrical extension is reduced below a critical
value, the so-called critical diameter de, which is normally a few tens of nanometers
[7]. MNPs below this size only consist of one single magnetic domain, where all
individual atomic magnetic moments of a MNP are uniformly coupled to exhibit a
huge total magnetic moment. Above a certain temperature, thermal fluctuations
permanently flip the magnetic moment of the MNPs into random directions so that no
remnant magnetization will be measured for the MNP sample. Applying a magnetic
field will (partially) align these moments leading to the strong magnetization of the
MNPs that are exploited for the following applications: imaging, movement, heating
or molecular sensing. MNPs with diameters > do will comprise several magnetic
domains, where inside each domain the individual magnetic moments are coupled
and pointing in the same direction. By applying an external magnetic field, the
structure of the domains can be altered, since it becomes energetically more favorable
to form a larger domain with all moments aligned in the same direction. After
removing the magnetic field, the MNP sample will exhibit remnant magnetization and

show the typical hysteretic behavior, providing a powerful mechanism to produce
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heat in magnetic fluid hyperthermia. Additionally, MNPs with sizes between 10 nm
and 100 nm were reported to be suitable for successful clinical application. While
MNPs with diameters below 10 nm are removed by renal clearance from the body,
MNPs above 100 nm are eliminated by macrophages, mostly after accumulation in the
liver and spleen [8]. Besides size, MNP core morphology is crucial for medical
applications. 1D-nanostructures like rods or tubes exhibit longer circulation times than
spherical MNPs due to an opsonin-independent phagocytosis [8,9]. MNPs with high
saturation magnetization enable lower doses, and therefore minimize undesirable side
effects [10]. Thus, nanorods and nanocubes show enhanced performance in magnetic
hyperthermia therapy over spherical counterparts due to higher magnetization
saturation [10,11]. In addition, the hollow nanotubes can be exploited for drug loading
inside and functionalization at the surface [12]. On the other hand, rod-shaped
structures exhibit higher toxicity than sphere-shaped MNPs [13,14]. However, not only
the size and morphology, but also size distribution and chemical composition of the
MNP core and coating are relevant characteristics [15]. Hence, specific MNP types
have been designed for and utilized in a broad range of applications (Figure 1) such as
diagnostic imaging [16-18], targeted drug delivery [19,20], magnetic fluid
hyperthermia [21,22] and combined applications thereof, called theranostics [23,24].
Every application requires tailored MNPs with specific magnetic and structural
properties, for which reproducible and reliable synthesis approaches to manufacture
high-quality MNPs are mandatory [25]. Additionally, synthesis parameters e.g.,
temperature, educts concentration, mixing ratios, solvents and surface ligands must
be controlled and adjusted to produce suitable MNPs. For a successful translation into
clinical applications, requirements on the scalability, reproducibility and
biocompatibility of the process and resulting MNPs are further aspects of utmost

importance [26,27].
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Figure 1. Biomedical application fields of MNPs. Due to the unique magnetic properties, the small particle
diameter and the opportunity for additional functionalization with active substances connected to the surface,
MNPs become ideally suited for diagnostic imaging (yellow: Magnetic Resonance Imaging, Magnetic Particle
Imaging, cell tracking) and therapy (grey: gene transfection, drug-delivery, magnetic fluid hyperthermia,

intervention by micro/nanorobots).

In the last few decades, numerous bottom-up synthesis routes based on conventional
batch processes have been developed, such as co-precipitation [28-30], sol-gel [31,32],
ultrasonication [33], thermal decom-position [34,35], microemulsion [36,37] and
microwave assisted synthesis [38,39], as well as top-down methods such as e.g., laser
ablation and me-chanical milling [40]. Because of the broad size and shape distribution
of MNPs often produced by the top-down methods [41], bottom-up methods are
preferable for medical applications. There, seed nucleation occurs when the precursors
reach supersaturation (Figure 2). Subsequently, the particles grow by diffusion of
solutes to the surface of the particles until a final size is reached, which is controlled
by the solute concentration [42]. Stabilizing of the individual MNPs is crucial to
prevent their aggregation to larger clusters [43]. During the nucleation and growth of
the MNPs, factors such as surface energy, growth rate and temperature affect the final
size, the size distribution, the crystal structure and the morphology, and thereby the

magnetic properties of the product [43,44].
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Figure 2. Steps during MNP synthesis in a bottom-up approach. When precursors reach supersaturation the
nucleation of seeds occurs followed by growth. The stabilization of the MNP cores is carried out to prevent

aggregation. Figure adapted from Ref [45].

Co-precipitation according to Massart’s method [46] is the most commonly used and
simplest conventional method for MNP production. Herein, a mixture of Fe?/Fe* is
precipitated by adding an alkaline, such as sodium hydroxide (NaOH) or ammonium
hydroxide (NH4OH) at room or elevated temperatures (typically up to 100 *C). The
pH-value of the reaction has a key role in controlling the properties of resulting MNPs
[47]. Bhandari et al. presented a single step co-precipitation method for synthesizing
curcumin functionalized MNPs that were employed to detect polychlorinated bi-
phenyl 126, an inflammatory agent, in cell applications [48]. Thermal decomposition
is another common MNP synthesis approach that relies on reactions of organometallic
compounds, such as iron(iii) acetylacetonate Fe(acac)s, tris (acetylacetonato)iron(iii)
(Fe(CsH7Oz)s) or iron pentacarbonyl (Fe(CO)s) [6] at higher temperatures (typically 300
"C). Resulting MNPs consist of high-quality nanocrystals with narrow size distribution
and uniformity in size and shape. Hyeon et al. fabricated cubic-shaped MNPs with

sizes between 20-160 nm using Fe(acac)s, oleic acid and benzyl ether at 290 “C by
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varying reaction conditions [49]. A pioneer work on MNP production via thermal
decomposition was presented by Krishnan group. By using iron(iii)-oleate as
precursor and heating at 318 °C, they tailored polyethylene glycol (PEG)-coated MNPs
with diameter of 2628 nm and size and shape uniformity for cardio and
cerebrovascular imaging applications [35,50]. In most batch approaches for MNP
synthesis, a sufficiently homogeneous mixing and uniform heat transfer cannot be
achieved due to the large size of the reaction volumes, especially in scaled-up batches
[25,51]. Therefore, the control and adjustment of seed and growth conditions are
inevitably reduced. This disadvantage circumvents microfluidic synthesis, an
approach that by minimizing the synthesis equipment to a small chip size, achieves
higher and more rapid control of reaction parameters such as mixing ratio,
temperature and heat transfer, resulting in increased MNP size and shape uniformity
with a narrower size distribution compared to batch synthesis [25,43]. Another unique
approach is employed by nature in the biosynthesis, using magnetotactic bacteria

(MTB), with outstanding uniformity of size and shape [52-54].

In the following, we review the latest developments in the synthesis of MNPs
focusing on microfluidic methods. We compare those with conventional batch
approaches and magnetosomes biosynthesis (Figure 3) regarding process
requirements and efficiency for biomedical applications such as imaging,

hyperthermia, drug delivery and magnetic actuation using micro/nanorobots.
2. Microfluidic Synthesis

In the last few decades, continuous flow processes, particularly using microfluidics
have become a competitive and growing research field [55-59]. Scientists aim to
optimize these methods to raise the quality of the produced MNPs and avoid typical
drawbacks of conventional batch synthesis routes. Among others, these include
inhomogeneous distribution of temperature, leading to hot spots that effect the
reaction velocity locally and insufficient mixing, which cause concentration gradients.
Both factors originate high batch-to-batch variability and a lack of reproducible

product quality. As economic and ecologic drawbacks of conventional methods, e.g.,
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the thermal decomposition method, high power demand due to reaction temperatures
above 300 “C can be mentioned, as well as the use of organic solvents and toxic agents
that might be present as undesirable residues in the final product [51,60-63]. Reaction
routes in organic solvents are also generally time-consuming, as subsequent phase
transfer to aqueous media is unavoidable before MNPs can act as imaging or
therapeutic agents in biomedical applications. Microfluidic techniques have been
discovered as promising approaches addressing the above-mentioned issues of
conventional synthesis processes [64]. In microfluidic systems, the formation of
products takes place in microchannels inside small devices called microreactors. The
tiny paths increase the control of reaction parameters due to the high surface to volume
ratio. Resulting in the following advantages: sufficient mixing in millisecond range
and improved (rapid) heat and mass transfer. Additionally, the procedures offer other
advantages such as flexible design and fabrication, fast change and screening of
reaction parameters, cost efficiency, improved product quality, high throughput,
higher reproducibility and the feasibility of automating the entire production process,
including purification [27,65,66]. In contrast to conventional synthetic routes,
continuous flow microreactors provide the separation of the two major steps during
the formation of MNPs; (i) a rapid nucleation of the NP seeds occurs inside the
microreactor, while the (ii) comparatively slow growth of NP takes place in the
connected capillary, or ripening zone. Thus, a spatial and temporal separation of
nucleation and growth can be achieved, leading to a high control of the particle
formation process [67]. Generally, there are two main principles of mixing in the
microreactor, (i) single-phase (continuous flow microfluidics) and (ii) multi-phase
(droplet-phase or plaque flow microfluidics) [67,68]. In a single-phase or a continuous
flow microfluidic system (Figure 3A), two or more miscible fluid streams containing
the reagents flowing in a laminar stream are mixed in a homogenous phase by
diffusion. Since the flow is laminar (turbulence free, e.g., Reynolds number < 10) [67],
mixing is achieved by intermolecular diffusion. The mixing time is influenced by the

flow rate and width of channels. A more effective mixing can be achieved at higher
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Reynolds numbers due to turbulent advection through the folding and stretching of
fluid streams [67]. Technically, this can be implemented, e.g., by using staggered
herringbone mixers (Figure 3B), enabling helical flows [69]. T-junction, Y-mixing,
capillary, coaxial tubes and different designs of static micromixers are also utilized as
microreactors in microfluidic particle formation processes. The phase-homogeneity
offers reliable control of reaction parameters, such as temperature and reaction time,
which makes continuous microfluidic synthesis suitable for both non-magnetic [67,70],
as well as for magnetic nanoparticle production [71-73]. Furthermore, the technique is
capable for multi-step syntheses and the subsequent modification of the product [74].
In another approach, the droplet-phase or segmented flow microfluidic synthesis, two
immiscible phases, either gas-liquid or liquid-liquid (typically an oil phase and a water
phase) form a droplet. The formed droplets containing the reactants work as tiny
reactors and are transported in a segmented flow. In this way, variations in the
residence time due to the parabolic flow in continuous flow profile can be reduced.
However, the control of droplet formation and the homogeneity of droplet size are
crucial. Moreover, droplet coalescence has to be avoided to provide the same reaction
conditions in each droplet, and to ensure a reliable processing [75]. The generation of
droplets in segmented flow can be achieved by several techniques, which include T-
junction, flow focusing and co-flow [76,77]. As shown in Figure 3C, the droplet is
formed in a T-junction by shear forces and liquid-liquid interfacial tension at the
surface of the capillary. The liquid with the lower interfacial tension (than the capillary
wall) will form a continuous phase, while the other liquid acts as a dispersed phase
[75]. Capillary width and geometry, the flow rate and viscosity of the streams all
influence the droplet formation [78]. The viscosity of the continuous phase, together
with viscous drag forces versus the surface tension of the capillary, determine the
break-up of droplets, and is therefore a significant parameter influencing the droplet
formation [79]. In the second way of flow segmentation (see Figure 3D), flow focusing,
the continuous phase is injected from two sides symmetrically, and combined with the

dispersed phase of the central channel. After passage through a narrow orifice into the
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outlet capillary, stable droplets are formed [75,78]. Flow rate and geometric parameters
of the setup influence the droplet characteristics [80]. In the third way, displayed in
Figure 3E, a co-flow is used to produce segmented flow, where the dispersed phase is
symmetrically enclosed by the continuous phase, both flowing in the same direction
inside coaxial microchannels [81,82]. Segmented flow processing efficiently prevents
the clogging and contamination of microchannels. Examples of MNP synthesis using
segmented flow methods are reported in literature [83-85]. In contrast to continuous
flow single phase processing, multistep reactions are challenging in segmented flow
[67]. Moreover, to set up microfluidic processes for MNP synthesis successfully,
numerous aspects have to be taken into consideration. These include: Flow profile
inside the mixing structures as well as in capillary growth zones, capillary forces and
material dependent surface effects, that can cause precipitation and agglomeration of
MNPs on microwalls [86], leading to clogging of the capillary and finally process
abortion [67]. Depending on the envisioned application, a careful material selection of
the microfluidic device has to be performed. Photolithographic manufactured poly
(dimethylsiloxane) (PDMS) microchips find broad application as the required
equipment is easily available in many laboratories. However, their operation is limited
regarding the process parameters such as flow rates, temperature and pressure.
Usually, these chips can be run in a microliter per minute range. More resistant to
pressure and temperature and suitable for higher flow rates are micromixers
manufactured of stainless steel. However, the microstructuring of this inert material
requires special and expensive microfabrication machining that is only available at
specialized institutions and companies. Regarding possible throughputs and
production scales, different approaches can be chosen. For scale up through
parallelization, multiple micromixers are operated in parallel (or several parallel mixing
structures are combined into one device), while for internal scale up the dimensions of
the microchannels inside the microreactor are adjusted [87,88]. Scale-up through
parallelization often lacks reliable processing, because as soon as one single channel is

clogged, flow rates and flow profiles of all parallel mixers are disturbed. Consequently,
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the product quality immediately decreases, and the whole run has to be discarded.
Hessel et al. enlarged the fluid inlets for an internal scale up and reached a flow rate
of up to 8 L/h for liquids at the viscosity of water and a pressure of 1.5 bar [88]. Lin et
al. reported the high mass production of 4.4 g/h of iron oxide MNPs in their
microfluidic system [89]. The throughput of the method here depends on educt
concentrations, flow rates, and the temperature of the synthesis, which determine the

structure and magnetic characteristics of the product [25].
3. Magnetosomes Biosynthesis

An elegant biotechnological alternative to the chemical synthesis of MNPs is
magnetosome biosynthesis using MTB, which was first discoveredby Bellini in 1963
and Blackmore in 1975 independently [90,91]. Magnetosomes are single-domain
MNPs and membrane enveloped [92,93]. The membrane is composed mainly of
phospholipids and proteins [94]. In magnetosome biosynthesis, a variety of MTB are
used as reactors for the formation of biomineralized crystals, which are aligned in
chain-like agglomerates. In general, magnetosomes are uniform in shape and size
within a specific strain but vary among different bacteria strains [52-54,95].
Magnetosome production depends on the cultivation of MTB for 36 to 60 h in complex
media, supplemented with components that are essential for bacteria growth and
magnetosome formulation such as yeast extract, minerals, ferric citrate, sodium lactate,
magnesium sulfate and sodium thioglocate and ammonium chloride [96].
Additionally, a medium rich of iron ions, low dissolved oxygen concentration, neutral
pH and moderate temperature range are some requirements for optimal biosynthesis
[97]. The formation mechanism of magnetosomes is still not fully understood but can
generally be divided into four major steps: (i) formation of the vesicle; (ii)
magnetosome proteins are sorted to the vesicle membrane; (iii) iron is transported into
the vesicle and mineralized as magnetite crystals; and (iv) magnetosomes are gathered
in a chain-like structure and located for segregation during cell division. These steps
of a complex process are controlled by over 40 genes, which encode the magnetosome-

associated proteins. Thus, gen engineering and sequence modifications have key roles
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in synthesis optimization [53]. After cultivation, magnetosomes should be extracted
from MTB to be used for medical applications. Four main extraction methods were
reported to lyse bacterial cells including: (i) mixing MTB with 5 M NaOH; (ii)
sonication; (iii) French press; and (iv) pressure homogenization [96]. After extraction,
a careful purification of the magnetosomes is required to remove undesirable
components such as surface proteins and potential immunogenic lipid components
[98]. Magnetosomes bioproduction offers a powerful and sophisticated MNP system
for biomedical applications. However, mass production (mass production in gram
scale and cultivation time between 36 to 60 days [52]) remains challenging.
Furthermore, extensive purification of magnetosomes from bacterial cell components
are inevitable for in-vivo applications. The complexity of process design and
development, as well as the relatively long preparation time for a new developed
mutant, are some limitations that have to be addressed in further developments to
increase industrial relevance. Studies aimed at a comprehensive understanding of the

role of specific genes and their potential for process optimization are still ongoing [99].
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Figure 3. Synthetic routes of MNPs, left conventional synthetic routes in batch processes, middle
microfluidic system with (A) homogenous continuous flow, (B) staggered herringbone mixer used in
continuous flow (adopted from [100]), multiphase segmented flow (C) T-junction, (D) flow-focusing and

E) co-flow (adopted from [101]), right is biosynthesis using MTB in fermenter.

4. Comparison of Different Syntheses

Recently, numerous techniques were developed to manufacture MNPs for different
purposes (Figure 3). Conventional synthetic routes in batch are still dominant for many
production processes. Although microfluidic and biosynthesis technologies promise
enhanced production properties, especially for medical applications, they suffer from
some drawbacks. In Table 1, we summarized the advantages and disadvantages of

each technology.
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Table 1. Comparison of conventional, microfluidic systems and biosynthesis of MNPs.

Parameter =~ Conventional Batch Methods Microfluidic Systems Magnetosome Biosynthesis

— 2 3
vzig::i:t)lo about 100 m2/m? [51,102] 10’000[555’fg§]m fm )
mechanical stirring homogenous, tunable,
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homogeneity [63] [70,103-106] )
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transfer, small heat

heating plate, heterogeneous,
heat transfer  often require high temperature

[25] -
amount
[67,70,86,103,105]
energy resource conventional conventional ATP-based [52]
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. . comtrotiable an cultivation within 36 and 60 h
residence time several hours to days tuneable from seconds [96]
to minutes [25]
. . nucleation in vesicle and the
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. ] iron ions are transferred from
between poor due to inhomogeneous microreactor and the surroundin
nucleation and mixing and heat transfer [25,51] growth in dwell zone . g‘
rowth stages [25,67,107-109] environment, protein-
& & Dl associated [53,54,110]
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[25,86,105,111] [25,93,112]
control of high due to efficient suitable environment
. poor, except for thermal ) .
reactions decomposition [50] heat and mass transfer required for bacteria growth
parameters p [67,103,105] [52,98]
reagent volume millilitre to litre [44] micro to nanolitre [44] litre

magnetic separation,
ultrasonication and removal
of proteins, nucleic acids and

. on-line integration lipopolysaccharides are
mandatory if solvents are used ossible. mandatory to reduce
purification for phase-transfer and P < €8 . Y
Tangential Flow immunotoxicity [98,114].

biocompatible coating [25] Filtration (TFF) [113]  Coating (for example by

poly-l-lysine) to obtain stable
nonpyrogenic MNP
suspension [115]

enhanced quality due

lity reducti
dquatty reduction by to homogeneous high within one bacteria
product concentration gradients and hot _ . .
. . . morphology, narrow  strain but strain variation
homogeneity spots in the reaction flask . RS .
[25,51] size distribution possible [52-54,95]
’ [25,67,116]
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variations in size, morphology, . environmental conditions
et . . continuous .
reproducibility, and magnetic properties [92], mg/(L- day) production

production, no batch-

production rate [25,111,117-119], poor scaling to-batch variation
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capability from Lin et al. showed a challenging due to long term
production rate of 4.73 g/h for bacteriostatic growth
microfluidic synthesis conditions [38,40,46,78]

rate [52], high scale-up

high scale-up capability, though
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comparing to 1.4 g/h for
conventional synthesis with the
same conditions [89]
microchannel-wall
blocking during
clogging not applicable nucleation or by not applicable
agglomeration
[77,104,120-122]
automation oor feasible/integratable )
P [66,123,124]

parameter control and

synthesis adjustment
capability of on- not applic.able for batlch, _though feasil?le during

line magnetic characterization of  synthesis, control of i

. whole batches by magnetic = magnetic parameters
characterization . . . . .

particle spectroscopy is feasible by magnetic particle

spectroscopy [25,125]
and NMR [126]

expensive . -
. . expensive specialized
cost low, common lab equipment microreactor .
D equipment [112]
fabrication
hesi
high, some reactions require aqueous synthesis at . .
. moderate sterile raw materials and cell
. organic solvents for phase- . o .
raw material temperatures feasible, cultivation materials

transfer to aqueous phase Some

and energy . raw materials and required, temperature control
X reactions are performed at . . . )
consumption o energy consumption during the bioproduction for
temperatures above 320 °C
[50,70,86,127] can be saved days [52-54]
T [70,86,127]

usability for
medical
applications

possible, long fabrication times, possible, capable for possible due to biosynthesis,
post-treatment and phase-  sterile production, no  purification required to
transfer from organic solvents FDA approved remove lipopolysaccharides
may be required [25] process yet [25] [562,128]

5. Applications of MNPs

Magnetic nanoparticles have unique structural and magnetic properties that make

them favorable as a tool for targeted transportation of active substances, generation of

heat or local probe for imaging. In addition to their biocompatibility, stability, flexible

surface modification, MNPs exhibit high magnetic moments that are utilized for

biomedical applications [14,129,130]. Especially, iron oxide MNPs based on magnetite

(FesOs) and maghemite (y-Fe20s) have been comprehensively studied. Resovist and

Endorem are two examples of iron oxide MNPs that have been developed and applied

as T:-weighted contrast agents for clinical magnetic resonance imaging [129,131].

Coating the surface of MNPs prevents aggregation in physiological tissue and
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bloodstream and enhances the biocompatibility. Often, it is a crucial step to prevent
unwanted interactions of MNPs with their local biological environment as proteins
and cells, and thus avoid their toxicity [132,133]. Commonly used coating materials are
dextran [134-136] polyethylene glycol (PEG) [50,137] peptides [138] and serum
albumin [132,139,140]. In this section, we present the latest developments in the
translation of MNPs into biomedical applications like magnetic imaging, drug

delivery, hyperthermia, and magnetic actuation.
5.1 Magnetic Imaging and Cell Tracking

Early diagnosis of diseases is advantageous in all treatment cases. Thus, imaging
modalities have recently gained significant attention and are still developing.
Magnetic resonance imaging (MRI) and magnetic particle imaging (MPI) are non-
invasive imaging techniques that uses MNPs as contrast agents to deliver a high-
resolution image without using ionizing radiation [132,141]. MRI detects the nuclear
magnetic resonance signal of '"H atoms after applying radiofrequency pulses. Hence,
tissue environment rich of water molecules will generate a different MR signal than a
carbohydrate or fat rich environment, leading to contrasted images to discriminate
between different tissues [142]. Magnetic contrast agents can shorten the T:
(longitudinal) and T (or transverse) relaxation time of surrounding water protons.
Thus, signal intensity of Ti-weighted images (positive contrast) will appear brighter
and T>-weighted (negative) images will appear darker, leading to images with higher
resolution. The relaxivities r1 = 1/T: and r2 = 1/T2 are used to characterize the MNPs
[18,143,144]. Ultrasmall iron oxide nanoparticles (USIO NP) were reported in various
studies as Ti1-, T>- and dual-weighted contrast agents in in-vitro as well as in-vivo
experiments [141,145-151]. Shen et al. manufactured exceedingly small magnetic iron
oxide nanoparticles (ES-MIONSs) with a core diameter dc = 3.6 nm by conventional co-
precipitation and stabilization with polyacrylic acid (PAA). They resulted in r: = 8.8
and r2 = 22.7 L-mmol's? and a ratio of r2/r1 = 2.6 at a field strength of 1.5 T [152].
Whereas Besenhard et al. used continuous flow co-precipitation employing a

millifluidic multistage flow reactor to produce dextran stabilized USIO NP. They
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obtained diameters of dc = 5.4 (core diameter) and di = 19 nm (hydrodynamic diameter)
and higher relaxivity values r1 = 10.7 L-mmol™'s? and r2 = 36.9 L-mmol's™ with a ratio

of r2/r1=3.4 at a field strength of 1.5 T [153].

In contrast, MPI directly detects the non-linear dynamic magnetic response of the
MNPs exposed to an (sinusoidally) oscillating magnetic field. Additional magnetic
field gradients are used for spatial encoding of the MNP distribution in the measured
object. MPI provides high spatial resolution (below one millimeter) and excellent
temporal resolution (1-10 milliseconds) [154]. Theoretical calculations and
experimental studies showed that optimized MNPs for MPI measurement are about
dc =30 nm, which is not easily accessible by conventional synthesis routes [35,111]. The
MPI performance of MNPs is characterized by the amplitude of the third harmonic
normalized to the iron amount of the sample, As” and the concentration-independent
ratio between 5th and 3rd harmonic, As/As. Ferguson and Krishnan et al. reported 26—
28 nm 1.5 nm single-core MNPs with polyethylene glycol coating produced through
thermal decomposition at 320 ‘C. The resulting MNPs have shown two to three-fold
higher signal amplitudes compared to Resovist [35]. Resovist has been developed as
MRI liver contrast agent and due to its good MPI performance became a gold standard
for MPI measurements, even though it was withdrawn from the market, and they are

not optimized for MPI [25].

Since MPI specifically detects the MNPs, the MP images are background-free, but do
not provide any anatomical information. Thus, the combination of high-resolution 3D
anatomical MRI data with molecular tracking of MNP tracers using MPI represents a
promising hybrid MPI/MRI modality [155,156]. In a previous work, we presented our
continuously synthesized MNPs via a micromixer in aqueous solution. After
stabilization with tannic acid, the MNPs were coated with albumin which enhanced
their colloidal stability in a physiological environment like a bloodstream. The MNPs
exhibit diameters of dc = 27.7 nm and dn = 42 nm and relaxivity values r1 = 6.2
L-mmols™ and r2 = 600 L-mmol s, r2 and a r1/r2 ratio and for MP], a higher value for

As" =26 Am?/kg(Fe), As/As ratio compared to Resovist (Table 2), which makes these
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MNPs promising for clinical applications in the above-mentioned hybrid MP/MR
imaging modality [132].

The magnetic performance of magnetosomes as potential contrast agents for MRI and
MPT has also been studied [157]. Heinke et al. extracted magnetosomes and various
mutants thereof from wild-type bacteria of the strain Magnetospirillum
gryphiswaldense. They isolated magnetosomes with diameters of 36.5 nm for the wild
type and of 23.0 nm to 44.2 nm for the mutants. Due to long range magnetic
interactions in the larger crystal-lites, they formed chains and agglomerates. The 7:-
and r2 relativities and ratio r2/r1 of magnetosomes were determined at 0.94 T and 39 C
and showed higher 2 relaxivities (12-weighted) compared to Resovist (Table 2). The
MPI measurements resulted in a 2.9- to 7.2-fold higher As*-value compared to Resovist

[158].

Additionally, MPI and MRI can be utilized for cell tracking. Wang et al. developed
cubic-shaped MNPs (edge length = 22 nm, dr = 43 nm) for MPI to reveal in real time
the migration and distribution pattern of transplanted bonemesenchymal stem cells
given to hindlimb ischemia mice [159]. Song et al. coated 16 nm MNPs with a
semiconducting polymer to fabricate the so called janus nanoparticles. After

implanting these into mice, they showed efficient cell labeling and sensitive MPI

tracking [160].

Table 2. Comparison of MNP properties for magnetic imaging (MRI, MPI) produced via microfluidic
synthesis, conventional batch synthesis and biosynthesis. System information, coating and measurements
field strength are given in the three columns to the left, followed by magnetic properties. Note, the specific
non-linear dynamic susceptibility As* was determined by MPS at f.= 25 kHz and an amplitude of Be=25 mT.
All relaxivities are stated for a field strength of 1.5 T, except for the last three systems, wild type, mutant-3
magnetosomes and Resovist as standard-measurement to magnetosomes, which were measured at 0.94 T.

Synthesis Dc A r T
. 5 2
Sample System Approach Coating nm A?lze/i & L/(mmol-s) L/(mmol-s) rafr Ref
conventional polyacrylic
- - yacty -
ES-MIONSs o d (PAA) 3.6 8.8 22.7 2.6 [152]
precipitation
microfluidic
USIO NP multistage dextran 5.4 10.7 36.9 34 [153]

flow reactor
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Single core MNPs , o’ TOVEHIYENE He 0g 26 - - - [35]
decompositi  glycol
on
continuously bovine
Singl BSA- thesized
mele core SYMReSZES serum 27.7 26 62(4)  600(10) 97  [132]
coated via .
. . albumin
micromixer
Resovist, multi-
core, bimodal size carboxydextr 4 95
distribution  conventional an 6 8,7 8.7 61 15 [132]
mean cluster size T1.8 kDa '
24 nm
il
Wild type MTB  Lipid bilayer 36.5 10.3 457 444 [158]
Mutant-3 mrp  CPAPIaver g, s 125 594 475 [158]
e y—
esovist Conventionalcarbo;(r}idexu 6 20.0 219 110 [158]
5.2 Hyperthermia

Hyperthermia is a powerful method for treating cancer cells by exposing tissue to
elevated temperatures in a range of 42 “C to 48 *C. Since tumor cells are more sensitive
to higher temperatures compared to healthy tissue, it can motivate either apoptosis (if
the achieved temperature of the cells is below 45 “C) or necrosis (above 45 ‘C). Both
apoptosis and necrosis have the capability to fight cancer cells with less damage of
healthy human cells [161]. MNPs can be used to generate locally constrained heat at
poorly accessible tissue regions by a magnetic fluid hyperthermia (MFH). An external
alternating magnetic field of proper amplitude and frequency can be employed to
generate heat by MNDPs [162-165]. The enforced reorientation of the magnetic
moments of the MNPs (either by the Néel mechanism of the moments inside the crystal
structure or by Brownian rotation of the whole MNP) provides dissipative heat [166].
The efficiency of magnetic materials to generate heat in alternating magnetic fields is
described by the specific absorption rate (SAR) or specific loss power (SLP). Besides
frequency and amplitude of the applied magnetic field, the SAR strongly depends on
structural and magnetic properties as shape, size distribution, crystallinity, saturation

magnetization, anisotropy, relaxation time, concentration, and particle-particle
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interactions [167]. For larger MNPs (>100 nm), the main source of heat generated is
hysteresis loss. Generally, large MNPs have higher saturation magnetization and
therefore a larger hysteresis loop, leading to higher heating efficiency and heat
generation [168]. As a disadvantage of the large size, an increased aggregation
tendency might reduce the SAR and make the MNPs suboptimal for targeted delivery
into tumor cells [169]. In smaller MNPs consisting of only one single magnetic domain,
Néel and Brownian mechanisms are relevant for heat generation [163]. Different
synthesis strategies were developed regarding size, shape and anisotropy with
promising results [22,170-172]. Continuously synthesized MNPs showed remarkably
high SAR-values and are promising candidates for hyperthermia treatment [111].
Another promising candidate for hyperthermia is magnetosomes. Their large core size
and cubic shape structure results in large heat production of both individual
magnetosomes, as well as chains made of them [173-175]. However, magnetic field
amplitudes should be higher than 10 mT to fully exploit the advantage of
magnetosomes, otherwise the losses of heat per cycle will be smaller than those of
chemically produced MNPs [176,177]. Le Fevre coated magnetosomes with poly-L-
lysine after removing the endotoxins. Magnetosomes-poly-L-lysine lead to improved
antitumor efficacy with complete tumor regression achieved in 50% compared to 20%
for conventional MNPs in the treatment of glioblastoma in mice [178]. The work of
Gandia et al. [179] showed that magnetosome chains are advantageous to enhance the
hyperthermia efficiency than isolated magnetosomes, as investigated by Muela et al.

[180].

For efficient clinical application, low doses of MNPs with high SAR value are
favorable. Therefore, it is crucial to further understand and optimize the heat
dissipation mechanism. Additionally, changes of the pH value, viscosity, and heat
transfer of the surrounding environment of the living tissue should be taken into

consideration [111].
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5.3 Drug Delivery

By conjugation of MNPs with drugs, a powerful transport system becomes available
that can even help to reduce undesirable properties of drugs like poor solubility,
toxicity, nonspecific delivery and short circulation half-lives [129]. Thus, MNPs are
attractive nanocarriers for targeted therapeutic drug delivery. Drug delivery can be
achieved by two mechanisms. “Passive targeting” depends on the enhanced
permeability and retention (EPR) effect. Generally, tumor growth is accompanied by
the development of a surrounding leaky vessel system and therefore, MNPs can
diffuse and accumulate within the tumor tissue [181,182]. “Active targeting” relies on
guiding and accumulating the MNPs (and drugs) using externally applied magnetic
field gradients [183], sometimes assisted by surface functionalization of MNPs with

biomarkers [129].

Huang et al. produced MNPs via thermal decomposition and coated with
Polyethylene glycol/Polyethyleneimine resulting in diameters dc = 9-14 nm and di= 67
nm. These MNPs were then conjugated with folic acid for diagnosis and treatment of
breast cancer and loaded with Doxorubicin, an anticancer drug. The MNPs were tested
to target a xenograft MCF-7 breast cancer tumor in nude mice. Due to a high relaxivity
r2 = 81.8 L-mmol™s?), they could successfully be monitored by MRI [184]. Similar
results were achieved by Yang et al. using heparin coated MNPs with diameters d. =
10 nm and dr = 125 nm that were conjugated with the chemotherapeutic agent
Doxorubicin [185]. Huang et al. used a microfluidic chip to embed SPIO-NP (d. =7 nm)
into chitosan matrix and encapsulate Vinlastine. The composite resulted in well-
defined spherical microparticles in a diameter range of 360 to 420 pm. The drug release
of the chemotherapeutic agent was achieved by pulsatile external magnetic field [186].
Successful use of magnetosomes as nanocarriers was also reported by Long et al. Here,
the chemotherapeutic agent Doxorubicin and asiRNA therapeutic agent were
simultaneously conjugated to the magnetosomes using polyethyleneimine and
succinimidyl 6-hydrazinonicotinate acetone hydrazone (SANH) as a bifunctional

linker. Results showed that the Doxorubicin stayed stabile in normal pH blood
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environment and 40% of the drug was released at a pH-value of 5.5 after 280 h (pH-
sensitive drug release). The nanocarrier was also capable to inhibit the proliferation of

HeLa cells, and even to induce apoptosis [187].

A good prospect in clinical tumor treatment offers the combination of more than one
method. Piehler et al. showed that functionalization of MNPs produced by
conventional precipitation method with diameter of dc = 12 + 3 nm with doxorubicin
combined with magnetic fluid hyperthermia at 43 “C for 1 h results in tumor regression
in vivo evidencing the increased therapeutic effect of the combination compared to the
efficiency if either only magnetic fluid hyperthermia or intratumorally application of

free doxorubicin has been carried out [188].

5.4 Gene Therapy

Gene therapy aims to treat diseases by transfer (or infection) of DNA or RNA
sequences into targeted cells, generally by using viral vectors [189]. Alternatively, non-
viral vectors can be used. Non-viral carrier systems offer crucial advantages for
medical applications, such as stability, enzymatic degradation and low
immunogenicity, as well as low toxicity and the ability to diffuse through cell
membrane. Magnetofection is a non-viral method for transfection of nucleic acids
using MNPs as carriers controlled by external magnetic fields [6,190]. For example,
Zuvin et al. synthesized green fluorescent protein DNA-bearing polyethyleneimine-
coated MNPs (average dc = 30 nm und di = 84 nm). On MCF7 human breast cancer cells,
an increase of transfection efficacy after magnetic field exposure could be
demonstrated [191,192]. Li et al. used magnetosome-like iron oxide nanochains to
achieve gene transfection to mesenchymal stem cells to inhibit tumor growth of glioma
mode rats [193]. Yang et al. fabricated galactose (Gal) and polyethyleneimine (PEI)
MNPs (Gal-PEI-MNPs dr =98.2 nm) to deliver siRNA to liver cancer cells and inhibited

tumor growth in these cells [194].
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5.5 Magnetic Actuation Using Micro/Nanorobots

An external magnetic field is a powerful means to remotely control the behavior of
cells containing MNPs. Magneto-mechanical forces of the MNPs driven by an external
magnetic field can destroy cells or cellular organelles in an anti-cancer treatment [195-
197]. The mechanical forces of the MNPs are strong enough to destroy lysosomal
membranes and lead to the permeabilization of membrane and subsequently initiate
cell apoptosis [198-200]. Lunov et al. loaded clustered dextran coated MNPs with
diameter dc = 5 nm to liver cancer cells and achieved a lysosome-activated apoptosis

by mechanical actuation using pulsed magnetic fields [201].

MNPs have been recently used to fabricate magnetic robots of micro- or even
nanometer dimensions: These small-scale devices are intended to minimize invasive
procedures in surgery or to avoid exposure to radiation [202]. Magnetic
micro/nanorobots consist of two components, a biotemplate, a flexible part often in a
shape of helix or filament to enhance the mobility in physiological fluids like
bloodstream and a magnetic component containing MNPs for magnetically driven

actuation by magnetic field gradients [203].

Magnetotatic bacteria are a natural example of nanorobots that can be used for drug
delivery. Felfoul et al. transported in-vivo drug-loaded nanoliposomes into hypoxic
regions of a tumor using magnetococcus mari-nus bacteria (strain MC-1) [204].
Another example is biohybrid magnetic robots as reported by Yan et al. fabricated
from spirulina microalgae as a biological matrix via a facile dip-coating of MNPs. The
movements of a swarm of the microrobots (microswimmers) inside rodent stomach
have been successfully tracked using MRI [205]. Alapan et al. reported bacteria-driven
microswimmer using red blood cells as autologous carriers for guided drug delivery.
Red blood cells loaded with doxorubicin and MNPs were fixed on the Escherichia coli
MG1655 via a biotin-avidinbiotin binding complex, and the microswimmers were
directed using an external magnetic field gradient. After the treatment, the bacteria

were removed using the on-demand light-activated hyperthermia [206].
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5.6 MNPs in Theranostic Applications

In the last decades, theranostic nanomaterials have emerged that combine
therapeutic components with diagnostic imaging capabilities of MNPs. They are
promising for theranostic applications due to their biocompatibility, biodegradability,
and surface modification capabilities. For diagnosis, the MNPs are tracers in imaging
and cell tracking, while for therapeutic applications, their hyperthermia and drug
delivery properties are utilized. Cho et al. demonstrated the assembly of 20 nm cubic
MNPs (produced by thermal decomposition) into larger nanostructures up to 100 nm
using serum albumin. The assembly showed high r: relaxivity (~500 L-mmol-s™ at
1.41 T) in MRI and were successfully detected after injection into mice bearing U87-
MG tumor cells. Additionally, tumor growth reduction was achieved by magnetic
hyperthermia treatment [207]. A combination of MPI and drug delivery in vivo was
presented by Zhu et al. They prepared nanocomposites of poly (lactide-co-glycolide
acid) and MNPs (PLGA-MNPs) nanoclusters loaded with doxorubicin. The
nanoclusters induced gradual decomposition in tumor environment at pH = 6.5. The
disassembly of the iron oxide core cluster (detected by MPI) and the release rate of the
drug over time showed linear correlation (R2= 0.99) [208]. Lu et al. developed MRI-
visible nanocarriers using MNPs to monitor the targeted delivery of siRNA to
neuronal stem cells, and at the same time, to direct their neuronal differentiation
through gene silencing in stroke therapy. Additionally, an improvement in recovery

of neural function from ischemic strokes in rats was achieved [209].

6. Clinical Translation of MNPs

In 2009 already, Ferumoxytol (Feraheme), a MNP-based drug capped by polyglucose
sorbitol carboxymethyl ether [210], was approved by the US Food and Drug
Administration (FDA) for treatment of iron deficiency anemia in adult patients with
chronic kidney disease (CKD) [211]. Moreover, since Ferumoxytol is uptaken by

macrophages, it can be applied for imaging of macrophages, tumors or vascular
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lesions by MRI [212]. Magforce AG developed aminosilane-coated MNPs to treat
solide tumors locally by hyperthermia. The MNPs can be presented to tumor directly
or into the resection cavity wall. Subsequently, tumor cells are destroyed or become
more sensitive to radiotherapy or chemotherapy. Currently, two centres in Germany
started to commercially treat brain tumor patients and further clinical studies are
under review by the FDA [213]. However, although several studies have demonstrated
successful preclinical applications, many factors hinder the implementation of MNPs
in versatile theranostic applications. These include high process complexity, high cost
and long tumor treatment trial period, low drug delivery accumulation of MNPs in
the target region and the possible lack of enhanced permeability and retention (EPR-
effect) in a human solid tumor compared to mouse models [214]. However, the most
significant factors preventing clinical translation are toxicity and safety of MNPs. MNP
toxicity can be associated with toxicity of the precursor(s) used for preparation,
coating, chemical composition, oxidation state of MNPs, protein interaction and high
dosage [215,216]. Therefore, further improvements in these fields are required for the

safe clinical translation of MNDPs.

7. Conclusions

Magnetic nanoparticles have become an attractive and increasingly important part of
diagnostics and therapeutic treatment of diseases. They are widely investigated and
developed for a broad range of biomedical applications, each using one or more of
their magnetic properties to generate a specific effect that is controlled from outside
by magnetic fields. The wide variety of applications demonstrate the significance, but
at the same time the need for reliable, reproducible and on top economic as well as

ecological methods for successful translation into clinical applications.

Nevertheless, many challenges remain in finding and engineering an ideal magnetic
nanoparticle system for an envisaged biomedical application. This is reflected in the

major efforts still ongoing in further developing synthesis methods of magnetic
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materials. Although considerable achievements have been made in these synthesis
approaches, there still is huge demand for advanced synthesis methods. With
microfluidic synthesis and biosynthesis of magnetosomes, two advanced techniques
have been presented, both very powerful approaches to provide magnetic entities with

outstanding structural and magnetic quality.

The actual state of extensive research on microfluidic synthesis methods of MNPs
and the advantages over conventional (batch) synthesis methods have been discussed
above. However, looking at the MNPs presently in biomedical applications as
presented in Section 5, it is striking that mostly all diagnostic and therapeutic
approaches rely on MNPs that have been synthesized by conventional synthesis
methods. The reason for this is assumed to be constraints in the microfluidic approach
regarding clogging of the reactor, sufficient throughput, effective purification

strategies, GMP-compliant production, or scalability.

Aqueous synthesis as a method to continuously produce single core MNPs without
immunogenic membrane and endotoxins is a very attractive approach, especially if
combined with in line purification and in line process control. Thus, this
straightforward, fast, and efficient approach additionally offers a high automation
potential. However, in order to reach the MNP quality as provided in biosynthesis of

magnetosomes, further optimization is required.

Although MNPs hold great promise in biomedical applications, there are still
problems that have to be solved before the translation into clinical settings becomes
feasible. One of the major challenges are the biocompatibility and the toxicity of the
MNPs in the long term. Further detailed and comprehensive studies are required to
resolve the effects of composition, morphology, size, shape, and structure of MNPs on
their clearance and fate from a living organism. Further advancing techniques such as
continuous microfluidic synthesis and biosynthesis will make a significant

contribution to tailor MNPs for safe and effective clinical applications.
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5.2 Continuously Manufactured Single-Core Iron Oxide Nanoparticles
for Cancer Theranostics as Valuable Contribution in Translational

Research

Published in: Nanoscale advances, impact factor (4.553)

In this publication, the capability of continuously synthesized MNP translation for
biomedical applications is evaluated. MNP of three different sizes, 23, 30, and 36 nm,
are produced using continuous micromixer synthesis by controlling the process

parameter reaction temperature.

It is shown that the single core MNP produced via micromixer have high signal
amplitudes qualifying them as a promising tracer for Magnetic Particle Imaging (MPI),
high potential for magnetic hyperthermia due to their high specific absorption rates
(SAR values), and good T: contrast as a negative - contrast agent for Magnetic
Resonance Imaging (MRI). Furthermore, the first cell and apoptosis tests on

endothelial cells show no cytotoxicity indicating good biocompatibility of the MNDP.
The following tasks were carried out by me, Abdulkader Baki:
1- Development of a continuous micromixer set-up for MNP synthesis.
2- Implementation and optimization of continuous synthesis of MNP.
3- Physicochemical characterization and data evaluation of the resulting MNP by:
a- Transmission electron microscopy (TEM)
b- Differential Centrifugal Sedimentation (DCS) measurements
c- Determination of iron concentration
4- Summary and evaluation of experimental results
5- Co-Authoring the publication

The determination of the magnetic properties is carried out at the Physikalisch-

Technische Bundesanstalt (PTB) in Berlin.



RESULTS AND DISCUSSION (PUBLICATIONS)
109

ROYAL SOCIETY

Nanoscale OF CHEMISTRY

Advances

(3

Continuously manufactured single-core iron oxide nanoparticles for cancer
theranostics as valuable contribution in translational research

Regina Bleul*?, Abdulkader Baki?, Christian Freese?, Hendrik Paysen®, Olaf Kosch®, Frank Wiekhorst®

Abstract: Micromixer technology was used to manufacture magnetic single core iron
oxide nanoparticles that combine imaging as well as therapeutic functions. In a
continuous, scalable and highly controllable manner, synthesis with biocompatible
educts via aqueous synthesis route was performed. Size control by varying relevant
process parameters as e.g. temperature was confirmed by transmission electron
microscopy measurements of experimental series and demonstrated the exceptional
size control and homogenity. Furthermore, analytical centrifugation evidenced the
stably dispersed state of the single core nanoparticles in aqueous media. Size
controlled production of single-core iron oxide nanoparticles was used to design
optimized nanoparticles with a core diameter of about 30 nm, showing high signal
amplitudes in Magnetic Particle Imaging (MPI) as promising MPI tracer material.
Moreover, therapeutic potential of these particles in magnetic fluid hyperthermia was
evaluated and specific absorption rates (SAR values) up to 1 kW/(g(Fe) were obtained,
that exceed the comparable SAR value of Resovist® by more than a factor of three.
Relaxometry measurements clearly confirmed the capacity of these single-core
magnetic nanoparticles to generate significant T>-weighted Magnetic resonance
imaging (MRI) contrast that potentially allows multimodal imaging for monitoring the
particles in-vivo in a theranostic application scenario. Finally, first cell viability and
apoptosis tests on endothelial cells did not show any cytotoxicity certifying a good

biocompatibility of the iron oxide nanoparticles. This microtechnological approach
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provides reproducible, scalable single core iron oxide nanoparticles as highly
performing tracers for MPI diagnosis as well as efficient heat generators for
hyperthermia therapy. These preliminary results contribute to translational research

in image guided cancer therapy - a further step from basic research to future medicine.
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Introduction

Cancer is still one of the leading causes of death worldwide, responsible for an
estimated one million deaths in 2018. Even though many advances in both cancer
diagnosis and cancer therapy have been achieved, aiming for early diagnosis and
precise treatment at the right time and with appropriate dose, theranostic
nanoparticles hold potential for revolutionizing future cancer treatment.!= There are
numerous multifunctional nanosystems designed for a more specific and personalized
disease management, which combine diagnostic and therapeutic capabilities in one

single biocompatible (and biodegradable) nanoparticle.15¢

However, present theranostic nanoparticle approaches offering real-time cancer
therapy monitoring are not in clinical practice yet. The translation of existing
promising research approaches into clinical application often fails because of the
disproportionally high complexity of sophisticated nanosystems raising huge issues
already in reproducibly manufacturing sufficient amounts for comprehensive
preclinical testing. Even for magnetic nanoparticle systems already tested in clinical
trials, one study has been withdrawn due to high lot to lot variation of the

nanoparticles.

Magnetic particle imaging (MPI) is a novel imaging technology with great potential
for cancer diagnosis using magnetic nanoparticles as a tracer material.22 MPI is in a
preclinical state with further demand for improving both the MPI scanner
infrastructure and the imaging performance of the tracer materials.l® Theoretical
models suggest that single-core iron oxide nanoparticles of about 20-30 nm core
diameter are optimal MPI tracers.?=13 Single-core iron oxide nanoparticles are of great
interest not only for MPI, but also for the promising cancer treatment approach of
magnetic fluid hyperthermia. Hyperthermia treatment using magnetic nanoparticles
is already close to clinical practice particularly for brain tumours with further
expanding indication fields e.g. prostate cancer.*=1¢ Theoretical estimations as well as
experimental results of bacterial magnetosomes suggest huge potential of single core

magnetite nanoparticles also in hyperthermia applications.’218 Furthermore, cancer
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treatment with drug loaded magnetic carriers exploiting magnetic drug targeting as
well as drug carriers co-loaded with imaging agents for drug monitoring are also of

high-profile in the research landscape.l*2

Single-core particles with sizes larger than 20 nm are not easily accessible by standard
synthesis methods like co-precipitation of iron salts. The technically more demanding
thermal decomposition involves toxic educts and requires high temperature and phase
transfer leading to a time-consuming multistep procedure.2 A promising alternative
approach, the biotechnological production of single-core iron oxide nanoparticles, so-
called magnetosomes from a bacterial origin, also suffers from effortful downstream
processing, limited scalability, and potentially immunogenic residues inhibiting safe

in vivo applications.2

Preliminary studies on the continuous synthesis of iron oxide nanoparticles
demonstrated the high potential of micromixer technology as a valuable tool for the
development of new magnetic nanomaterials.2 However, the performances of
reported tracers for magnetic particle imaging at this time were still far below the
performance of Resovist®, which is an MRI contrast agent and is presently also

considered as a gold standard for MPI.

Here, we report high performance single-core iron oxide nanoparticles for versatile
theranostic applications obtained from an enhanced microfluidics-based synthesis
platform including downstream processing resulting in exceptional aqueous
dispersion stability. With single-cores in the size range between 20 and 35 nm, they are
within a comparable range to that of bacterial magnetosomes, but are advantageous
concerning biocompatibility and scalability. With our platform technology, the
tuneable, scalable production of size-controlled magnetic nanoparticles that can
combine imaging (MPI and MRI) with therapeutic functions (hyperthermia, and drug

loading) in one single nanoparticle system becomes feasible.
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Results and discussion
Preparation of magnetic single-core nanoparticles

Single-core magnetic iron oxide nanoparticles were manufactured continuously in a
micromixer-based synthesis platform consisting of a nanoparticle generation module,
and particle growth zone as well as a downstream processing module, as shown in the
photograph in Fig. 1. Microfluidic systems for nanoparticle synthesis gained
popularity in the last decade because of their promising potential in controlling critical
stages such as nucleation and growth leading to improved size control, enhanced
reproducibility and higher throughput than in batch synthesis.2 Even though
microfluidic systems for magnetic nanoparticle systems have already been described,
those devices are either limited by very low flow rates and throughputs, e.g. for
droplet generation,? or are based on thermal decomposition or supercritical organic
solvents, 2% which require high energy input (high temperature and pressure) and
partially toxic agents. None of these approaches are single step procedures. Thus,
additional steps for washing, stabilization and purification of nanoparticles are
generally required leading to undesirable agglomeration and aggregation of initial

single-core nanoparticles, which is particularly crucial for larger cores >15-20 nm.

Temperature-controlled
Reactor

Fig. 1 Photograph of the micromixer platform used for synthesis of single core iron-oxide MNP.

This enhanced micromixer platform, based on a set-up already published

previously,® enables control over the particle size of single-core nanoparticles that are
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instantaneously coated and purified resulting in a ready-to-use stable aqueous

nanoparticle dispersion.

To demonstrate the performance capacity of this modular manufacturing platform
for the tuneable production of biocompatible iron oxide nanoparticles for versatile
biomedical applications, a series of synthesis runs were performed. As a result, three
single-core magnetic nanoparticle (MNP) systems T1, T2, and T3 with core size
diameters in the range of 25, 30 and 35 nm were synthesized with analogous educt
solutions and process parameters, solely by moderately varying the reaction
temperature between 328 K and 338 K (AT =5 K) far below the boiling point of water
as one example of the relevant steering parameters. The higher the reaction
temperature is, the faster the particles grow, so that in the same time interval keeping
all other parameters such as the flow rate, dwell time, educts constant, particles with
larger diameters are obtained. The structural and magnetic properties of these particles
were characterized by Transmission Electron Microscopy (TEM) (core diameter),
Differential Centrifugal Sedimentation (DCS) (hydrodynamic diameter), quasi-static
DC Magnetization (DCM) (saturation magnetization), dynamic AC Susceptibility
(ACS) (initial susceptibility) and Magnetic Particle Spectroscopy (MPS) (non-linear
dynamic susceptibility). The relevant structural and magnetic parameters for the three
samples are summarized in Table 1. Furthermore, experiments to demonstrate the
performance of the systems as MPI tracers, hyperthermia agents and MRI contrast
agents were carried out. In addition, we analysed the biocompatibility with first

cytotoxicity and apoptosis tests on endothelial cells.
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Table 1 Structural and magnetic parameters of continuously synthesized single-core iron oxide nanoparticle
samples T1 (d. =23 nm), T2 (dc = 30 nm), and T3 (dec = 36 nm). For comparison, the corresponding literature values
for Resovist® have been added. The values for dc determined by TEM from Kraupner 2017;Ms and magnetic
diameters of the bimodal multicore system from Eberbeck 2011, MPS parameters A" and As/As from Léwa 2017.4
Note, the number in parentheses behind the value denotes the variations of the parameters found in different N =
3-5 synthesis runs, e.g. 23(5) nm means 23 + 5 nm. The parameter 0 = dcspv/dcmean denotes the relative standard

deviation of the size distribution determined by TEM.

Syst | deore o diyir Ms i As* As/As
nm nm | Am¥kg(Fe)| m¥/kg(Fe) | Am?/kg(Fe) %
T1 23(5) 02(3) 21 90(5) 0.026(3) 13.5(8) 31.49)
T2 305) | 0.16(2) 275 108(5) 0.055(3) 18.9(3) 33.4(3)
T3 36(6) | 0.17(2) 35 101(6) 0.09(1) 16.1(8) 32(2)
Res. | 6(3) 45(7) 90 8.67(3) 38.38(2)
5
24

Structural and magnetic characterization of magnetic singel-core nanoparticles
TEM and DCS results

The TEM image shown in Fig. 2 clearly reveals the envisaged core size increase by
increasing the reaction temperature.22 All three samples are mainly homogenous in
morphology and size. A minor morphological shift from fully spherical shape for T1
(23 nm) synthesized at the lowest temperature to partly cubic particles for the larger
particles T2 (30 nm) and T3 (36 nm) is visible. The MNPs produced with the
micromixer platform are evidently single-core particles that have not formed any
clusters or aggregates, which is often an unwanted effect for synthetic MNPs lacking
sufficient stabilization. They show the same narrow size distribution with a relative
standard deviation o (ratio between the standard deviation and mean of the absolute
diameter distribution as listed in the inset in Fig. 2) with o < 0.2 for all systems. To

further evaluate dispersion stability and agglomeration status in aqueous dispersion,
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analytical centrifugation (DCS) was carried out. This analytical technique, which
sensitively resolves the occurrence of aggregates and agglomerates, confirmed a
relatively narrow distribution of hydrodynamic diameters without strong
aggregation. In contrast to dynamic light scattering, where the high absorbance of the
black magnetite particles interferes with the optical analysis of hydrodynamic
diameters, DCS provides more reliable size information, as sedimentation within the
disc centrifuge is proportional to the size as well as the density of the particle. The data
in Fig. 3 show the density of pure magnetite neglecting the decrease in density by the
organic layer on the surface of the particle. This leads to slight shifting of the
hydrodynamic diameters determined by DCS to smaller values (as the real density of
the particles is smaller than the assumed magnetite density used for the data analysis).
This effect diminishes with increasing core sizes as the proportion of the organic layer

decreases.
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Fig. 2 TEM images of single-core iron-oxide nanoparticle samples T1, T2, and T3 manufactured at increasing
synthesis temperatures (AT = 5 K). Corresponding particle core diameters (mean and standard deviation; Std)
obtained from the TEM image are shown in the inset. The cryogenic TEM picture shows the tendency of chain

formation for particles with a core size larger than 30 nm (T3 sample).
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Fig. 3 Analytical centrifugation (DCS measurements) of single core iron oxide nanoparticle samples T1, T2, and T3

synthesized at three different temperatures (AT =5 K).

DCS measurements of the three samples showed the expected increase in
hydrodynamic size with increasing synthesis temperature. Furthermore, they
confirmed the exceptional dispersion stability of the relatively large magnetic cores in
aqueous media. Compared to other synthesis methods, the presented one-step
continuous process avoids additional precipitation and resuspension steps for

subsequent stabilization or washing, thus undesirable clustering does rarely occur.

Nonetheless, the appearance of a peak shoulder for sample T3 clearly indicates the
occurrence of particle-particle interactions due to its high magnetic moments and the
onset of dimer, trimer, and chain formation. Tendency of reversible chain formation
also in the absence of a magnetic field was observed already for particles with core
diameters larger than 30 nm and confirmed by cryogenic electron microscopy as

shown in Fig. 2 (right) for sample system T3.

The micromixer manufacturing platform enables access to single-core MNPs in the
relevant size range for potential applications in nanomedicine (MPI and magnetic
hyperthermia). Since not (solely) the physical size, but more importantly the magnetic
properties determine the performance in biomedical magnetic applications, a further
comprehensive characterization with multiple magnetic measurements was

conducted.
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Magnetic characterization

DCM results: saturation magnetization, and moment estimation

The saturation magnetization Ms of magnetic nanoparticles is a valuable magnetic
parameter indicating the quality of the crystal structure and its homogeneity achieved

by the nanoparticle synthesis process.

The room temperature magnetization curves for the three systems are shown in Fig.
4 from which the saturation magnetization Ms is determined. We observe Ms-values
above 108 A m? per kg(Fe) for sample T2, 101 A m? per kg(Fe) for sample T3, and 90 A
m? per kg(Fe) for sample T1, which is the same value that is found for Resovist®.1 All
values are very close to Ms values (111-127 A m? per kg(Fe)) reported for bulk
magnetite or maghemite3.2 indicating the high crystallinity of the magnetite structure

with a low amount of disorder reached by our synthesis.

—_

00}

M | (Am*/kg(Fe))

Fig. 4 Room temperature (T =295 K) DC magnetization curves of single-core iron oxide samples T1 (dc =23

nm), T2 (dc =30 nm), and T3 (dc = 36 nm) synthesized at three different temperatures (AT =5 K).

The high Ms-values of our systems, we suppose can be attributed to the presence of
large proportions of highly magnetic magnetite and maghemite phases, which both
have very similar magnetic properties. The structural composition of our nanoparticle
systems regarding the occurrence of other non-magnetic hematite, and wustite and
other iron oxide compounds such as iron hydroxides was not analysed. Moreover,

other iron oxide nanoparticle systems also consist of a mixture of magnetite and
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maghemite, which are well tolerated by the body like the MRI contrast agent
Resovist®.33 This reduction is attributed to crystallographic disorder or surface
disorder caused by the coordination effects of organic ligands. The former leads to
local disorder of the spin arrangement (locally) within the particle, and the latter at the
particle surface, both reducing the coupled total particle moment 1, in a nanoparticle

and thereby Ms.

Generally, Ms-values for magnetite (or maghemite) nanoparticles are observed to be

below that of the pure bulk material.

A pronounced correlation between the particle size and Ms is reported in the small
diameter range 1 nm to 10 nm due to the large surface-to-volume-ratio of these
particles. The observed slight reduction of Ms in T1 with the smallest diameter might
therefore be attributed to this effect while for the larger systems T2, and T3 the
influence of surface disorder becomes insignificant. This behavior has been observed
for multi-core nanoparticle systems, where several small sized nanoparticles are
embedded in a polymer matrix to form a larger nanoparticle, so-called nanoflowers.
The even increased surface-to-volume ratio in this system leads to strongly reduced

Ms-values of 60 A m? per kg(Fe).®

Finally, at larger diameters as in sample T3 dipole-dipole interactions between the
particles could lead to chain formation, which in turn would reduce the measured

magnetization and thereby Ms of the particles.

For 30 nm single core MNP obtained by thermal decomposition Teeman et al.
reported a Ms-value of 96 A m? per kg(Fe),% which is close to the value of micromixer
sample T2 (30 nm). In contrast to our aqueous synthesis approach, their laborious
organic synthesis procedure requires a subsequent phase transfer step and takes about
40 h. Thus, not only concerning the presence of organic and toxic agents during the
synthesis, but also regarding efficiency, our micromixer platform with residence times
in the range of a few minutes represents an attractive alternative. From Ms = mp/Vp

describing the ratio between the particle moment mp and core volume V.= 1/6 6 d* as
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determined by TEM (see the TEM results above), we can estimate mean particle
moments (=number of coupled individual atomic magnetic moments resulting in a
single domain of total magnetic moment m, within the nanoparticle) of 2 x 10°us (T1),
6 x 105us (T2), and 10°us (T3), respectively. Here, us =9.27 x 10-* A m? denotes the Bohr
magneton. Preserving these large magnetic moments for the use in (biomedical)
magnetic applications, thorough stabilization of single-core nanoparticle systems is
required. To this end, the presence of the stabilizing agent already during the aqueous
synthesis is a great advantage, as no additional precipitation step or phase transfer for
postprocessing stabilization is required, which, due to the existing huge magnetic
moments, would inevitably result in strong and inextricable agglomeration. This
undesired effect was observed for single-core nanoparticles even below 30 nm, which

formed agglomerates after phase transfer from thermal decomposition synthesis.3

The successful stabilization strategy in the micromixer synthesis is confirmed by
DCM and ACS measurements. The DCM and ACS results for sample T1 (23 nm) as
well as T2 (30 nm) show no agglomeration. A slight tendency is seen in sample T3 (36
nm) due to the initial formation of dimers, trimers or chains as confirmed by TEM.
However, this chain formation is reversible as evidenced by DCM measurements after

dilution and vigorous mixing of the samples.

Initial susceptibility, hydrodynamic diameter and stability

ACS measures the response of the magnetic moments mp of the nanoparticles
exposed to an alternating magnetic field. The moments will follow the excitation field
but with a phase lag. Real (in-phase) x' and imaginary (out-of-phase) parts x" of the
complex dynamic mass susceptibility as a function of frequency f for the three systems
are displayed in Fig. 5. The initial mass susceptibility xini extracted from the
extrapolation of }'(f) for f — 0 increases with increasing core diameter from yini =
0.026(3) m? per kg(Fe) for T1 up to 0.09(1) m? per kg(Fe) for T3. This is expected since
Xini = (MsV<)?/(3ksT) = mp?/(3ksT) is proportional to the square of the particle moment,

e.g. to the square of the core volume V. of the particles. Furthermore, in the imaginary
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part x"(f) pronounced peaks with visible maxima at frequencies of 9.3(1) kHz (T1),
6.21(5) kHz (T2) and 2.8(1) kHz (T3) are observed. Following the Debye model, the
excitation frequency f, is at the peak position in the range of the inverse of the
Brownian relaxation time 78 = 3Vin/(3ksT) with n describing the viscosity of the
medium of the nanoparticle with hydrodynamic volume Vi. Therefore, the peak
positions shift towards smaller frequencies for larger hydrodynamic diameters (f,(T3)
< f(T3) < fo(T1)) as a consequence that the larger particle moments already at lower

frequencies cannot follow the sinusoidal excitation.
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Fig. 5 Non-linear dynamic magnetization spectra (left) measured at 25 kHz excitation frequency and 25 mT

amplitude of single core iron oxide nanoparticle samples T1 (d. =23 nm), T2 (d. =30 nm), and T3 (d. =36 nm).

In T3 with the largest particle diameters the beginning of dipole—dipole interactions
leading to chain formation or smaller aggregates (dimers, trimers) is attributed to the
observed non-constant extrapolation of x’' towards f = 0 and the broader maximum

with a pronounced shoulder towards lower frequencies seen in x"(f).

Non-linear dynamic magnetic susceptibility

The non-linear dynamic magnetic susceptibility as measured by MPS is an important
parameter to assess magnetic nanoparticle systems for their behaviour in both
magnetic hyperthermia and MPIL. Generally, single core nanoparticles with larger

magnetic moments are favourable for magnetic hyperthermia and MPI.

We determined the non-linear susceptibility by MPS at a fixed frequency (fo=25 kHz)
and amplitude (Bexit =25 mT). As shown in Fig. 6, all three systems exhibit non-linear

susceptibilities (parametrized by A’ in units A m? per kg(Fe)) higher than that of the
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MPI gold standard and MRI contrast agent Resovist ( A3 =9.1 A m? per kg(Fe)) for T2
by nearly a factor of 2. These high A’s -values imply a high sensitivity, e.g. for
spectroscopic applications like quantification of nanoparticles in cells and tissues by
MPS.% At higher harmonics Ai, the dynamic susceptibility of Resovist® gets closer to
the susceptibility of T2, indicating that in MPI, where the amplitudes of the higher
harmonics Ai are important to ensure spatial resolution, both samples should exhibit
equal image quality (see next section). After a storage time of 15 months at room
temperature, MPS revealed for all 3 MNP systems minor relative changes below 5% in

the MPS parameters A’ and As/As the high shelf life stability of the synthesis approach.

o
—

2.7 1 (m’lkg(Fe))

Fig. 6 ACS measurements of single core iron oxide nanoparticle samples T1 (dc =23 nm), T2 (dc = 30 nm), and T3
(de = 36 nm) synthesized at three different temperatures (AT = 5 K). The straight lines denote the real part, and the

dotted lines the imaginary part of the complex dynamic susceptibility.

Relevant structural and magnetic parameters for the three MNP samples in
comparison to Resovist® as a well characterized “gold standard” in the literature are

presented in Table 1 (see below).

It is evident from the results presented so far that the properties of the single-core
iron oxide magnetic nanoparticles synthesized by micromixer flow chemistry via an
aqueous synthesis route can be tuned effectively by adjusting solely the temperature,
the one relevant process parameter. Within a certain process window, the increase in

temperature results in larger core diameters as observed by TEM. Moreover, the


https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00343c#cit38
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00343c#tab1

RESULTS AND DISCUSSION (PUBLICATIONS)
123

corresponding magnetic characterization confirms an increasing initial mass
susceptibility xo that is proportional to the square of the particle moment. Larger
magnetic cores lead to chain formation, which to some extent was observed
structurally by analytical centrifugation as well as by cryogenic TEM and also
confirmed magnetically by ACS measurements. These findings lead to estimated
optimized particles of about 30 nm core diameters for application in MPI and magnetic
hyperthermia, showing relatively high magnetic moments retaining dispersion

stability.
Performance of the nanoparticles in biomedical applications
Diagnostic application: imaging capability of the nanoparticles
Magnetic particle imaging performance

Magnetic Particle Imaging (MPI) is an emerging tomographic imaging technology
with simultaneous good spatial (mm) and excellent temporal (ms) resolution as well
as high sensitivity where the image contrast is provided specifically by the magnetic
nanoparticles without tissue background and without any need of ionizing radiation
or radioactive tracers.t The development and synthesis of tailored MPI contrast agents

are an emerging and important actual research field.

MPI is based on the non-linear dynamic magnetic response of MNPs exposed to an
alternating magnetic field, from which by using additional magnetic field gradients,
an image of an MNP distribution can be obtained. To assess the potential of a
nanoparticle system for MPI phantoms either MPS measurements — a kind of zero-
dimensional MPI - of characteristic parameters Asand As/As (see the section above) or
direct MPI measurements of phantoms with a defined shape and nanoparticle
concentration can be used. To exemplify the MPI imaging capabilities, Fig. 7 (middle)
shows reconstructions of a spiral phantom filled with sample T2 (30 nm), which
exhibits the highest non-linear susceptibility A’ measured by MPS. For comparison,
we performed MPI measurements of the phantom filled with Resovist® (Fig. 7, right)

at an identical iron concentration of 15 mM. Resovist®, originally a developed liver
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contrast agent for MRI, which is now extensively used as a tracer for MPI because of

its good MPI performance.

e

Fig. 7 Spiral phantom geometry (left) and MPI images of the phantom filled with 200 pL volume 15 mM iron

concentration of T2 (30 nm) (right) and Resovist® (middle). The channel width of the phantom was 2 mm.

The reconstruction of the MPI phantom is resolving mostly the complete spiral

structure for both sample T2 as well as Resovist® with the same high quality.

From the border between the clearly resolved outer part of the spiral and the non-
resolved inner central part of the spiral, a spatial resolution in the range of 1.5 mm was
estimated for T2 and Resovist® for the MPI scanner settings, the particle concentration

and within the uncertainty of the reconstruction.

With this behaviour, the single-core iron oxide sample T2 already now ranks among
the high performance MPI tracers such as Resovist®. But there is space for additional
fine-tuning of magnetic parameters to enhance the MPI performance not only by
adjusting the size but also by addressing the internal magnetic structure through
synthesis parameters of our micromixer approach. Due to the high flexibility,
scalability and control of the micromixer technology it is an ideal tool to pursue this

fine tuning of magnetic properties.
Magnetic resonance imaging contrast agent

The ability of iron oxide particles to increase the proton relaxation rates of the
surrounding water proton spins makes them suitable as contrast agents in MRI and is
described by the longitudinal R: (=1/T1) and transversal relaxation rate Rz (=1/T2). This
contrast improvement is based on stray fields caused and induced by the magnetic

moments of the nanoparticles in the huge external Bo field acting on the proton
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relaxation in MRI. This is associated with the magnetic susceptibility of the particles
as a function of particle size, composition and experimental variables, such as the
magnetic field, strength of MRI, temperature and medium of dispersion.®2 The
relaxation rates as a function of iron concentration c(Fe) measured at Bo= 1.5 T are
shown in Fig. 8 for sample T2 (30 nm) from which the MRI relaxivities have been
determined and compared to those of the clinically approved MRI liver contrast agent
Resovist® (multi-core nanoparticles with bimodal size distribution clusters of d =5 nm

and 24 nm).!
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Fig. 8 Room temperature NMR relaxation rates Ri (left) and Rz (right) as a function of iron concentration c(Fe) of
sample T2 (30 nm) nanoparticles measured at 1.5 T. Note, for graphical representation the corresponding rates

obtained by linear regression are displayed as straight lines.

For sample T2 (30 nm) we determined relaxivities of 71 = 8.8(1) L mol? s and r2 =
289(8) L mol™ s7'. For T3 (35 nm) we measured r1 = 2.9(1) L mol™ s and . =59(1) L
mol™ s7.. For the MRI liver contrast agent Resovist® values of r1=7.4 L mol™ s and r2
=95 L mol™ s are reported in the literature at the same field Bo=1.5 T.# The relaxivities
for these systems are shown in Table 2. We found a three times higher r.-relaxivity for
T2 compared to Resovist®. MNP with high transverse relaxivity r2 can be used as an
effective negative contrast agent. This feature is associated with the magnetic
susceptibility and crucially depends on the particle size, composition and
experimental variables such as the magnetic field, strength of MRI, temperature and
medium of dispersion.® In addition to a high r2 relaxivity, the efficiency of a T2 contrast
agent relies on the ratio r2/r1 between transversal and longitudinal relaxivities.# We

find a specific enhancement of this ratio in both samples in comparison to Resovist®.
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Our results indicate that already sample T3, but moreover sample T2 exhibits a better
contrast in T>-weighted MR imaging than Resovist®. Since Resovist® has been
withdrawn from the market,® our synthesis approach would be useful to develop an

alternative iron oxide MRI contrast agent like T2 that would yield even better image

quality.

Table 2 NMR r1- and r-relaxivities at Bo=1.5 T of single-core sample T2 (30 nm), and T3 (36 nm) together with

values taken from Modo 2007 (ref. 43) for the liver contrast agent Resovist® (multi-core system, and bimodal size

distribution)
System de Bo 71 72 r2/11
nm T L-mol-1-s! L-mol-1-s!
T2 30 1.5 8.8(1) 289(8) 33
T3 35 1.5 2.9(1) 59(1) 20
Resovist® 5, 1.5 7.4 95 13
(multi-core) 24

Therapeutic application: magnetic fluid hyperthermia (MFH)

Magnetic fluid hyperthermia is a potential technique for cancer therapy that exploits
heat generated by magnetic nanoparticles exposed to a sinusoidal alternating magnetic
field to kill cancerous cells.2 Many studies have shown that MFH is effective in killing
cancer cells both in vitro and in vivo and that MFH crucially depends on the magnetic
properties of the nanoparticles, the excitation frequency and amplitude of the
alternating field to generate heat. The specific absorption rate (SAR), sometimes also
denoted as specific loss power, is an important parameter to assess the capability of a
magnetic nanoparticle system for MFH. The SAR value defined as the power
dissipated into heat per unit of mass of nanoparticles, crucially depends on external
parameters such as frequency f and amplitude H of the excitation field, as well as on
internal nanoparticle characteristics. Here, structural factors such as the core size, size
distribution, particle shape and crystallinity as well as magnetic properties such as
saturation magnetization, anisotropy, relaxation time, concentrations and particle—
particle interactions are important¥ To become independent of the external
parameters f and H, the intrinsic loss power defined as ILP = SAR/(H? x f) in units of
nH m? per kg(Fe) is useful since it allows the system-independent direct comparisons

between experiments performed at different frequencies or amplitudes.
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Fig. 9 shows the measured SAR values as a function of the frequency of sample T2 in
two different formulations (as synthesized and concentrated) in comparison with
Resovist®. All systems show the expected linear increase of SAR with frequency, while
both T2 systems exhibit a much steeper slope compared to Resovist®. From the SAR
values, corresponding ILP values for T2 (as synthesized) of 9.4(7) nH m? per kg(Fe),
and for T2 (concentrated) of 8(1) nH m? per kg(Fe) were calculated. The values of T2
are much higher than typical ILP values found in the literature, which are in the range
of 0.2-5 nH m? per kg(Fe) (like the ILP = 3.0(5) nH m? per kg(Fe) measured for our
Resovist® sample). These remarkably high ILP values for the T2 system documents
the excellent hyperthermia capability of the single-core particles obtained by our

micromixer synthesis platform.

1000 | d; (nm) O
© 30, as synth.
= ® 30, concentrated
() [
L
o
= o
- |
% 9 ° Resovist
w * [ ]
] =
® ]
0 | ] i | L L
0 100 200 300
fl kHz

Fig. 9 Measured SAR values versus the frequency of single-core iron-oxide nanoparticle system T2 (30 nm) as

synthesized (cyan circles), and concentrated (blue circles) and of the MRI contrast agent Resovist®.

From a clinical point of view, higher SAR (or ILP) values are beneficial since these
allow lower nanoparticle doses to achieve the same hyperthermia efficacy. It is
therefore important to further understand and optimize the parameters that affect heat
dissipation of MFH, such as particle diameters, structures, and surface coating. A
comprehensive understanding of the physics of the relevant effects employed in both
imaging and magnetic hyperthermia is related to the structural and above all magnetic

properties. This includes the effective saturation magnetization Ms, and the (dynamic)
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magnetic moment relaxation, as well as particle sizes and surface characteristics.
Additionally, the impact of the dispersion and surrounding medium as well as
changes in the physiological environment (like viscosity, and pH values) has to be
considered. Although there are many accepted models aiming to simulate the time-
dependent magnetic response as a function of an applied magnetic field, there are no
simple analytical solutions to directly obtain the synthesis parameters from which
magnetic nanoparticles with maximum performance in magnetic hyperthermia and
imaging could be manufactured. Therefore, a synthesis approach with accurate control
of individual nanoparticle properties is highly valuable, not only for the development
of nanoparticle systems with increased hyperthermia and imaging performance but
also for numerical model validation describing the complex physics of magnetic
nanoparticles in biological environments. Our micromixer-based synthesis platform
producing single-core iron oxide nanoparticles is a valuable tool to support this

research.
Biocompatibility evaluation in a cell culture

For all biomedical applications and particularly for future in vivo applications e.g. as
imaging agents, hyperthermia agents or drug carriers in therapy, safety considerations
are of significant importance. At this point we performed a preliminary cell culture
cell viability study as a basic requisite for further preclinical investigations. Human
Cardiac Microvascular Endothelial Cells (hCMEC) were used to assess cytotoxic

effects of the synthesized nanoparticles.

Cell viability was investigated using the cellular deoxygenase assay, the WST-8 test
with a cell counting kit-8 (CCK-8). Photometrical analysis of the amount of formazan
produced by the cells allow the evaluation of the cell viability as it is directly
proportional to the number of living cells. Since the CCK-8 solution is very stable,
longer incubation periods, such as 24 to 72 hours, are also feasible. Moreover, the
detection sensitivity is higher than that of of any other tetrazolium salts such as MTT,

XTT or MTS. Furthermore, formazan dye is released in the medium and is analysed in
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a cell free supernatant. Thus, interference of the absorbance of internalized

nanoparticles is negligible.

No cytotoxic effects on cell viability of brain endothelial cells after treatment with
MNP samples in the investigated concentration range were observed within the

detection limits neither short-term (4 h), see Fig. 10, nor long term up to 72 h.
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Fig. 10 Determination of cell viability of brain microvascular endothelial cells (hCMEC) after treatment with MNP
samples (exemplarily T1). Cells were seeded on 96-well plates and treated with several concentrations of
nanoparticles for various time periods. Cells were washed and thereafter incubated with a CCK-8 substrate. After
60 minutes, the absorbance was measured at A = 450 nm. Untreated cells (Ctrl) were set to 100% viability. No

cytotoxic effects were observed neither short term (4 h) (top) nor long-term up to 72 h (bottom).

Besides the cell viability, apoptosis caused by MNP incubation was studied. We used
an annexin V-FITC kit that allows fluorescence detection of annexin V bound to
apoptotic cells and enables the quantitative determination by flow cytometry.

Propidium iodide (PI) was used to label the cellular DNA in necrotic cells with
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comprised cell membrane. Thus, differentiation among early apoptotic cells (annexin
V positive and PI negative), necrotic cells (annexin V positive and PI positive), and
viable cells (annexin V negative and PI negative) was possible. The apoptosis test also

did not show any significant cytotoxic effects after 24 h and 72 h (Fig. 11), respectively.
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Fig. 11 Determination of cell death and apoptosis of brain microvascular endothelial cells after treatment with
MNPs for 24 h (top) and 72 h (bottom). Cells were analyzed by flow cytometry after staining with annexin-V-FITC
and propidium iodide. Cell populations in percent of total cells have been blotted. One-way ANOVA followed by
Tukey's multiple comparisons test was performed. The data of each group (living, dead, and apoptotic) were

statistically evaluated separately from each other (n=3-4).
The proportion of apoptotic cells of the MNP incubated samples was below 2% while
DMSO used as a positive control showed drastic effects and confirmed the reliability

of the test.
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This preliminary cell culture study with endothelial cells lining the blood vasculature
confirms the expected biocompatibility of the continuously manufactured iron oxide
single-core nanoparticles. The MNP production is based on an aqueous synthesis route
with non-toxic agents or organic solvents. Thus, basic requirements for application in
biomedical (in vivo) applications are fulfilled. Further studies on size-effects of MNPs

are ongoing.
Experimental
Synthesis details

Single-core iron oxide nanoparticles were synthesised by precipitation from aqueous,
alkaline solutions of iron salts based on a micromixer set-up as previously reported.z
The microfluidic synthesis platform consists of HPLC pumps (Knauer, Germany), a
caterpillar micromixer (Fraunhofer IMM, Germany) to induce particle nucleation and
several temperature-controlled reaction loops to control particle growth and was
enhanced by a downstream-processing-module to remove reactive agents and excess
of stabilizing agents. Briefly, solutions of iron chloride, sodium nitrate as the oxidizing
agent and sodium hydroxide were mixed in a caterpillar micromixer (Fraunhofer
IMM) with symmetric liquid ratios and piped in a temperature-controlled reaction
loop. Final nanoparticle dispersions were prevented from further oxidation as well as
agglomeration with the addition of tannic acid (1.7 kDa) as the stabilizing agent.
Finally, nanoparticles were purified by removal of unreacted educts and accessing of
the stabilizing agent via diafiltration and magnetic separation and stored at room
temperature for further analysis. In the present study, the size of magnetic
nanoparticles was adjusted by varying only one process parameter: the reaction
temperature from 328 K to 338 K (AT = 5 K). All other parameters including educt
solutions, mixing ratios and flow rates were kept constant. Using a precise heat control
(Huber thermostatic bath) and thin-walled tubes (thickness < 0.8 mm) for good thermal
contact, a temperature stability below 1.5 K could be achieved. With our laboratory
setup a temperature and reaction time dependent production yield in the range 20—

50% can be achieved. Within 3 hours, a total volume of more than 4 liters can be
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provided. By adjusting the size of the microfluidic mixer (internal scale up) or by using
several mixers in parallel (parallelization scale-up), the throughput can be increased
easily by a factor of 15. The reproducibility was observed to be mainly determined by
the variation of the chemicals, e.g. iron chloride batches while only little variation, <3%,
(in the magnetic parameters as determined by MPS) is observed in the reproduction of

samples using the same batch of chemicals.

For the evaluation of hyperthermia performance, particle dispersion was

concentrated (Eppendorf Concentrator plus) up to 280 mM final iron content.
Structural characterization of magnetic single-core nanoparticles
Transmission electron microscopy (TEM)

Transmission Electron Microscopy (TEM) measurements of nanoparticles droplet
dried on carbon coated copper grids were performed with a Zeiss Libra 120 electron
microscope at 120 kV acceleration voltage. A magnetic field was applied to the grids
for a short period of time (about 10 minutes). The images were obtained using a CCD
camera and from a selection of 1000-2000 individual nanoparticles the mean diameter
and standard deviation of the core diameter were determined automatically using the

open source software Image].

For Cryo-TEM measurements, the same device at 120 kV acceleration voltage was
used under liquid N2 conditions. Samples were prepared by applying a 6 uL drop to a
cleaned carbon-coated copper grid, blotting with filter paper, and immediately
proceeding with vitrification in liquid ethane at —180 °C. Grids were stored under

liquid nitrogen until being transferred to an electron microscope for imaging.
Analytical centrifugation (DCS)

An ensemble method to investigate the particle dispersion in aqueous media is
analytical centrifugation (Differential Centrifugal Sedimentation, DCS). DCS
measurements were performed at 20000 rpm (21504 rcf) (CPS Instruments Inc.

Measurements) after calibration with a silicon dioxide standard (255 nm). A sucrose
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gradient was built using 24% to 8% sucrose. The peak maximum was evaluated using

Origin® software.
Magnetic characterization of magnetic single-core nanoparticles
DC magnetization measurements (DCM)

Room temperature (T = 295 K) DC magnetization measurements (DCM) of MNPs
were performed using a SQUID magnetometer (MPMS-XL, Quantum Design, USA).
The device measures the magnetic moment m(He) of a 30 uL sample volume
(immobilized in mannitol to prevent chain formation or aggregation effects during the
measurements) as a function of an external magnetic field He up to 4 x 106 Am™ (B=5
T). The (mass) magnetization M(H) (in units A m? per kg(Fe)) is obtained by
normalizing to the total iron amount of the sample and the saturation magnetization
Ms = M |s-s1 was determined after subtracting a linear (paramagnetic or diamagnetic)
background contribution. An overall measurement uncertainty of about 2.5% with 1%
contribution from the measurement device and 2% due to preparation and the iron
concentration determination is estimated. We did not perform any fitting of M(H)
curves using the common Langevin model because the assumptions of isotropy (no
crystal anisotropy) and thermal equilibrium of this model at room temperature

become invalid for diameters larger than 20 nm.
Linear dynamic susceptibility measurements (ACS)

Room temperature (T =295 K) linear magnetic AC susceptibility (ACS) of MNPs was
measured with a commercial AC susceptometer (DynoMag, RISE Acreo, Sweden). For
the measurements, a quartz glass cuvette was filled with a sample volume of 100 uL
MNP suspension and the real x'(f) and imaginary x"(f) parts of magnetic susceptibility
were acquired in the frequency range 1 Hz to 100 kHz at an excitation amplitude of 0.2
mT. The initial mass susceptibility yo (in units m?® per kg(Fe), normalized to the sample

iron mass) was obtained by extrapolation of the real part susceptibility x'(f) | /0.

Non-linear dynamic susceptibility measurements (MPS)
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The non-linear dynamic AC susceptibility of MNPs is an important magnetic
parameter for magnetic hyperthermia and magnetic particle imaging. Measurements
were performed at T = 37 °C using a magnetic particle spectrometer (MPS) on a
commercial spectrometer (MPS-3, Bruker, Germany) operating at an amplitude Bexct =
25 mT and fixed frequency fo = 25 kHz. For the measurements a fast reaction tube
(Applied Biosystems®, MicroAmp) containing a sample volume of 30 uL was placed
in the detection coil of the MPS system. After Fourier transform of the detected time
signal, the spectral components Ai of the non-linear AC susceptibility were obtained
showing distinctive amplitudes at odd multiples (harmonics) of the excitation
frequency n lifo, n =3, 5, 7, .... Two characteristic parameters are extracted from the
harmonic spectra, the amplitude of the third harmonic normalized to the iron amount
of the sample, A’s (in units A m? per kg(Fe)), and the concentration independent ratio
between 5th and 3rd harmonic, As/As (in units %). Both are correlated with the MPI
performance with the general observation that the higher the A’ , and As/As, the better
the MPI images. To assess the shelf life stability of our samples, we remeasured sample
aliquots of the stock suspension after 15 months of storage at room temperature and

determined the relative changes in A’;, and As/As.
NMR relaxivities (1 and r2)

MRI properties were investigated by measuring longitudinal 71 and transversal T2
protons relaxation times for selected nanoparticle systems of 200 pL volume diluted
to different iron concentrations c(Fe). The relaxation time measurements were carried
out in a Minispec mq60 (Bruker) at T =37 °C and a magnetic field of 1.5 T. For Ti a 2-
pulse inversion-recovery sequence with a fixed relaxation delay of at least 5T1 was
used, and T was determined employing a Carr—Purcell-Meiboom-Gill sequence,
which consists of a 90° pulse followed by a series of 180° pulses, ideally covering the
full decay of the signal. From the graphs of the iron-concentration c(Fe) dependent
relaxation times Ri1=1/T1, and Rz2=1/T>, and the corresponding relaxivities 1 and 72 (in
units of L mol™ s?) were determined. For graphical presentation the measured

relaxation rates of pure water samples have been subtracted.
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Specific absorption rate (SAR) and intrinsic loss power (ILP)

Room temperature AC magnetometry measurements (hysteresis loops) were carried
out using an Advanced AC Hyster magnetometer (Nanotech Solutions, Spain) in the
frequency range from 30 kHz to 300 kHz at a magnetic field amplitude of 20 kA m™.
The values of AC magnetization were normalized to the iron mass. AC hysteresis loop
measurements include three repetitions to obtain average and standard deviation of
the magnetic area values. Afterwards, SAR values were calculated according to SAR =
A x f, where A is the magnetic area and f is the AC magnetic field frequency. For
system- and measurement-independent comparison of data, we calculated the
intrinsic loss power (ILP) (in units nH m? per g(Fe)) by dividing the SAR value by the
frequency and square of the excitation field, ILP = SAR/(f x He?).

Magnetic particle imaging

Magnetic Particle Imaging (MPI) measurements of a spiral resolution phantom filled
with nanoparticles was acquired using a preclinical 3D-MPI system (Bruker MPI 25/20
FF) working at an excitation frequencie of 25 kHz, an amplitude of 12 mT in three
orthogonal dimensions (x,1,z) and a selection gradient of 2.5 T m™ in the z-direction
and 1.25 T m™ in the x- and y-directions. Image reconstructions were performed based
on the system function (SF) approach using a small (point-like) reference sample
measured with identical parameters for all MNP systems. The spiral phantom (2 mm
channel width) was filled with 200 uL of sample T2 (30 nm) at an iron concentration
of c(Fe) =15 mmol L. Image reconstruction with a field of view of 28 x 28 x 14 voxels
(mm?®) was performed using 1937 frequency components, 20 Kaczmarz-iterations, and
a regularization parameter A = 10~°. For comparison, the liver contrast agent and MPI
tracer gold standard Resovist® (Meito Sangyo Co. Ltd., Japan) was imaged using

identical concentration and parameters.
Cell culture and determination of cell viability

Immortalized human cerebral microvascular endothelial cells (h\CMEC/D3; Biozol)

were maintained in rat tail collagen-I (50 ug mL™; Ibidi GmbH) -coated culture flasks
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in ECBM MV cell culture media (PromoCell) supplemented with 15% fetal bovine
serum (FBS), 2.5 ng mL™ basal fibroblast growth factor, 10 ug mL™ sodium heparin (all
Sigma-Aldrich).

For nanoparticle treatment, cells were seeded onto 96-well plates coated with rat tail
collagen-I (50 ug mL; Ibidi GmbH) and cultured in the cell culture media for 24 hours.
Nanoparticles were diluted in cell culture media and cells were treated starting with a
concentration of 500 uM Fe for various time periods. After the treatment, cells were
washed with phosphate buffered saline (PBS; Gibco) and a cell-counting-kit (CCK)-8-
substrate was added as described by the manufacturer (Sigma-Aldrich). After 60
minutes, the solution was transferred to a new 96-well plate and measured in a
microplate reader (VictorX, PerkinElmer) at a wavelength of A = 450 nm. The

absorbance of cells treated with the medium was set to 100%.
Determination of cytotoxicity and apoptosis by flow cytometry

Cells were seeded onto 6-well plates coated with rat-tail collagen-I (50 pug mL; Ibidi
GmbH) and cultured in cell culture media for 24 hours. Nanoparticles were diluted in
media and cells were treated with various concentrations of nanoparticles for 24 and
72 hours. After the incubation the cells were washed with PBS (Gibco), detached using
trypsin/EDTA solution (Sigma-Aldrich), transferred to a tube and centrifuged at 300¢
for 5 minutes. The cells were stained as described by the manufacturer (bimake),
incubated for 15 minutes at room temperature and analyzed by flow cytometry (BD
Accuri C6, BD Biosciences). Annexin-V-FITC was detected in the FL-1 channel, while
dead (necrotic) cells stained with propidium iodide (PI) were detected in the FL-3
channel. Gating of the cell populations was performed using stained and untreated
cells and cells treated with 5% dimethyl sulfoxide (DMSO; Sigma Aldrich) in cell
culture media (positive control for apoptosis). 20000 cells were analyzed for each

sample.
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Conclusions

We presented a micromixer synthesis platform for the continuous manufacturing of
single-core iron oxide magnetic nanoparticles with well-defined core diameters in the
range of 20 to 35 nm, which are stably dispersed in aqueous media. Physicochemical
as well as magnetic tuning of particle properties can be achieved by adjusting relevant
process parameters, e.g. the temperature. High quality particles with core diameters of
about 30 nm were found to be optimal for combining imaging application (tracer for

MPI and negative contrast agent in MRI) and therapeutic approach (MFH) application.

The micromixer synthesis platform will propel translational research for magnetic
nanoparticle based theranostics applications, a further step from basic research to

future medicine.
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5.3 Micromixer Synthesis Platform for a Tuneable Production of

Magnetic Single-Core Iron Oxide Nanoparticles

Published in: Nanomaterials, impact factor (5.076)

In this publication, the continuous micromixer synthesis was employed for MNP
production and compared with conventional batch synthesis regarding the
physicochemical and magnetic properties as well as the reproducibility of the resulting
MNP. To access single-core MNP in the specific key size range of 20-40 nm, which are
particularly suitable for biomedical applications, two relevant synthesis parameters
were varied. The specific effects of temperature and residence time (by flow rate and
length of the residence loop) on the nanoparticle production process and their
influence on the resulting nanoparticle characteristics are investigated. The MNP are
comprehensively characterized regarding their structural and magnetic properties. In
addition, the use of a newly developed online Magnetic Particle Spectroscopy (MPS)
device for measuring the magnetic properties of the MNP during synthesis is

successfully demonstrated.

MNP produced by continuous micromixer synthesis showed improved properties
with reduced deviations compared to MNP synthesized in batch process. Stable single
core MNP in the size range 20-40 nm are produced by adjusting synthesis parameters

(temperature and residence time).

Additionally, using the online-MPS enabled the monitoring of modulation of the

MNP characteristics by adjusting the synthesis parameters directly during synthesis.

The following tasks were carried out by me, Abdulkader Baki:
1- Development of the continuous micromixer device for MNP synthesis.

2- MNP production for comparison of continuous micromixer and batch synthesis

approaches.
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3- Methodical variation of the following synthesis parameters for continuous

micromixer synthesis:
a- Temperature

b- Residence time, which can be varied by both length of the residence loop and

flow rate, the latter also effects the mixing effect in the micromixer.
4- Physicochemical characterization and data evaluation of the MNP by:
a- Transmission Electron Microscopy (TEM)
b- Differential Centrifugal Sedimentation (DCS) measurements
c- Determination of iron concentration.
5- Implementation of the syntheses to evaluate the online MPS capability.
6- Summary and evaluation of experimental results
7- Draft conception and revising of the publication.

The determination of the magnetic properties was carried out at the Physikalisch-
Technische Bundesanstalt (PTB) in Berlin.
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Abstract: Micromixer technology is a novel approach to manufacture magnetic
single-core iron oxide nanoparticles that offer huge potential for biomedical
applications. This platform allows a continuous, scalable, and highly controllable
synthesis of magnetic nanoparticles with biocompatible educts via aqueous synthesis
route. Since each biomedical application requires specific physical and chemical
properties, a comprehensive understanding of the synthesis mechanisms is not only
mandatory to control the size and shape of desired nanoparticle systems but, above
all, to obtain the envisaged magnetic particle characteristics. The accurate process
control of the micromixer technology can be maintained by adjusting two parameters:
the synthesis temperature and the residence time. To this end, we performed a
systematic variation of these two control parameters synthesizing magnetic
nanoparticle systems, which were analyzed afterward by structural (transmission
electron microscopy and differential sedimentation centrifugation) and, especially,
magnetic characterization methods (magnetic particle spectroscopy and AC
susceptibility). Furthermore, we investigated the reproducibility of the

microtechnological nanoparticle manufacturing process compared to batch
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preparation. Our characterization demonstrated the high magnetic quality of single-
core iron oxide nanoparticles with core diameters in the range of 20 nm to 40 nm
synthesized by micromixer technology. Moreover, we demonstrated the high
capability of a newly developed benchtop magnetic particle spectroscopy device that
directly monitored the magnetic properties of the magnetic nanoparticles with the
highest sensitivity and millisecond temporal resolution during continuous micromixer

synthesis.

Keywords: iron oxide magnetic nanoparticles; flow chemistry; continuous synthesis;

micromixer; magnetic particle imaging; magnetic particle spectroscopy
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1. Introduction

Due to their unique imaging, optoelectronics, catalysis, sensing, and drug delivery
properties [1-3], nanocarriers and nanoparticulate systems have drawn significant
attention in recent decades. Especially, magnetic iron oxide nanoparticles (MNP) with
their unique properties comprising high magnetic moments, good biocompatibility
[4], and highly flexible surface chemistry [5], belong to a material class suitable for a
wide range of biomedical applications [6—8]. These include cell labeling, magnetic drug
targeting [9], magnetic fluid hyperthermia [10,11], and diagnostic imaging [12].
Already in 1988, MNP (Resovist®) had been clinically evaluated as a negative contrast
agent for magnetic resonance imaging of the liver [13]. Since 2005, MNP is also in
development as tracer material for magnetic particle imaging (MPI), a novel
quantitative imaging technology with potential for cancer diagnosis using MNP as

local probes [14].

For the versatile biomedical applications of MNP, different requirements concerning
their specific structural and chemical properties have to be considered by establishing
an appropriate synthesis strategy. The particle properties, including size, crystal
structure, and chemical composition of the core, in combination with surface chemistry
[15] and surface charge (zeta potential) [16], influence the colloidal stability in a
dispersion medium [17] as well as interactions with the biological environment.
However, the most significant factor contributing to the characteristics of MNP for
these applications is the magnetic behavior, which is determined in addition to the
chemical composition, mainly by size, size distribution, and dispersion stability [18].
Bawendi et al. showed that very small MNP with a core magnetic diameter of about 3
nm and an ultrathin hydrophilic shell of about 1 nm was superior to larger particles as
a positive T1 contrast agent for magnetic resonance imaging and magnetic resonance
angiography [19]. Contrary, theoretical models suggest that single-core iron oxide
nanoparticles of about 30 nm core diameter are optimal for MPI [14]. The tailoring of
size and morphology with an easy and controllable technique is the key to optimize

the magnetic behavior of MNP for their envisaged in vivo applications. Thus, a deep
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and comprehensive understanding of the synthesis mechanisms is not only mandatory
to control the size and shape of synthesized MNP but, above all, to obtain the

envisaged magnetic particle functionality.

To date, conventional batch methods of synthesizing MNP like micro-emulsion,
hydrothermal reactions, sol-gel, and coprecipitation have been mostly used [20-28].
The simplest route already proposed in 1980 by Khalafalalla and Reimes [29] and
Massart [30] produces MNP depending on a precipitating iron salt Fe(III)/Fe(II)
mixture with a base, normally NaOH, followed by oxidation. The resulting diameters
in the range of 5 to 15 nm usually show a rather broad size distribution, and
nanoparticles are rarely stabilized as single cores in aqueous media. An exceptional
technique to produce unique MNP is biosynthesis. Faivre and Schiiler used
magnetotactic bacteria and magnetosomes to prepare 20—45 nm magnetite MNP with
uniform morphology and excellent magnetic properties for different applications,
especially for hyperthermia [31]. Probably, due to their immunogenic bacterial lipid
layer containing (glyco) proteins coating, biosynthesized MNPs have not found their
way into the clinic, yet. Additionally, preparation, cultivation, and harvesting of the
bacteria and magnetosomes are time- and labor-intensive and take up to several
weeks. Another common technique to produce MNP with narrow size distribution
and good control over size and morphology is the thermal decomposition of
organometallic precursor in a boiling organic solvent. Many groups use this technique
to produce high-quality MNP [32-34]. Ferguson and Krishnan et al. presented tailored
26-28 nm *1.5 nm single-core MNP with polyethylene glycol coating for MPI
application [35,36]. Although these MNP show two to three-fold higher signal
amplitudes compared to Resovist®, their thermal decomposition route requires
heating of the mixture for at least 24 h at 320 °C, followed by a phase transfer, resulting
in a rather limited product quantity. Recently, Laurent et al. reported a continuous
flow approach with a simple capillary reactor via the thermal decomposition synthesis
route to obtain very small iron oxide nanoparticles. In this study, different synthesis

parameters were varied, such as temperatures (200 to 300 °C), pressure (5 to 100 psi),
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and concentration of the surfactant. The system was operated at relatively low flow
rates between 0.05 and 2 mL-min™, and the process included further downstream
processing by multiple precipitation and resuspension steps. Variation of the synthesis
parameters resulted in MNP in a relatively limited core size range between 3.4 + 0.64

and 5.86 + 1.38 nm [37].

Generally, conventional batch synthesis methods suffer from limited reaction control,
scalability issues, and often require high temperature and post-treatment, such as
washing or phase-transfer from organic solvents, leading to the time-consuming
multi-step procedure. Complex methods additionally lead to pure reproducibility and
cause high batch-to-batch variations of resulting particle characteristics [38]. Issues of
insufficient mixing and mass and heat transfer challenges even increase with
increasing batch sizes [39]. Thus, further advances in MNP development is impeded,
and the transfer of academic results into the technological and medical application is
often hindered. Even though during the last decade, several authors have dealt with
the continuous synthesis of magnetic nanoparticles, many of these issues remain
unsolved [40-43]. The described processes often do not comprise the entire production
procedures, including purification and stabilization steps; thus, the single cores are not
stably dispersed in an aqueous medium, but clusters are obtained. Moreover,
microfluidic processes based on PDMS (polydimethylsiloxane) structures usually do
not tolerate high flow rates with the consequence that they often have to be operated
at very low flow rates in the microliter per minute range, which limits the throughput

and scalability [44,45].

To surmount these obstacles, a microtechnological manufacturing platform using
flow chemistry for the controlled synthesis of magnetic iron oxide nanoparticles via an
aqueous synthesis route has been developed. Microreaction technology in flow
chemistry has been known and well-studied in the last decades. Outstanding is the
simplicity of the approach together with the ability to precisely control reactions’
parameters, e.g., temperature, residence time, rapid heat and mass transfer, high

mixing efficacy, and hence reproducibility [46—48]. However, producing nanoparticles
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in micromixers remains challenging as precipitating solid materials can block the
microchannels of the reactors and endanger the process stability. Thus, a
comprehensive process understanding is required to be able to exploit the advantages
of a microstructured device and successfully run a micromixer for nanoparticles’

synthesis.

In the micromixer, permanent homogenous nucleation of core seeds takes place by
the reaction of two or more educts, continuously administered by pumps. Connected
to the micromixer, locally separated dwell zones ensure optimal control of particle
growth. Hence, the micromixer setup enables both the spatial as well as the temporal
separation of nucleation and growth stages during the continuous synthesis of MNP

[38].

Generally, the size and shape of MNP can be tailored by the variation of synthesis
parameters, e.g., the used precursor, iron salt ratio Fe*’/Fe*, temperature, pH, and the

base used to precipitate the magnetic iron oxide core [49].

In this study, we presented the use of aqueous micromixer synthesis to produce high-
quality magnetic single-core iron oxide nanoparticles using biocompatible educts.
Solely by the adjustment of two significant process parameters: the temperature and
the residence time during particles’ growth, a tunable production of single-core
magnetic nanoparticles could be achieved. A comparison with the conventional batch
approach was carried out to study the properties and reproducibility of the two
methods. The influence of temperature and variation of residence time by both
changing the total flow rate as well as adjusting the volume of the residence loop was

demonstrated.

To determine the resulting magnetic properties of synthesized MNP, a thoroughly
magnetic characterization was carried out, mainly using a technique named magnetic
particle spectroscopy (MPS). MPS can be considered as 0-dimensional MP], e.g., it
detects the non-linear dynamic magnetic response of MNP exposed to an alternating

magnetic field but without technical challenging gradient fields used for spatial
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encoding. Originally MPS was developed to assess the MPI performance of tracer
materials, but here, we used MPS to determine the reproducibility of the continuous
MNP manufacturing process compared to batch synthesis using the same precursors
and to quantify magnetic effects in the synthesis caused by changes in reaction
temperature and reaction time. Since MPS is a very fast (2 ms) and sensitive (moments
below 10 Am? can be detected) technique, we presented the first results using MPS
directly during continuous micromixer synthesis. Furthermore, linear AC-
susceptibility measurements were used to obtain supporting information about the
linear magnetization dynamics and aggregation behavior of the MNP when a small
oscillating magnetic field was applied. The characterization of size, size distribution,
particle shape, and morphology was determined using transmission electron

microscopy (TEM) and differential centrifugal sedimentation (DCS).
2. Materials and Methods
2.1. Micromixer Synthesis

Single-core iron oxide nanoparticles were synthesized by precipitation from aqueous,
alkaline solutions of iron salts based on a micromixer set-up, as previously reported
[50,51]. The microfluidic synthesis platform consisted of HPLC pumps (Knauer, Berlin,
Germany), a caterpillar micromixer (Fraunhofer IMM, Mainz, Germany) with 10 uL
inner volume to induce particle nucleation, and several temperature-controlled
reaction loops (Teflon tubing) with 3.2 mm diameter at lengths in the range 5 m to 50
m to control particle growth. Educt solutions were preheated, and a thermostatic bath
(Huber, Offenburg, Germany) ensured the control of the reaction temperature Ts of the
micromixer as well as the residence loop (temperature stability <1.5 K). By adjusting
the length of the reaction loops and the flow rate Q, the residence time t;, available for
particle growth, could be controlled. The synthesis platform was enhanced by a
downstream-processing-module to remove reactive agents and excess of a stabilizing
agent. Briefly, solutions of iron chloride, sodium nitrate as an oxidizing agent, and
sodium hydroxide (all reagents were used without further purification, purity grade

>98%, Sigma Aldrich, Schnelldorf. Germany), prepared in degassed and deionized
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water, were mixed in a caterpillar micromixer (Fraunhofer IMM, Mainz, Germany)
with symmetric liquid ratios and piped in a temperature-controlled reaction loop.
Nanoparticle dispersions were prevented from further oxidation as well as
agglomeration with the addition of tannic acid (1.7 kDa, Fluka, Schwerte Germany) as
a stabilizing agent. Though tannic acid, as a natural product, is not well defined and
characterized, our experiences have shown that it can be successfully utilized to
enhance dispersion stability in aqueous media and is able to prevent aggregation
behavior. Since tannic acid acts mainly as an electrostatic stabilizer to ensure
dispersion stability also in media with higher salt concentration, further
functionalization by a sterically stabilizing agent is required. This can be realized, e.g.,

by pegylation.

Finally, nanoparticles were purified by the removal of unreacted educts and access
of a stabilizing agent via diafiltration and magnetic separation and stored at room
temperature for further analysis. In the present study, the size of the magnetic
nanoparticles was adjusted by the two individual process parameters: the synthesis
temperature Ts and the residence time t. While Ts was directly adjusted by the
temperature chosen in the heat bath with Ts in the range of 30 to 65 °C, there were two
ways to set the residence time t:, either by the tubing length L of the dwell zone or by
flow rate Q in the range of 0.6 to 11.3 min. To avoid any residence time distribution
deterioration generally observed in long tubing, the inner diameter of the tubes should
not be larger than 4 mm for the flow rates used in our experiments. At larger diameters,
we observed a significant increase in heterogeneity of the resulting particles. Other
parameters, including educts solutions, mixing ratios, and flow rates, were kept
constant. With our laboratory setup, a temperature and reaction time-dependent
production yield in the range of 20-50% could be achieved. The yield was calculated
from total iron content used in the starting reaction mixture relative to the amount
quantified by phenanthroline protocol (described below in the section:
photospectroscopical determination of iron concentration) of the final product after

purification. We observed the general trend that with increasing temperature and
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residence time, the production yield increased, e.g., at Ts = 52.5 °C from about 21% at

tr = 3.4 min to 48% at t = 7.5 min).

Within 3 h, a total volume of more than 4 L could be provided with our current lab-
scale set-up. By adapting the inner dimensions of the microfluidic mixer (internal
scale-up) or by using several mixers in parallel (parallelization scale-up), the

throughput can be increased easily by a factor of 15 [52,53].

Additionally, MNPs were synthesized by a batch precipitation approach in a flask
(total volume 100 mL) with preheated educt solutions, vigorously mixed, and stirred
using the same reagents and reaction times to determine batch-to-batch variations

compared to micromixer MNP.
2.2. Physicochemical Characterization
2.2.1. Transmission Electron Microscopy (TEM)

TEM measurements were performed with a Zeiss Libra 120 (Zeiss, Oberkochen,
Germany) electron microscope of nanoparticles” dispersion dried on carbon-coated
copper grids at 120 kV acceleration voltage. A magnetic field was applied to the grids
for a short period of time (about 10 min) to accumulate MNP for subsequent TEM
imaging. The images were taken by a CCD camera, and from a selection of N > 5000
individual nanoparticles, the mean diameter and standard deviation of the core
diameter were determined automatically using the open-source software Image]

(National Institutes of Health, Bethesda, MD, USA).
2.2.2. Differential Centrifugal Sedimentation (DCS)

Accurate information on the dispersion properties of MNP in colloidal systems can
be obtained by DCS (often termed analytical ultracentrifugation), where the measured
sedimentation properties of the particle are directly linked to the hydrodynamic

particle size distribution [54].

In contrast to characterization techniques based on light scattering, the measurement

of even broad size distributions or highly light-absorbing materials is possible by DCS
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as different size fractions become differentially accelerated in the gravitational field.
Compared to TEM, the statistics obtained in this ensemble method were much better
due to the fact that the counting of individual particles is not necessary. DCS
measurements were performed at 20,000 rpm (=21,504 relative centrifugal force) (CPS
Instruments Inc. Measurements, Darmstadt, Germany) after calibration with a silicon
dioxide (S5iO:2) standard (255 nm). The sucrose gradient was built up using 24% to 8%
sucrose. Peak maximum and full width at half maximum (FWHM) were evaluated
using Origin® software (ADDITIVE Soft- und Hardware fiir Technik und Wissenschaft
GmbH, Friedrichsdorf, Germany).

2.2.3. Photospectroscopical Determination of Iron Concentration c(Fe)

The iron concentration c(Fe) of the nanoparticle samples was determined
photospectroscopically following a phenanthroline protocol [55]. Ten microliters of
nanoparticles were dissolved in 20 uL hydrochloric acid (37%). After complete
dissolution, 470 pL of H2O was added. Fifty microliters of hydroxylamine
hydrochloride (10%) and 150 uL of 1,10-phenanthrolinehydrochloride (0.1%) were
added to the 50 uL of this solution. After a reaction time of 15 min, the absorbance of
the formed ferroin complexes was measured photospectroscopically by a microplate
reader at a wavelength of 510 nm (SpectraMax Plus 348, Molecular Devices, CA, USA),
and the iron concentrations were calculated using an iron standard calibration curve
(ICP (inductively coupled plasma) iron standard, c(Fe) = 1.25 ug/mL to 80 ug/mL,

Merck, Darmstadt, Germany).
2.3. Magnetic Characterization
2.3.1. Magnetic Particle Spectroscopy (MPS)

MPS measurements of single nanoparticle samples were performed using a
commercial magnetic particle spectrometer (MPS-3, Bruker Biospin, Etllingen,
Germany) operating at an amplitude Bex = 25 mT and a frequency fo = 25 kHz. MPS
detected the non-linear dynamic magnetic response of MNP exposed to an alternating

magnetic field, from which their MPI performance could be assessed. For the
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measurement, a fast reaction tube (Applied Biosystems®, MicroAmp, ThermoFischer,
Schwerte, Germany) containing a sample volume of 30 uL was placed in the detection
coil of the MPS system. The induced magnetization could be measured simultaneously
by the coils. By Fourier transform of the detected time signal, the spectral components
of an MPS measurement were obtained, showing distinctive amplitudes at odd
multiples (harmonics) of the excitation frequency fo. We used three characteristic
parameters of the MPS harmonic spectra, the amplitude of the third harmonic
normalized to the iron amount of the sample, As*, the (concentration-independent)
ratio between 5th and 3rd harmonic, As/As., and the phase of the 3rd harmonic ¢. All
values were correlated to the MPI performance with the general observation that the
higher the As* and As/As, the better the MPI images. The phase ¢ described how well
the particle moments could follow the excitation field at the given frequency fo.
Generally, it is observed that the smaller the particle, the better the magnetic moments
follow the excitation field, and the closer is the value of ¢ to zero. For comparison, we
used measurements of the MRI liver contrast agent Resovist with an As* = 8.7
Am?/kg(Fe) at 25 mT [56] excitation amplitude. Resovist is appreciated as a gold
standard due to good dynamic magnetic properties in MPS. Though withdrawn from
the market, the precursor Ferucarbotran, offering the same magnetic properties, can

be purchased from Meito Sanyo, Japan.

Online-MPS measurements were performed using a novel benchtop magnetic
particle spectrometer with an integrated flow cell so that it could be connected directly
to the growth stage of the micromixer platform. This device was recently developed at
Physikalisch-Technische Bundesanstalt and is described in detail in [57]. It operates at
the same basic frequency of 25 kHz as the commercial MPS device and is calibrated
using reference samples measured with the calibrated commercial MPS device before.
All online-MPS measurements were carried out at B.=12 mT to avoid any heat transfer
contribution from the heating of the excitation coil of the device that might influence

the synthesis of nanoparticles.
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2.3.2. Alternative Current Susceptibility (ACS)

The linear dynamic magnetic susceptibility of MNP at room temperature was
determined using an AC susceptometer (DynoMag, RISE Acreo, Goeteborg, Sweden).
The complex linear dynamic magnetization response y/, ¥’ of 100 puL stock MNP
suspension filled into a glass vial was measured in the frequency range 1 Hz to 100
kHz at an excitation amplitude of 0.2 mT. Typical ACS spectra normalized to the iron
amount are shown in the appendix for single-core iron oxide nanoparticles
synthesized at different residence times ¢ (Figute Al) and as a function of synthesis
temperature Ts (Figure A2). From the measurements, the initial mass susceptibility
xini (¥ normalized to the sample’s iron mass and extrapolated to f 2 0 Hz) in units of
m?/kg(Fe) and the frequency fo= f{lmax(y’(®))) were extracted. We used yini to assess
the particle moment (yini is proportional to the square of the particle moment, and f; is
a magnetic measure of the hydrodynamic diameter). The overall shape of the spectra

was used as an indicator if aggregation occurred in a sample.
2.3.3. X-ray Diffraction (XRD)

X-ray diffraction scans at room temperature were carried using a diffractometer
(Rigaku SmartLab diffractometer, Neu-Isenburg, Germany) in parallel beam reflection
geometry, equipped with a monochromatic copper radiation source (A = 1.540593 A).
The patterns were collected in the 20-70° (20) range with a scan step of 0.01° at a speed
of 0.1°/min. The main peak positions of the XRD spectra were analyzed according to

the JCPDS card no. #75-0033 (FesOs) and # 39-1346 (y-Fe20:s).
3. Results and Discussion

Magnetic single-core iron oxide nanoparticles were manufactured using a
micromixer synthesis platform via an aqueous synthesis route. Additionally, batch
syntheses employing identical educt solutions were carried out to assess performance
and reproducibility between continuous micromixer and batch synthesis approach.
For a comprehensive understanding of the particle formation process during

continuous synthesis, the influence of the two main parameters —reaction temperature
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Ts and reaction time t—on particle properties were investigated. To evaluate the
magnetic properties of the single-core nanoparticles, MPS and ACS measurements
were carried out. In addition to the magnetic measurements, XRD measurements of
three samples with core sizes in the range 25 nm to 35 nm were performed to confirm
the crystal structure and iron oxide phase (Appendix A Figure A3). Furthermore, the
physicochemical analysis was augmented by TEM to assess core size and morphology
and DSC to determine the hydrodynamic diameter size distribution. Since MPS is an
outstanding sensitive (magnetic moments below 10! Am? can be detected) and fast (2
ms for a single measurement) technique, its capability for magnetic online analysis
during the continuous MNP production process was presented for the first time. Thus,
direct quantitative monitoring of relevant process parameters during synthesis

becomes feasible.

3.1. Reproducibility of Continuous Micromixer Synthesis Compared to Conventional Batch

Synthesis

The magnetic properties of iron oxide nanoparticles depend on their composition,
crystal structure, crystal quality, and morphology. Hence, a suitable synthesis route
should be selected, which allows optimum control over shape, size, size distribution,
and crystallinity of the particles. Several different synthesis routes to produce iron
oxide nanoparticles exist. Well-established methods are thermal decomposition, sol-
gel-approaches, mini emulsion, as well as coprecipitation [58]. Though all batch
methods are based on different synthetic routes, each of them is usually running in a
reaction vessel or flask at a predetermined reaction temperature while stirring. Thus,
inhomogeneities in mixing and temperature within the reaction volume cause
concentration gradients and hot spots, which influence the product quality. With
increasing reaction volume, sufficient mixing and adequate reaction temperature
control become even more challenging. For these reasons, the continuous synthesis
approach of using microfluidics has gained a strong interest in recent years. However,
particularly the synthesis of inorganic nanoparticles remains challenging because

precipitated solids tend to block the microchannels and endanger the process stability.
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We investigated the process reproducibility and stability of MNP obtained from our
micromixer approach with particles manufactured by a conventional batch
coprecipitation. We chose one specific set of synthesis parameters where we expected
to obtain single-core nanoparticles with core sizes below 25 nm. In this case, a stable
aqueous dispersion was easily achieved since interparticle interactions at these small
diameters were rather negligible. Since we intended to show how insufficient mixing
efficiency leads to inhomogeneous seed formation and, consequently, to broader size
distribution, we did not investigate the influence of the different synthesis parameters
here. To this end, we performed five individual continuous synthesis runs and
compared the resulting nanoparticle samples with the properties of samples
synthesized by five analogous batch synthesis runs using identical parameters. For the
batch synthesis, we prepared 100 mL total volume with preheated educt solutions in
a temperature-controlled reaction vial. Analogous to the continuous synthesis run, it
was mixed vigorously in a 1:1 ratio at 52.5 °C and stirred for a reaction time of 2.5 min.
The physicochemical characterization of representative nanoparticle samples by TEM

and DSC for both synthesis routes is displayed in Figure 1.

The TEM images clearly indicated that core size distribution and morphology for the
continuously manufactured samples were superior over the batch synthesis samples.
Since the nucleation that determines the size distribution is a very fast process, the
efficient mixing in the micromixer synthesis ensures a more homogenous distribution
of core seeds, which, in the second stage, can uniformly grow at similar velocities
because of the homogenous distribution of ripening educts as well as homogenous
temperature conditions. This was confirmed by DSC measurements, which showed a
larger variation of the hydrodynamic size distribution within the individual synthesis
runs for the batch samples. Furthermore, the size distribution of the batch samples was
generally broader and showed aggregates with average sizes even above 100 nm,
while the core diameters were less than 30 nm. The DSC measurements of the
continuous micromixer samples displayed similar and narrow hydrodynamic size

distributions with relative standard deviations o< 0.2. We attributed the observed
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stronger variation in hydrodynamic diameters in the batch synthesis to be caused by
the more inhomogeneous seed nucleation conditions due to incomplete or insufficient
mixing of educts compared to the micromixer approach. This resulted not only in a
broader distribution of core sizes but in the cohesion of cores, as well. As a

consequence, this led to observed increased hydrodynamic diameters.
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Figure 1. Comparison of structural nanoparticle properties between continuous micromixer synthesis and batch
synthesis: Representative transmission electron microscopy (TEM) images of five individual continuous
micromixers (C1-C5) at a total flow rate of 8 mL/min and batch (B1-B5) synthesis runs with 100 mL total reaction
volume (scale bar 100 nm). Experiments were performed with preheated educt solutions at 52.5 °C, mixing ratio
of 1:1, and a reaction time of 2.5 min. Bottom: Corresponding hydrodynamic diameter dn distribution determined
by differential centrifugal sedimentation (DCS) measurements of these samples (left: continuous micromixer
synthesis, right: batch synthesis). Each line depicts the size distribution of one individual synthesis run. The
narrower size distribution and higher homogeneity of the magnetic iron oxide nanoparticles (MNP) synthesized

by continuous micromixer synthesis approach compared to batch synthesis were clearly visible in both TEM and
ACS measurements.

Regarding the magnetic properties of the five individual synthesis runs, Figure 2
shows the mean and the standard variation (plotted as uncertainty bar) of the
characteristic MPS parameters As*, As/As, and ¢ of the five individual runs synthesized
either by micromixer (red) or batch synthesis (green). The specific amplitude As* was
a measure of the sensitivity of the MNP to give a dynamic magnetization response at
a chosen excitation frequency fo per unit amount of iron, whereas the ratio As/As could
be considered as a parameter to describe the shape of the harmonics spectrum [59-61].

Finally, phase ¢ was related to the relaxation effects of the MNP and parametrized the
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lag of the MNP moments to follow the excitation field. Though the same general
synthetic route and the same chemical reagents were used, the MNP resulting from
the micromixer synthesis showed a higher MPS performance and a much smaller
variation of As*, indicating the superior defined process control. The resulting value
for As* =20(1) Am?/kg(Fe) of the micromixer samples was about twice the value of As*
= 10(2) Am?*/kg(Fe) found for the batch samples, while the standard deviation of the
batch samples was twice the value of the micromixer samples. Note, the value in
brackets denotes the format standard variation of the five samples, e.g., 20(1)
Am?/kg(Fe) = 20 +/- 1 Am?/kg(Fe). Both samples exhibited a higher specific MPS
amplitude compared with As* = 8.7 Am?/kg(Fe) reported for Resovist® at 25 mT
excitation amplitude [56]. Showing such high signal amplitudes, MNPs obtained by
micromixer synthesis MNP were capable of competing with single-core iron oxide
nanoparticles synthesized by sophisticated thermal decomposition synthesis with
subsequent phase transfer [36]. Similarly, the mean value of As/As= 35.6(3)% of the
micromixer samples was far above the value of As/As=26(2)%, with six times higher
standard deviation of the batch synthesis samples. This was a consequence of the much
broader and more varying core and hydrodynamic size distributions found by TEM
and DCS for the batch synthesis samples, which led to reduced As and As/As values.
Accordingly, the mean value and standard deviation of phase ¢ were increased (note
the negative sign to emphasize the increased phase lag) for the batch synthesis

samples.
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Figure 2. Mean (symbols) and standard deviation (displayed as uncertainty bars) of the variation of magnetic
particle spectroscopy (MPS) parameters (Be = 25 mT) of MNP samples synthesized by the two different synthesis
approaches, micromixer (squares) and conventional batch (circles) procedure. For each synthesis procedure, five
individual runs were carried out. (a) specific amplitude As*; (b) ratio As/As; (c) phase ¢s.

In a simplified description, the non-linear dynamic response, on which MPS relies,
crucially depends on the size and mobility of the magnetic moments of the
nanoparticles, which are exposed to the magnetic excitation field. The larger the
magnetic moment of the particle, the larger the values of As* and As/As will be, as long
as the moments can follow the excitation. With the increasing magnetic moment, its
mobility to align (or switch) with the excitation field will decrease, which, in turn, will
lead to a phase lag, e.g., increasing (by convention negative) ¢ value and resulting
decrease of the two parameters As* and As/As. Since the size of the magnetic moment
is mainly determined by the particle size and core crystal quality, whereas the mobility
is given by the viscosity of the suspending medium and by the effective anisotropy,
there will be an optimum particle size at a given MPS excitation frequency fo. Smaller
particles (low moments with high mobility) will have reduced values of As* and As/As,
and a ¢ value close to zero, while particles larger than the optimum size (huge
moments but with low mobility) will also show reduced values of As* and As/Asand
an increased ¢ value—above the optimum phase value. Therefore, samples with
broad distributions will always exhibit reduced MPS parameters compared to a

sample with optimum particle size and crystal structure for a given frequency fo.

3.2. Influence of Residence Time Adjusted by the Total Flow Rate
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The micromixer synthesis platform provided the spatial and temporal separation of
nucleation and growth. Core seeds formed in the micromixer at the first contact of the
educts were then piped into the residence loop where subsequent particle ripening
took place, e.g., the cores grew to a certain size depending on the time as well as the
temperature in the residence loop. Different effects influencing the MNP properties
could become addressable by changing the mixing profile (or efficiency) and the
duration the particles stay in the growth stage. The residence time f- was one main
parameter that could be used to accurately control the MNP growth in continuous
micromixer synthesis. With increasing t., larger MNPs were obtained because of the
longer time interval, and the seed particles produced in the micromixer resided in the
growth stage. One possibility to adjust the residence time was to change the total flow
rate. The higher the flow rate, the shorter the residence time in the growth stage
(assuming a constant loop volume); thus, particles had less time to grow, leading to
smaller particles. Reversely, lower flow rates implied longer residence times, resulting

in larger particles.

However, the total flow rate not only determined the residence time but, at the same
time, affected the mixing efficiency in the micromixer stage. Optimal mixing could be
achieved in a relatively small window only. Since the micromixer is a static mixer
without rotation or stirring elements, its mixing efficiency strongly depends on the

flow conditions [62].

Therefore, the influence of the residence time t: adjusted by the total flow rate on the
structural and magnetic nanoparticle characteristics was investigated. To this end,
total flow rates were varied from 4 mL/min to 18 mL/min, which corresponded to
residence times from t=7.5 min to 1.7 min for a constant residence volume V=30 mL,

since t: = V/Q.

As expected, the average particle size decreased with increasing flow rate since
residence time # was decreased. In the parameter window investigated, mean
hydrodynamic MNP diameters ranging from about 20 nm to 33 nm (Figure 3) were

found. Larger particles displayed a slightly more broadened size distribution
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(displayed as uncertainty bars in Figure 3b); nevertheless, no larger agglomerates with
diameters larger than 50 nm were detected. Thus, the chosen flow rate range of 4 to 18

mL/min resembled a reliable process parameter window in the present setup.
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Figure 3. DCS analysis for iron oxide single-core nanoparticles manufactured by continuous micromixer synthesis
at different total flow rates Q from 4 to 18 mL/min (resulting residence times ¢ depicted in the legend). The
reaction temperature was kept at 52.5 °C. (a) Hydrodynamic particle size distributions as measured by DCS; (b)
Resulting peak maximum (symbols), resembling the mean diameter, and full width at half maximum (FWHM)
(plotted as uncertainty bars), indicating the width of size distribution. Varying the total flow rate was one
possibility to manipulate the particle size in the growth stage. The higher the flow rate, the smaller the resulting
particles since the time for particle growth was too short for reaching an equilibrium in the residence loop.

TEM data (Figure 4) confirmed the DCS observations. The core sizes increased in the
same way as the hydrodynamic sizes. Moreover, particles, particularly at lower t,
were clearly separated from each other again, confirming the stable dispersion as
single cores in aqueous media. This was rarely observed for particles from aqueous
synthesis, even for very small cores obtained from continuous synthesis with the aid
of a T-mixer [63]. However, at lower flow rates, the particle homogeneity was slightly
lower than at higher flow rates. This indicated that the micromixer was not operated
at optimum flow conditions, and thus, the mixing efficiency was not sufficient to
ensure a homogenous distribution of core seeds, leading to the broader size
distribution observed for the final particles. Furthermore, at very high flow rates (=
lower t), the final concentration seemed to decrease, indicating that, in this case, not
only the core size but also the total number of seeds was reduced or that the reduced

residence time allowed not all seeds to form magnetic cores.
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Figure 4. TEM analysis of micromixer nanoparticle synthesis at a reaction temperature of 52.5 °C. a—e: Variation
of residence time ¢ by adjusting the flow rate. Residence times from 1.7 min (Q = 18 mL/min) to 7.5 min (Q =4
mL/min). With increasing t., particle size increased, and homogeneity slightly decreased for the largest particles.f:
Resulting mean diameter (symbol) and standard deviation (uncertainty bar) determined by analysis of N > 5000
individual nanoparticles imaged by TEM as a function of ¢

The impact of the residence time adjusted by the flow rate on the dynamic magnetic
properties of the MNP, as characterized by the three MPS parameters As’, As/As, and
¢3, is shown in Figure 5. While the specific amplitude exhibited a distinct maximum of
As* =28 Am?/kg(Fe) at a residence time t: of about 3 min, the ratio As/As showed a weak
decrease with increasing t, only. The phase ¢ showed the same, but more pronounced
trend as As/As. Since at diameters d. > 20 nm, the magnetic moments of the MNP were
blocked at room temperature, we assumed that the dynamics of the MNP moments
were determined by Brownian rotation (the whole particle was rotating to follow the
MPS excitation field). Therefore, we found, at the excitation parameters used for MPS
(fo=25kHz, B. =25 mT), a corresponding core size of about 25 nm (see Figure 4f), and

hydrodynamic diameter of about 27 nm (Figure 3b).
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Figure 5. MPS parameters of MNP samples obtained by continuous micromixer synthesis at different residence
times t-=1.7, 2.2, 3, 5, 7.5 min by adjusting the flow rate Q. (a) specific amplitude As*; (b) ratio As/As; (c) phase ¢s.

The ACS measurements (Appendix A Figure Al) confirmed that with increasing t:,
the resulting initial susceptibility yini (e.g., core size) was increasing. Accordingly, the
peak frequency f(y’’), which was related to the hydrodynamic diameter of the MNP,
was shifting towards lower frequency with increasing t., e.g., the resulting particle
became larger, slowing down the Brownian rotation. A slight aggregation tendency of
larger MNP produced at lower flow rates resulting in residence times > 5 min Q < 20
mL/min was observed in the ACS measurements indicated by distorted, broader
spectra with a pronounced shift of f(y”) towards lower frequencies (supplemental data
shown in Appendix A). The tendency of agglomeration was observed also for larger
single-core nanoparticles with core sizes of 27.8 nm, which are synthesized by thermal

decomposition during the phase transfer [16].

3.3. Influence of Residence Time Adjusted by the Volume of the Growth Stage Tubing

An alternative way to adjust the residence time t- was by selecting the reaction
volume of the growth stage, e.g., by the length of the tubing of the growth section. In
this case, t: could be adjusted while keeping all other synthesis parameters constant,
e.g., without any further secondary effects as inhomogeneities caused by insufficient
mixing (e.g., at very low flow rates). To this end, we varied, at Q =8 mL/min total flow
rate and Ts = 52.5 °C, the length of the tubing to adjust ¢, while the inner diameter was
kept constant to avoid flow profile changes by modifying the tubing diameter. By this,
tr in the range 1 min to 12 min (corresponding to a tubing volume of 5 mL to 90 mL)
was adjusted, which was slightly larger than the range that was addressed by the flow

rate, as presented in Section 3.2.
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The DCS analysis for samples synthesized at different residence times t: identified an
optimal process window, wherein a safe control over particles’ characteristics was
feasible (Figure 6a). In the t range from 1.3 min to 7.5 min, DCS revealed narrow
monomodal hydrodynamic size distributions with mean diameters of about 18 nm to
25 nm. Analogous to the experiments with a variation of the total flow rate, again, the
average particle size in this process parameter range increased gradually with
increasing t- For longer residence times ¢ = 8.8 min and 11.3 min, multimodal and
broad size distributions became visible in the DCS analysis, as visualized by the
uncertainty bars in Figure 6b. This clearly indicated agglomeration or aggregation
behavior due to larger magnetic moments of larger cores. At a certain critical core size,
the stabilizing agent could no longer protect the strong particle-particle interactions,
and agglomeration occurred by forming superstructures. This was partly reversible,
and the superstructures could be dissembled by stirring or vortexing; nevertheless,

also stable aggregates were formed that could not be separated anymore.
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Figure 6. DCS analysis for iron oxide single-core nanoparticles manufactured by continuous micromixer synthesis
at Q = 8 mL/min total flow rate and Ts =52.5 °C for various residences times t=0.6, 1.3, 2.5, 3.1, 3.8, 5, 6.3, 7.5, 8.8,
11.3 min: (a) hydrodynamic size distribution extracted from DCS measurements; (b) mean hydrodynamic
diameter dn (symbols) and FWHM values (plotted as uncertainty bars) as a function of fr.

Interestingly, also, at very short residence times below 1 min (t = 0.6 min), MNPs
with larger hydrodynamic sizes and broad size distribution were observed in DCS
analysis. However, in this case, the agglomeration or aggregation did not seem to be
caused by strong magnetic interaction between large magnetic cores but indicated the

presence of insoluble intermediate states. The corresponding TEM analysis (Figure 7a)
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showed aggregates of inhomogeneous particles of different size and morphology,
which supported this hypothesis. It has been reported that the reaction mechanism of
metal oxide synthesis in aqueous media generally involves hydrolysis of metal salts,
followed by dehydration of the resulting hydroxides. A large number of different
redox reactions are possible; thus, also hydroxide networks can be formed during
hydrolysis [64]. If the residence time was below a critical value, the particle formation
process was interrupted at a non-final stage; thus, particles were resulting, which were
neither uniform nor electrostatically stabilized. Furthermore, these particles might
contain fractions of non-magnetic iron hydroxides, which were able to crosslink and

lead to agglomerates (See also Figure 8).
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Figure 7. TEM analysis of micromixer nanoparticle synthesis at Q = 8 mL/min total flow rate and Ts = 52.5 °C. a—e:
Variation of residence time t- by adjusting the tubing length. Residence times from 0.6 min (V=5 mL) to 11.3 min
(L =90 mL). With increasing residence time, particle core size increased. Off optimal process window, size control
was limited, and the particle homogeneity decreased (a and e); f: Resulting mean diameter (symbol) and standard
deviation (plotted as uncertainty bar) determined by the analysis of N > 5000 individual nanoparticles imaged by
TEM as a function of residence time . Note, the TEM image analysis of particles synthesized at the lowest
residence time tr = 0.6 min did not yield reliable core diameter values.

As depicted in Figure 7, the TEM data confirmed the observations of DCS analysis.
Increasing trresulted in MNP with larger core sizes. Particles in the optimal process
window were relatively homogenous in size and shape. Even the larger particles

obtained at #r = 11.3 min were still relatively homogenous in size, though shape
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transition from spherical to more cubic morphology was visible. The core sizes
between 13 +/- 3 and 46 +/-7 nm were obtained. The sample synthesized at ¢ = 0.6 min
showed inhomogeneous MNP, indicating non-stable intermediate states, as discussed

above.

Considering the effect of the residence time variation adjusted by the tubing length
on the dynamic magnetic properties of the MNP, we saw a similar behavior as found
for t: variation by flow rate adjustment in Section 3.2. The three MPS parameters — As’,
As/As, and ¢s—are shown in Figure 8, together with the results of Section 3.2 (Figure
5). Again, the specific amplitude exhibited a distinct maximum at a residence time ¢
of about 3 min, but with a slightly increased value of As* = 30 Am?/kg(Fe). The
corresponding As/As parameter showed the same weak decrease with increasing t.. At
the As* maximum, the same As/As value of 35% was determined for ¢ adjustment by
tubing length as well as by flow rate. The phase ¢ showed a linear (negative) increase
with increasing t- with a value of about -45 ° at the As* maximum, where t: = 3 min.
Thus, also, here, we found the core size of about 25 nm (see Figure 7f) and
hydrodynamic diameter of about 27 nm (Figure 6b) to be optimum. Comparing the
two ways of trselection, the tubing length adjustment seemed to result in a more stable

MNP synthesis than by controlling the flow rate, leading to slightly higher MPS values.

| ®  tube length
L] | L n ® flow rate

A,* [AmPikg(Fe)]
]
L ]

=
n
L ]
n

B tube length
®  tube length 20 s nl::[fr:;‘pg | ”
™ @& flow rate . ] .

]

[1]

E.rr [min] E.rr [min]

(@) (b) ()

5
t, [min]

Figure 8 MPS parameters of MNP samples were obtained by continuous synthesis at different residence times ¢
by adjusting the tubing length. For comparison, the corresponding MPS parameters obtained by the flow rate in
Section 3.2 were added to the graphs. (a) specific amplitude As*; (b) ratio As/As; (c) phase ¢s.

The crystallographic analysis by X-ray diffraction (see Figure A3 in the appendix A)

according to the JCPDS card no. #75-0033 (FesOs) confirmed a pure magnetic phase for

three representative samples with core sizes between 25 and 35 nm. All diffraction
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patterns exhibited the characteristic XRD spectrum of FesOu (or j~Fe20s) nanoparticles
without any significant fraction of FeO (indicated by the lack of a (200) peak or a-Fe:0Os
(no (104) and (110) peaks) phases [65]. The y~Fe:0Os phase would exhibit a small peak
shift to higher angles and the appearance of two weak characteristic superlattice
diffractions from the (210) and (213) planes at lower angles (around 24.8 and 26.8°,
respectively). Consistent with this, the samples in this size range obtained by
micromixer synthesis exhibited a very high room temperature saturation
magnetization in the range 111-117 Am?/kg(Fe), as recently published [66]. These
values were close to the value for bulk magnetite or maghemite, indicating the high
crystallinity of the magnetic phases with a low amount of disorder reached by our

synthesis.
3.4. Influence of Reaction Temperature Ts

The reaction temperature Ts is the second important parameter to control the
micromixer synthesis. During the aqueous synthesis of iron oxide nanoparticles, the
reaction temperature determines the reaction velocity, particularly during particle
growth, since the nucleation is a very fast process even at low temperatures. Therefore,
the impact of different reaction temperatures Ts in the range from 30 °C to 65 °C on
particle growth at a fixed residence time of tr= 3.4 min was investigated. All Ts were
far below the boiling point of water and well above the room temperature (to suppress
interfering seasonal variation of Ts if a sufficient temperature-controlled lab
environment could not be maintained). Temperature control in the micromixer set-up
was provided by a thermostat bath (Huber), preheated educt solutions, and thin-
walled tubing (Teflon material); thus, temperature stability better than 1.5 K was

achieved over the whole Ts range.

We observed a general trend to yield larger particles at higher T, as also reported in
the literature for iron oxide particle growth during a hydrothermal process [67].
Higher Ts enhanced the mobility of active educts and accelerated the particle growth;
thus, at an identical residence time, particles grew larger, as long as enough educt

material was provided. As displayed in Figure 9, DSC resolved a single fraction of
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particles with hydrodynamic diameters (peak position) ranging from 12 nm for Ts =
30°C up to about 36 nm for Ts = 62.5 °C with narrow size distribution. Especially in the
range from Ts =40 °C to 57.5 °C, the hydrodynamic size smoothly increased, exhibiting
a narrow and nearly constant size distribution. Particles synthesized at higher
temperatures showed a tendency for the formation of suprastructures, e.g., chains of
several particles, visible in the DCS data by peak broadening and a shoulder at higher

diameters.
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Figure 9. DCS analysis for iron oxide single-core nanoparticles manufactured by continuous micromixer synthesis
at Q =8 mL/min total flow rate and fr= 3.4 min for different synthesis temperatures Ts = 30, 40, 45, 50, 52.5, 55,
57.5, 60, 62.5 and 65 °C. (a) Hydrodynamic size distribution extracted from DCS measurements; (b) mean
hydrodynamic diameter dn (symbols) and FWHM values (depicted as uncertainty bars) as a function of Ts.

For the highest reaction temperature, Ts = 65°C, MNP with hydrodynamic diameters
even about 70 nm and a much broader distribution were detected. This indicated the
growing tendency of aggregation due to the increasing magnetic particle-particle
interaction of MNP of this size, which no longer could be prevented with the chosen
shell stabilization (surfactant layer) [68]. For the lowest reaction temperature Ts = 30
°C, the formation of aggregates was clearly visible by a distinct second broad
distribution with a maximum at about 50 nm. Here, a similar effect, as at very low
residence times discussed above, could cause this aggregation behavior. If the reaction
temperature was too low at a given residence time, the dynamic particle formation
process might not be finalized within this time frame, resulting in intermediate growth
states with an inhomogeneous structure, which were insufficiently stabilized during
particle growth. Thus, the subsequent addition of a protective layer could not avoid

agglomeration efficiently.
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The TEM images confirmed the results obtained by DCS measurements. The core size
of the monotonic increased with increasing Ts. The TEM analysis, shown in Figure 10f,
revealed mean cores sizes from less than 20 nm to almost 40 nm for the Ts range. For
particles synthesized at Ts = 30 °C, TEM clearly showed that at this temperature, the
residence time of ¢ = 3.4 min was too short for obtaining homogeneous well-separated
single-core nanoparticles but resulted in a significant amount of agglomerated small
size iron oxide structures with rather diffuse morphology (Figure 10a). Therefore, a
large proportion of the sample could not be considered as isolated single
nanoparticles. Besides, the geometry of MNP synthesized at Ts =30 °C was not very
uniform, containing spherical as well as disk-like particle shapes. Furthermore, the
particle concentration obtained after magnetic separation was very low, which

indicated the presence of a significant amount of poor-quality magnetic particles.

The mean core diameter obtained by TEM image analysis of N > 5000 single MNP
ranged from 21.2 nm for Ts =40 °C up to 36.6 nm Ts = 65 °C, smoothly increasing with
increasing Ts, as shown in Figure 10f. The standard deviation (displayed as uncertainty
bars in Figure 10f) remained quite constant at about 5.5 nm in the central range of Ts =
40 °C to 62.5 °C. Only for syntheses at the lowest and the highest reaction temperature,
the standard deviations in the core size analysis increased to 7.3 nm for Ts = 30 °C and
7.9 nm for Ts= 65 °C, respectively. The corresponding relative standard deviations (o=
mean/standard deviation) of about 0.25 were determined. The number of particles per
unit TEM grid area clearly increased with increasing Ts, as can be seen in Figure 10.
Regarding the core sizes accessible by the micromixer synthesis of up to about 40 nm,
we assumed a single domain magnetic structure of the single-core iron oxide MNP.
Theoretically, a critical core size for forming a multi-domain structure larger than
75nm for cubic and even larger than 120 nm for spherical particle shape has been
estimated [69]. Whereas experimentally, a much lower border between single and
multidomain structure at critical sizes in the range 30 nm to 50 nm has been reported
for cubic MNP. Therefore, a fraction of particles with a multi-domain structure cannot

be excluded, which would require further analysis methods to clarify.
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Figure 10. TEM images of continuous micromixer-synthesized nanoparticles at Q = 8 mL/min total flow rate and ¢
= 3.4 min. a—e: Variation of synthesis temperature Ts. Images of MNP obtained by continuous synthesis at defined
reaction temperatures in the range of 30 °C to 65 °C. The scale bar is 100 nm. f: Resulting mean diameter
(symbols) and standard deviation (uncertainty bars) determined by the analysis of N > 5000 individual
nanoparticles imaged by TEM as a function of Ts.

From DCS and TEM measurements, we identified an optimal process operation
window between Ts =40 °C and 60 °C, in which tunable MNP with core sizes between
20 nm and 35 nm could be produced that were stable in an aqueous suspension
medium. Particles of this size range are particularly interesting for versatile biomedical
applications like magnetic fluid hyperthermia, magnetic separation, or drug targeting,
where huge magnetic moments are advantageous [70]. In a recently published paper,
we investigated single-core magnetic nanoparticles of this size range for their capacity
in biomedical applications as MRI contrast agents, as tracer materials for magnetic
particle imaging, or as heating agents for hyperthermia applications [66]. For instance,
for single-core nanoparticles with an average core diameter of 30 nm, relaxivities of r1
= 8.8(1) L mol?s™ and r2 = 289(8) L mol! s were determined. This clearly exceeded
the r2 value of Resovist® (r2 =95 L mol™ s, reported in the literature at the same field
Bo = 1.5 T) [71], indicating a good performance as a negative contrast agent. Usually,

single-core iron oxide nanoparticles in this size range are not easily accessible by other
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synthesis methods, especially nanoparticles that are stably dispersed in an aqueous
environment. For instance, Hufschmid et al. presented a method based on thermal
decomposition envisaging this specific core size range. Producing a set of particles in
this size range required numerous synthesis runs, each with different educt solutions
and reaction times for more than 10 h, followed by time-consuming phase transfer to

aqueous media [72].

To assess the magnetic behavior that can be adjusted by Ts variation, we carried out
MPS and ACS measurements. The dynamic magnetic response at B. = 25 mT,
parametrized by the three characteristic MPS quantities —the specific amplitude As*,
the ratio As/As, and the phase ¢ as a function of Ts—is summarized in Figure 11. The
nanoparticles synthesized at Ts = 30 °C exhibited a rater low As* value of about 5
Am?/kg(Fe), indicating a low magnetic moment of the MNP responding to the
dynamic excitation at fo =25 kHz. For Ts =40 °C and higher, As* significantly increased
far above 20 Am?/kg(Fe) due to the increasing size and more uniform morphology
compared to particles synthesized at Ts= 30 °C. The magnetic response reached a
maximum at about Ts = 50 °C, and for higher temperatures, As* gradually decreased
again. Though the particle moments still increased in size, they became too slow to
follow the excitation frequency. At the highest temperature of Ts = 65 °C, As* had
dropped down to a value slightly above 5 Am?/kg(Fe). The (concentration-
independent) harmonic amplitude As/As showed the same behavior as a function of Ts
with a maximum value of about 38% at Ts =42 °C, but with less pronounced reduction
at the lowest and highest temperatures. The phase angle ¢ showed a linear (negative)
increase with increasing Ts passing —45° at the maximum values of As and As/As,
indicating that for angles larger than —45°, the moments could not follow the excitation

fast enough and were thereby reducing As* and As/As.
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Figure 11. MPS parameters of MNP samples obtained by continuous synthesis at different synthesis temperatures
Ts. (a) Specific amplitude As*; (b) ratio As/As; (c) phase ¢s. The dotted line in (c) displays the phenomenological
linear relation (¢3 = 50° - 2-Ts) between phase and Ts.

MPS and ACS results could be combined by relating them to the corresponding
residence times t or synthesis temperatures Ts, respectively. Hence, the MPS
parameters—As’, As/As, and ¢ as a function of the initial susceptibility yi obtained by
ACS (Appendix A Figure A2)—are displayed in Figure 12 for the different micromixer
synthesis parameters. The initial susceptibility yini, reflecting the moment of the MNP
achieved at a synthesis parameter t or Ts, served as the x-axis for the three MPS
parameters— As’, As/As, and ¢s. It showed that synthesis temperature Ts and residence
time t- impacted the magnetic properties in a slightly different manner. Though the
curves for both parameters showed a very similar shape, the maximum in As* was

reached at lower yii values. The same was observed for the As/As parameter.

The results indicated the significant influence of Ts on the reaction, the obtained
single-core nanoparticle structures, and finally, the resulting magnetic characteristics
determined by size, size distribution, stability, and magnetic properties. Increasing the
reaction temperature of the micromixer synthesis already in a very narrow interval of
2.5 K significantly affected the MNP characteristics and confirmed the rapid and
efficient heat transfer of the continuous micromixer synthesis. Compared with this, the
residence time fr seemed to have a finer setting of magnetic parameters with slightly
higher As* values than obtained by Ts adjustment. Furthermore, MPS and ACS were
two highly sensitive magnetic techniques capable of resolving the changes in magnetic

parameters addressed by Ts variation.
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Figure 12. MPS parameters of MNP samples obtained by continuous synthesis at different reaction temperatures
Ts (red squares) and residence time ¢ adjusted by tubing length (blue circles) plotted against the corresponding
initial susceptibility yini determined by alternative current susceptibility (ACS). (a) Specific amplitude As*; (b)
ratio As/As; (c) phase ¢s. Note the lines are guide to the eyes.

3.5. Online-MPS as a Valuable Tool for Efficient Magnetic Process Analysis During the
Continuous, Tunable Synthesis of High-Quality Single-Core MINP by Micromixer Synthesis

Though MPS is a powerful technique to evaluate the dynamic magnetic behavior of
the micromixer synthesis products, it generally requires taking individual samples
after each synthesis. Nevertheless, the short measurement time of a few milliseconds
combined with the extremely high sensitivity to detect magnetic moments below 10
Am? makes the MPS technique ideally suited to detect the magnetic properties during
the entire micromixer synthesis process. For this purpose, a compact MPS device was
developed capable of easy looping into the dwell-zone tubing system used to adjust
the residence time during micromixer synthesis. The setup and operation of this novel
device are described in detail in the following article of this volume [61]. For the first
demonstration of the capability of this device for magnetic process control, we
performed a micromixer synthesis run, where Ts was stepwise increased by 5 K
(except for an intermediate 2.5 K temperature step at 52.5 °C) every 10 min starting at
Ts = 30 °C while keeping all other synthesis parameters constant. During the complete
synthesis run, the online-MPS device was looped into the growth stage tubing used
for residence time adjustment, and MPS measurements were continuously acquired

with a temporal resolution of At =1 s at an excitation field strength of Be =12 mT.

Figure 13 displays the MPS parameter As/As (red line) during the synthesis run,
sensitively reflecting changes in the magnetic properties directly after each increase of
Ts (red line). Starting the synthesis at t = 0, it took about 4 min (at 30 °C) until the first

reliable MPS spectra with As/As values above noise floor appeared, which, then after a
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small overshoot within the following 4 min approach, reached a stable value of about
20%. With the next Ts set-point at 35 °C, a significant increase in As/As—maximum
value of about 25% —was observed, while for all higher Ts values, As/Asdropped again.
Roughly, this behavior was in accordance with the MPS results of the previous Section
3.3. Note, the maximum value detected inside the dwell-zone tubing by online-MPS
was significantly lower than the maximum found by MPS of extracted individual
samples of about 35%. The reason is that for the online MPS measurements, we chose
a much lower excitation field amplitude (Be = 12 mT) than for all other MPS
measurements (B. = 25 mT), which mainly explains the difference in the absolute
values of As/As. By this excitation field reduction, we intended to avoid any additional
heat transfer from the excitation coil of the online-MPS device. Additional experiments
are envisaged to further characterize any heat transfer effects of the coil at higher

temperatures on micromixer synthesis in the growth stage tubing.

The general benefit of probing the magnetic properties inline during synthesis has
been demonstrated in [73], where an NMR detection scheme was developed and tested
for online characterization of iron oxide nanoparticles synthesized in a flow-based
microreactor. To this end, an automated NMR relaxometer device was presented to
determine the transversal and longitudinal relaxation times of magnetic iron oxide
nanoparticles obtained by online flow-based microreactor synthesis. Though this
system showed very high sensitivity, it requires a rather long time (minutes) to
determine the relaxation times compared to the MPS measurement time of the system
presented here. Furthermore, the magnetic field of 0.5 T required to detect the proton
resonance was much higher than the excitation field of some tens of millitesla and
might lead to aggregation or chain formation of the MNP during the NMR-
measurements. However, both techniques are efficient tools capable of speeding up
synthesis optimization and product characterization of MNP to be developed for

biomedical, theranostic, and biosensing applications.
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Figure 13. Monitoring of micromixer synthesis by online-MPS. The concentration-independent MPS parameter
As/As directly reflected changes in the magnetic properties during MNP synthesis, here provoked by step-wisely
increasing Ts. Every 10 min, Ts (top panel, blue line) was increased by 5 K (with one additional intermediate Ts
setpoint at 52.5 °C) starting at Ts = 30 °C. The synthesis started at t = 0 and was monitored by continuous MPS
acquisition (At=1s, Be=12 mT) to obtain the parameter As/As values (bottom panel, red line). The synthesis was
performed at Q = 8 mL/min total flow rate and fr= 3.4 min.

4. Summary and Conclusions

In this work, the continuous micromixer synthesis of single-core iron oxide magnetic
nanoparticles was presented and compared with batch synthesis. Continuous
micromixer synthesis has many advantages over conventional batch synthesis
regarding reproducibility, simplicity, time exposure, quality of the product, and
upscaling capability of the procedure. The influence of the two (most) important
synthesis parameters—the reaction temperature and the residence time (either
adjusted by the total flow rate or the tubing volume) — of the reaction was studied. The
impact of Ts and t: on size, size distribution, and the stability of the MNP was directly
reflected in the magnetic properties measured by magnetic particles spectroscopy and
AC-susceptibility measurements. In this way, the tunability of our approach was
clearly demonstrated since, by variation of input parameters, the resulting product

properties are changed in a unique and highly reproducible way.

The operation of the newly developed benchtop MPS device connected to the growth
stage of the micromixer platform directly probing the magnetic properties during the
synthesis pointed out the great potential of this highly sensitive and fast magnetic

technique. Once established as an integrated inline analytic process tool, it could
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substantially accelerate particle development while monitoring the magnetic quality

of the nanoparticles.

The advantage of the micromixer technology is that the influence of different process
parameters can be investigated comprehensively to gain a better process
understanding. With this, the superiority of microfluidics can be fully exploited, i.e.,
its excellent mass and heat transfer and its rapid and controlled synthesis conditions.
We understand that our micromixer approach in this way is unique, that is, it is
tunable: by variation of input parameters, the resulting product properties are
manipulated in a highly reproducible way. Moreover, the micromixer technology is
capable of operating under nearly identical process conditions at large scales (at least

in the decaliter range), as well.

The presented continuous micromixer technology to produce high-quality single-
core iron oxide magnetic nanoparticles might become a valuable tool to promote the
standardized manufacturing of magnetic nanoparticle systems for nanomedicine
applications, thereby fostering the translation of laboratory nanoparticle systems into

clinical products, including safety, regulatory, and ethical requirements.
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Appendix A

The magnetic AC susceptibility (ACS) was a complex signal measured in the form
x=x +iy’, where the real part y ~ denoted the susceptibility component of the
nanoparticle moments that was in-phase with the applied AC magnetic field, and the
imaginary part ¥’ was the corresponding out-of-phase component. The relative ratio
of the two components revealed the phase lag between particle moment and applied
AC field, and this led for ’ = ¥’ to a 45° phase angle. The maximum of 3" was reached
for blocked nanoparticles (no Néel relaxation, e.g., iron oxide cores with diameters
larger 20 nm at room temperature) when the Brownian relaxation time was equal to
the rotational cycle time of the applied field. This was revealed as a peak in the y”
susceptibility component as a function of frequency. For larger hydrodynamic sizes,
e.g., for longer Brownian relaxation times, this peak shifted to lower frequencies. Thus,
ACS measurements as a function of frequency enabled the assessment of

hydrodynamic sizes of magnetic nanoparticles.

Figure Al shows the ACS signals normalized to the iron amount of single-core iron
oxide nanoparticles synthesized by continuous micromixer synthesized at different
residence times t- (adjusted by tube length) as a function of frequency. At low
frequencies, ¥ was constant, e.g., the moments could follow the AC field, from which
the initial susceptibility yni could be determined, extrapolating ¥ for f>0. At higher
frequencies, ¥ was gradually decreasing, and the larger moments no longer could
follow the excitation, leading to a phase lag, and thus the imaginary part 3’ was
increasing, showing a pronounced peak at the inflection point of 3. With increasing
residence time t, e.g., increasing core particle size, the initial susceptibility pini
increased. At the same time, the peak in y* was shifted towards lower frequencies

because with increasing core size, the hydrodynamic diameter increased, as well.
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Figure Al. AC susceptibility versus frequency of continuous micromixer samples synthesized at different
residence times adjusted by tubing length. (a) real part ¢, (b) imaginary part c”’.

Similar behavior was observed for the ACS signals normalized to the iron amount of
single-core iron oxide nanoparticles synthesized by continuous micromixer at
different reaction temperatures Ts. As displayed in Figure A2, here again, an increase
of ymi with increasing Ts was observed. But for Ts> 60 °C, yni dropped again. The
sample synthesized at Ts = 65 °C showed an aggregation tendency since it exhibited a
non-zero y’ component and no constant plateau in the ¥ component for lower

frequencies.
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Figure A2. AC susceptibility versus frequency of continuous micromixer samples synthesized at different
reaction temperatures Ts. (a) real part ¢’, (b) imaginary part c¢”.

The initial susceptibility yini was proportional to the (mean) size of the magnetic
nanoparticle moments and could be related to the characteristic three MPS
parameters—As’, As/As, and ¢s—via the corresponding residence time t: or synthesis
temperature Ts, as shown in Figure 12. This allowed the magnetic assessment of the

impact of Ts and tr variation on the magnetic behavior of the resulting nanoparticles.
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To assess the crystal structure and iron oxide phase of samples manufactured at three
different core diameter sizes in the range 25 nm to 35 nm by variation of the residence
time, XRD 26 wide-angle scans were carried out, as shown in Figure A3. The
corresponding indices of a magnetite crystal structure (which are nearly the same as

for -Fex0Os) at the main peak positions were taken from the JCPDS card no. #75-0033

(FesOs) and # 39-1346 (y-Fe205).
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Figure A3. XRD spectra of three micromixer samples with average core diameters d. of about 25 nm (blue), 27 nm
(red), and 35 nm (green) obtained by micromixer synthesis at different residence times tr at a synthesis

temperature of Ts = 52 °C.



RESULTS AND DISCUSSION (PUBLICATIONS)

182

References

1.

10.

Weissleader, R.; Elizondo, G.; Wittenberg, ].; Rabito, C.A.; Bangele, H.H.;
Josephon, L. Ultrasmall superparamagnetic iron oxide: Characterization of a new
class of contrast agents for MR imaging. Radiology 1990, 489-493,
doi:10.1148/radiology.175.2.2326474s.

Jariwala, D.; Sangwan, V.K.; Lauhon, L.J.; Marks, T.J.; Hersam, M.C. Carbon
nanomaterials for electronics, optoelectronics, photovoltaics, and sensing. Chem.
Soc. Rev. 2013, 42, 2824-2860, d0i:10.1039/c2cs35335k.

Astruc, D. Nanoparticles and catalysis, Volume 1; Wiley-VCH: Weinheim, Germany,
2008.

Cornell, R.M.; Schwertmann, U. The Iron Oxides: Structure, Properties, Reactions,
Occurences and Uses, Second Edition; Wiley-VCH: Weinheim, Germany, 2003.
Gupta, A.G.; Gupta, M. Synthesis and surface engineering of iron oxide
nanoparticles for biomedical applications. Biomaterials 2005, 3995-4021,
doi:10.1016/j.biomaterials.2004.10.012.

Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Long-circulating and target-specific
nanoparticles: Theory to practice. Pharmacol. Rev. 2001, 283-318.

Curtis, A.S.G.; Wilkonson, C. Nanotechniques and approaches in biotechnology.
Trends Biotechnol. 2001, 97-101, d0i:10.1016/s0167-7799(00)01536-5.

Wilkinson, J.M. Nanotechnology applications in medicine. Med. Device Technol.
2003, 29-31.

Mody, V.V,; Cox, A.; Shah, S.; Singh, A.; Bevins, W.; Parihar, H. Magnetic
nanoparticle drug delivery systems for targeting tumor. Appl. Nanosci. 2014, 4,
385-392, d0i:10.1007/s13204-013-0216-y.

Dutz, S.; Hergt, R. Magnetic nanoparticle heating and heat transfer on a
microscale: Basic principles, realities and physical limitations of hyperthermia for
tumour therapy. Int. J. Hyperthermia 2013, 29, 790-800,
doi:10.3109/02656736.2013.822993.



RESULTS AND DISCUSSION (PUBLICATIONS)

183

11.

12.

13.

14.

15.

16.

17.

18.

19.

Dennis, C.L.; Ivkov, R. Physics of heat generation using magnetic nanoparticles for
hyperthermia. Int. J. Hyperthermia 2013, 29, 715-729,
doi:10.3109/02656736.2013.836758.

Jin, R.; Lin, B.; Li, D.; Ai, H. Superparamagnetic iron oxide nanoparticles for MR
imaging and therapy: Design considerations and clinical applications. Curr. Opin.
Pharmacol. 2014, 18, 18-27, d0i:10.1016/j.coph.2014.08.002.

Stark, D.D.; Weissleder, R.; Elizondo, C.; Hahn, P.F.; Saini, S.; Todd, L.E.;
Wittenberg, J.; Ferrucci, ].T. Superparamagnetic iron oxide: Clinical application as
a contrast agent for MR imaging of the liver. Radiology. 168(2), 1988, 297-301,
doi:10.1148/radiology.168.2.3393649.

Gleich, B.; Weizenecker, J. Tomographic imaging using the nonlinear response of
magnetic particles. Nature 2005, 1214-1217, doi:10.1038/nature03808.

Ali, A.; Zafar, H.; Zia, M,; Ul Hagq, I; Phull, A.R,; Ali, ].S.; Hussain, A. Synthesis,
characterization, applications, and challenges of iron oxide nanoparticles.
Nanotechnol. Sci. Appl. 2016, 9, 49-67, d0i:10.2147/NSA.S99986.

Teeman, E.; Shasha, C.; Evans, J.E.; Krishnan, K.M. Intracellular dynamics of
superparamagnetic iron oxide nanoparticles for magnetic particle imaging.
Nanoscale 2019, 11, 7771-7780, d0i:10.1039/c9nr01395d.

Ludwig, F.; Guillaume, A.; Schilling, M.; Frickel, N.; Schmidt, A.M. Determination
of core and hydrodynamic size distributions of CoFe:20s nanoparticle suspensions
using ac susceptibility measurements. ]. Appl. Phys. 2010, 108, 33918,
doi:10.1063/1.3463350.

Patsula, V.; Moskvin, M.; Dutz, S.; Hordk, D. Size-dependent magnetic properties
of iron oxide nanoparticles. J. Phys. Chem. Solids 2016, 24-30,
doi:10.1016/j.jpcs.2015.09.008.

Wei, H.; Bruns, O.T.; Kaul, M.G.; Hansen, E.C.; Barch, M.; Wisniowska, A.; Chen,
O.; Chen, Y,; Li, N.; Okada, S.; et al. Exceedingly small iron oxide nanoparticles as
positive MRI contrast agents. PNAS 2017, 2325-2330, doi:10.1073/pnas.1620145114.



RESULTS AND DISCUSSION (PUBLICATIONS)

184

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Yu, W.W.; Falkner, ].C.; Yavuz, C.T.; Colvin, V.L. Synthesis of monodisperse iron
oxide nanocrystals by thermal decomposition of iron carboxylate salts. Chem.
Commun. (Camb.) 2004, 2306-2307, d0i:10.1039/b409601k.

Gash, A.E.; Tillostonm, T.M.; Stacher, ].H.; Poco, ].F.; Hrubesh, L.W.; Simpson, R.L.
Use of Epoxides in the Sol-Gel Synthesis of Porous Iron(IIT) Oxide Monoliths from
Fe(IIl) Salts. Chem. Mater. 2001, 999-1007, d0i:10.1021/cm0007611.

Fernandes, M.T.C.; Garcia, R.B.R.; Leite, C.A.P.; Kawachi, E.Y. The competing
effect of ammonia in the synthesis of iron oxide/silica nanoparticles in
microemulsion/sol-gel system. Colloids Surf. A Physicochem. Eng. Asp. 2013, 422,
136-142, doi:10.1016/j.colsurfa.2013.01.025.

Kandpal, N.D.; Sah, N.; Loshali, R.; Prasad, J. Co-Precipitation method of synthesis
and characterization of iron oxide nanoparticles. J. Sci. Ind. Res. 2014, 87-90.
Okoli, C.; Sanchez-Dominguez, M.; Boutonnet, M.; Jaras, S.; Civera, C.; Solans, C.;
Kuttuva, G.R. Comparison and Functionalization Study of Microemulsion-
Prepared Magnetic Iron Oxide Nanoparticles. Langmuir 2012, 8479-8485,
doi:10.1021/1a300599q.

Lv, Y, Wang, H.; Wang, X,; Bai, J. Synthesis, characterization and growing
mechanism of monodisperse Fe304 microspheres. J. Cryst. Growth 2009, 311, 3445-
3450, doi:10.1016/j.jcrysgro.2009.03.046.

Hoa, Y.; Teja, A.S. Continuous hydrothermal crystallization of a—Fe20s and CosOs
nanoparticles 2003, 415-422, doi:10.1557/JMR.2003.0053.

Chen, D.; Xu, R. Hydrothermal synthesis and characterization of nanocrystalline
Fe304 powders. Mater. Res. Bull. 1998, 1015-1021, doi:10.1016/50025-
5408(98)00073-7.

Xu, C,; Teja, A.S. Continuous hydrothermal synthesis of iron oxide and PVA-
protected iron oxide nanoparticles. J. Supercrit. Fluids 2008, 44, 85-91,
doi:10.1016/j.supflu.2007.09.033.

Khalafalla, S.; Reimers, G. Preparation of dilution-stable aqueous magnetic fluids.

IEEE Transactions on Magnetics, 1980, 178-183, d0i:10.1109/TMAG.1980.1060578.



RESULTS AND DISCUSSION (PUBLICATIONS)

185

30.

31.

32.

33.

34.

35.

36.

37.

Massart, R. Preparation of aqueous ferrofluids without using surfactant—
Behavior as a function of the pH and the counterions. C. R. Seances Acad. Sci. Ser.
C 1980, 1-3.

Faivre, D.; Schuler, D. Magnetotactic Bacteria and Magnetosomes. Chem. Rev. 2008,
4875-4898, d0i:10.1021/cr078258w.

Hyeon, T.; Lee, S.S.; Park, J.; Chung, Y.; Bin Na, H. Synthesis of highly crystalline
and monodisperse maghemite nanocrystallites without a size-selection process. J.
Am. Chem. Soc 2001, 12798-12801, doi:10.1021/ja016812s.

Park, J.; Lee, E.; Hwang, N.M.; Kang, M.S.; Kim, 5.C.; Hwang, Y.; Park, J.G.; Noh,
H.J.; Kini, J.Y.; Park, J.H.; et al. One-nanometer-scale size-controlled synthesis of
monodisperse magnetic iron oxide nanoparticles. Angew. Chem. Int. Ed. 2005, 2872—
2877, doi:10.1002/anie.2004616651 .

Pablico-Lansigan, M.H.; Situ, S.F.; Samia, A.C.S. Magnetic particle imaging:
Advancements and perspectives for real-time in vivo monitoring and image-
guided therapy. Nanoscale 2013, 5, 4040-4055, doi:10.1039/c3nr00544e.

Khandhar, A.P.; Ferguson, R.M.; Simon, J.A.; Krishnan, K.M. Tailored magnetic
nanoparticles for optimizing magnetic fluid hyperthermia. J. Biomed. Mater. Res. A
2012, 100, 728-737, doi:10.1002/jbm.a.34011.

Ferguson, R.M.; Khandhar, A.P.; Kemp, S.J.; Arami, H.; Saritas, E.U.; Croft, L.R,;
Konkle, J.; Goodwill, P.W.; Halkola, A.; Rahmer, J.; et al. Magnetic Particle Imaging
with Tailored Iron Oxide Nanoparticel Tracers. IEEE T. Magn. 2015, 1077-1084,
doi:10.1109/TM1.2014.2375065.

Vangijzegem, T.; Stanicki, D.; Panepinto, A.; Socoliuc, V.; Vekas, L.; Muller, R.N.;
Laurent, S. Influence of Experimental Parameters of a Continuous Flow Process on
the Properties of Very Small Iron Oxide Nanoparticles (VSION) Designed for T1-
Weighted Magnetic Resonance Imaging (MRI). Nanomaterials (Basel) 2020, 10,
d0i:10.3390/nan010040757.



RESULTS AND DISCUSSION (PUBLICATIONS)

186

38.

39.

40.

41.

42.

43.

44.

45.

Ma, ]J.; Lee, SM.-Y,; Yi, C; Li, C.-W. Controllable synthesis of functional
nanoparticles by microfluidic platforms for biomedical applications - a review. Lab
Chip 2017, 17, 209-226, d0i:10.1039/c61c01049k.

Gutierrez, L.; Gomez, L.; Irusta, S.; Arruebo, M.; Santamaria, J. Comparative study
of the synthesis of silica nanoparticles in micromixer—microreactor and batch
reactor systems. Chem. Eng. 2011, 171, 674-683, d0i:10.1016/j.cej.2011.05.019.
Girod, M.; Vogel, S.; Szczerba, W.; Thiinemann, A.F. How temperature determines
formation of maghemite nanoparticles. J. Magn. Magn. Mater. 2015, 380, 163-167,
doi:10.1016/j.jmmm.2014.09.057.

Panariello, L.; Wu, G.; Besenhard, M.O.; Loizou, K.; Storozhuk, L.; Thanh, N.T.K;
Gavriilidis, A. A Modular Millifluidic Platform for the Synthesis of Iron Oxide
Nanoparticles with Control over Dissolved Gas and Flow Configuration. Materials
(Basel) 2020, 13, d0i:10.3390/ma13041019.

Suryawanshi, P.L.; Sonawane, S.H.; Bhanvase, B.A.; Ashokkumar, M.
Pimplapure, M.S.; Gogate, P.R. Synthesis of iron oxide nanoparticles in a
continuous flow spiral microreactor and Corning® advanced flow™ reactor. Green
Process. Synth. 2018, 7, 1-11, d0i:10.1515/gps-2016-0138.

Simmons, M.; Wiles, C.; Rocher, V.; Francesconi, M.G.; Watts, P. The Preparation
of Magnetic Iron Oxide Nanoparticles in Microreactors. J. Flow Chem. 2013, 3, 7-10,
doi:10.1556/JFC-D-12-00024.

Abou Hassan, A.; Sandre, O.; Cabuil, V.; Tabeling, P. Synthesis of iron oxide
nanoparticles in a microfluidic device: Preliminary results in a coaxial flow
millichannel. Chem. Commun. (Camb.) 2008, 1783-1785, d0i:10.1039/b719550h.
Norfolk, L.; Rawlings, A.E.; Bramble, ].P.; Ward, K.; Francis, N.; Waller, R.; Bailey,
A.; Staniland, S.S. Macrofluidic Coaxial Flow Platforms to Produce Tunable
Magnetite Nanoparticles: A Study of the Effect of Reaction Conditions and
Biomineralisation =~ Protein =~ Mms6.  Nanomaterials ~ (Basel) 2019, 9,

doi:10.3390/nan09121729.



RESULTS AND DISCUSSION (PUBLICATIONS)

187

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Niu, G.; Ruditskiy, A.; Vara, M.; Xia, Y. Toward continuous and scalable
production of colloidal nanocrystals by switching from batch to droplet reactors.
Chem. Soc. Rev. 2015, 44, 5806-5820, d0i:10.1039/c5¢s00049a.

Xu, Y.; Musumeci, V.; Aymonier, C. Chemistry in supercritical fluids for the
synthesis of metal nanomaterials. React. Chem. Eng. 2019, 4, 2030-2054,
doi:10.1039/CI9RE00290A.

Khan, I.U.; Serra, C.A.; Anton, N.; Vandamme, T. Microfluidics: A focus on
improved cancer targeted drug delivery systems. J. Control. Release 2013, 1065-
1074, d0i:10.1016/j.jconrel.2013.07.028.

Biehl, P.; Lithe, M. von der; Dutz, S.; Schacher, F.H.; Synthesis, Characterization,
and Applications of Magnetic Nanoparticles Featuring Polyzwitterionic Coatings.
Polymers (Basel) 2018, 10, doi:10.3390/polym10010091.

Baki, A.; Bleul, R.; Banz, C.; Thiermann, R.; Maskos, M. Continuous synthesis of
single-core iron oxide nanoparticles for biomedical applications. 6th International
Workshop on Magnetic Particle Imaging (IWMPI) 2016, 100.

Baki, A.; Lowa, N.; Thiermann, R.; Banz, C.; Maskos, M.; Wiekhorst, E.; Bleul, R.
Continuous synthesis of single core iron oxide nanoparticles for MPI tracer
development. IJMPI, 2017, 3(1), d0i:10.18416/ijmpi.2017.1703004.

Hessel, V.; Lowe, H.; Stange, T. Micro chemical processing at IMM--from
pioneering work to customer-specific services. Lab Chip 2002, 2, 14-21,
d0i:10.1039/b200366;.

Schonfeld, F.; Hessel, V.; Hofmann, C. An optimised split-and-recombine micro-
mixer with uniform chaotic mixing. Lab Chip 2004, 4, 65-69, doi:10.1039/b310802c.
Walter, J.; Thajudeen, T.; Siif3, S.; Segets, D.; Peukert, W. New possibilities of
accurate particle characterisation by applying direct boundary models to
analytical centrifugation. Nanoscale 2015, 7, 6574-6587, d0i:10.1039/c5nr00995b.
Pyenson, H.; Tracy, P.H. A 1,10 —Phenanthroline Method for the Determination of
Iron in Powdered Milk. Int. ]. Dairy Sci. 1945, 28, 401-412, doi:10.3168/jds.50022-
0302(45)95191-5.



RESULTS AND DISCUSSION (PUBLICATIONS)

188

56.

57.

58.

59.

60.

61.

62.

63.

Lowa, N.; Seidel, M.; Radon, P.; Wiekhorst, F. Magnetic nanoparticles in different
biological environments analyzed by magnetic particle spectroscopy. J. Magn.
Magn. Mater. 2017, 427, 133-138, d0i:10.1016/j.jmmm.2016.10.096.

Lowa, N.; Gutkelch, D.; Welge, E.A.; Welz, R.; Meier, F.; Baki, A.; Bleul, R.; Klein,
T.; Wiekhorst, F. Novel benchtop Magnetic Particle Spectrometer for process
monitoring of magnetic nanoparticle synthesis. Nanomaterials 2020.

Dadfar, S.M.; Roemhild, K.; Drude, N.L; Stillfried, S. von; Kniichel, R.; Kiessling,
F.; Lammers, T. Iron oxide nanoparticles: Diagnostic, therapeutic and theranostic
applications. Adv. Drug Deliv. Rev. 2019, 138, 302-325,
doi:10.1016/j.addr.2019.01.005.

Poller, W.C.; Lowa, N.; Wiekhorst, F.; Taupitz, M.; Wagner, S.; Moller, K,;
Baumann, G.; Stangl, V.; Trahms, L.; Ludwig, A. Magnetic Particle Spectroscopy
Reveals Dynamic Changes in the Magnetic Behavior of Very Small
Superparamagnetic Iron Oxide Nanoparticles During Cellular Uptake and
Enables Determination of Cell-Labeling Efficacy. ]. Biomed. Nanotechnol. 2016, 12,
337-346, d0i:10.1166/jbn.2016.2204.

Schilling, M.; Ludwig, F.; Kuhlmann, C.; Wawrzik, T. Magnetic particle imaging
scanner with 10-kHz drive-field frequency. Biomed. Eng. — Biomed. Te. 2013, 58,
doi:10.1515/bmt-2013-0014.

Eberbeck, D.; Lowa, N.; Steinhoff, U.; Viereck, T.; Schilling, M.; Trahms, L.
Characterization of magnetic nanoparticle systems with respect to their magnetic
particle imaging performance. Biomed. Tech. (Berl) 2013, 58, 1-11, doi:10.1515/bmt-
2013-0013.

Ziegenbalg, D.; Kompter, C.; Schonfeld, F.; Kralisch, D. Evaluation of different
micromixers by CFD simulations for the anionic polymerisation of styrene. Green
Process. Synth. 2012, 1, doi:10.1515/gps-2012-0004.

LaGrow, A.P.; Besenhard, M.O.; Hodzic, A.; Sergides, A.; Bogart, L.K.; Gavriilidis,

A.; Thanh, N.T.K. Unravelling the growth mechanism of the co-precipitation of



RESULTS AND DISCUSSION (PUBLICATIONS)

189

64.

65.

66.

67.

68.

69.

70.

71.

72.

iron oxide nanoparticles with the aid of synchrotron X-Ray diffraction in solution.
Nanoscale 2019, 11, 6620-6628, doi:10.1039/CONR0O0531E.

Blesa, M.A.; Matijevi¢, E. Phase transformations of iron oxides, oxohydroxides,
and hydrous oxides in aqueous media. Adv. Colloid Interface Sci. 1989, 173-221,
doi:10.1016/0001-8686(89)80009-0.

Hou, Y.,; Xu, Z.; Sun, S. Controlled synthesis and chemical conversions of FeO
nanoparticles. Angew. Chem. Int. Ed Engl. 2007, 46, 6329-6332,
doi:10.1002/anie.200701694.

Bleul, R.; Baki, A.; Freese, C.; Paysen, H.; Kosch, O.; Wiekhorst, F. Continuously
manufactured single-core iron oxide nanoparticles for cancer theranostics as
valuable contribution in translational research. Nanoscale Adv. 2020,
doi:10.1039/DONA00343C.

Ozel, F.; Kockar, H.; Karaagac, O. Growth of Iron Oxide Nanoparticles by
Hydrothermal Process: Effect of Reaction Parameters on the Nanoparticle Size. |
Supercond Nov Magn 2015, 28, 823-829, d0i:10.1007/s10948-014-2707-9.

Lu, A.-H.; Salabas, E.L.; Schiith, F. Magnetische Nanopartikel: Synthese,
Stabilisierung, Funktionalisierung und Anwendung. Angew. Chem. 2007, 119,
1242-1266, d0i:10.1002/ange.200602866.

Li, Q.; Kartikowati, C.W.; Horie, S.; Ogi, T.; Iwaki, T.; Okuyama, K. Correlation
between particle size/domain structure and magnetic properties of highly
crystalline Fe304 nanoparticles. Sci. Rep. 2017, 7, 9894, do0i:10.1038/s41598-017-
09897-5.

Gul, S.; Khan, S.B.; Rehman, I.U.; Khan, M.A.; Khan, M.I. A Comprehensive
Review of Magnetic Nanomaterials Modern Day Theranostics. Frontiers in Mater.
2019, 6, 179, d0i:10.3389/fmats.2019.00179.

Modo, M.M.].; Bulte, ] W.M.; Kim, E.E. Molecular and Cellular MR Imaging. CRC
Press: Florida, USA, 1st Edition, 2007.

Hufschmid, R.; Arami, H.; Ferguson, R.M.; Gonzales, M.; Teeman, E.; Brush, L.N;

Browning, N.D.; Krishnan, K.M. Synthesis of phase-pure and monodisperse iron



RESULTS AND DISCUSSION (PUBLICATIONS)
190

oxide nanoparticles by thermal decomposition. Nanoscale 2015, 7, 11142-11154,
doi:10.1039/C5NR01651G.

73. Bemetz, J.; Wegemann, A.; Saatchi, K.; Haase, A.; Hafeli, U.O.; Niessner, R.; Gleich,
B.; Seidel, M. Microfluidic-Based Synthesis of Magnetic Nanoparticles Coupled
with Miniaturized NMR for Online Relaxation Studies. Anal. Chem. 2018, 90, 9975-
9982, d0i:10.1021/acs.analchem.8b02374.

© 2020 by the authors. Submitted for possible open access publication under the terms
|@ ® \ and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).



RESULTS AND DISCUSSION (PUBLICATIONS)
191

5.4 Albumin-Coated Single-Core Iron Oxide Nanoparticles for

Enhanced Molecular Magnetic Imaging (MRI/MPI)

Published in: International Journal of Molecular Sciences (IJMS), impact factor
(5.924)

In this publication, the surface of MNP produced by continuous micromixer
synthesis is additionally functionalized with bovine serum albumin (BSA) to improve
the colloidal stability and reduce the agglomeration behavior in physiological
environment. Physiological systems contain serum proteins and highly ionic strengths
that might lead to MNP agglomeration. Therefore, stabilizing surface modification of
MNP is crucial if using them as a contrast agent for biomedical applications e.g., in
imaging modalities such as Magnetic Resonance Imaging (MRI) or Magnetic Particle
Imaging (MPI). The synthesized MNP systems without and after further surface

modification are physicochemically and magnetically characterized.

MNP after BSA surface modification exhibited an improved stability at different salt
(NaCl) concentrations (0.05, 0.1, and 0.15 mol/L) after 2, 24, and as well after 72 hours
of incubation. In contrast to MNP without BSA surface modification, the
physicochemical and magnetic properties remained largely preserved in BSA-coated

MNP in a physiological environment.

The evaluation of the performance of the BSA-coated MNP as an MPI tracer is carried
out using Magnetic Particle Spectroscopy (MPS) and as an MRI contrast agent using
Nuclear Magnetic Resonance (NMR) relaxivity measurements. The MNP showed
promising imaging capabilities in both modalities of about the same as and better than

commercial MNP systems.
The following tasks were carried out by me, Abdulkader Baki:
1- Development of the continuous micromixer device for MNP syn thesis.

2- Implementation of the continuous syntheses.
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3- Implementation of MNP fractionation by centrifugation.
4- Surface functionalization with BSA.

5- Physicochemical characterization and data evaluation of the MNP without and

after a- BSA-functionalization by:

b- Transmission Electron Microscopy (TEM)

(@]
v

Ditferential Centrifugal Sedimentation (DCS) measurments

d- Determination of iron concentration

(¢
I

Zeta potential

"Th

Gel electrophoresis analysis
6- Summary and evaluation of experimental results
7- Draft conception and revising of the publication

The determination of the magnetic properties is carried out at the Physikalisch-

Technische Bundesanstalt (PTB) in Berlin.
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Albumin-coated single-core iron oxide nanoparticles
for enhanced molecular magnetic imaging (MRI/MPI)

Abdulkader Baki !, Amani Remmo 2, Norbert Léwa 2, Frank Wiekhorst 2, Regina Bleul * *

1 Fraunhofer Institute for Microengineering and Microsystems IMM, Carl-Zeiss-Strafie 18-20,
55129 Mainz, Germany; Abdulkader.Baki@imm-extern.fraunhofer.de

2 Physikalisch-Technische Bundesanstalt, Abbestrafe 2-12, 10587 Berlin, Germany;
Amani.Remmo@ptb.de (A.R.); Norbert.Loewa@ptb.de (N.L.); Frank.Wiekhorst@ptb.de (F.W.)

Abstract: Colloidal stability of magnetic iron oxide nanoparticles (MNP) in
physiological environments is crucial for their (bio) medical application. MNP are
potential contrast agents for different imaging modalities like magnetic resonance
imaging (MRI) and magnetic particle imaging (MPI). Applied as hybrid method
(MRI/MPI), these are valuable tools for molecular imaging. Continuously synthesized
and in-situ stabilized single-core MNP were further modified by albumin coating.
Synthesizing and coating of MNP were carried out in aqueous media without using
any organic solvent in a simple procedure. The additional steric stabilization with the
biocompatible protein, namely bovine serum albumin (BSA), lead to potential contrast
agents suitable for multimodal (MRI/MPI) imaging. Colloidal stability of BSA-coated
MNP were investigated in different sodium chloride concentrations (50 to 150 mM) in
short- and long-term incubation (from two hours to one week) using physiochemical
characterization techniques like Transmission electron microscopy (TEM) for core size
and differential centrifugal sedimentation (DCS) for hydrodynamic size. Magnetic
characterization like magnetic particle spectroscopy (MPS) and nuclear magnetic
resonance (NMR) measurements confirmed successful surface modification as well as
exceptional colloidal stability of the relatively large single-core MNP. For comparison,
two commercially available MNP systems were investigated, MNP-clusters, the

former liver contrast agent (Resovist) and single-core MNP (SHP-30) manufactured by
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thermal decomposition. The tailored core size, colloidal stability in physiological

environment and magnetic performance of our MNP indicate their ability to be used

as molecular magnetic contrast agent for MPI and MRI.

Keywords: Iron oxide nanoparticles; serum albumin; magnetic particle spectroscopy;

magnetic particle imaging; magnetic resonance imaging.
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1. Introduction

Molecular imaging provides an integrative technology to study biological processes
using non-invasive visualization of specific molecules in vivo [1] with the aim of early
disease diagnosis and treatment evaluation [2]. To this end, numerous imaging
techniques have been developed for molecular imaging such as magnetic resonance
imaging (MRI) [1], positron emission tomography (PET) [3], computed tomography
(CT) [4], single-photon emission computed tomography (SPECT) [5,6], or ultrasound
(US) [7]. Aside from the physical principle (detection of frequency, radionuclides,
emitted light, X-ray, etc.), these modalities are different regarding invasiveness and

cost-effectiveness.

MRI relies on detecting the nuclear magnetic resonance signal of protons of the
hydrogen atom 'H after applying radiofrequency pulses. Therefore, MRI is not specific
to molecules and requires the use of contrast agents or tracers to provide specificity
and sensitivity for molecular imaging. Due to their magnetic properties, contrast
agents such as paramagnetic Gd-compounds can shorten the Ti (or longitudinal) and
T2 (or transverse) relaxation time of neighboring water protons. These effects increase
the signal intensity of Ti-weighted images (positive contrast, contrast-agent-
containing regions appear brighter) or reduce the signal intensity of T>-weighted
images (negative contrast, region with contrast agent appears darker). Transition
metal ions, such as high-spin manganese (II) and iron oxide nanoparticles (iron-(III)
oxides), are known to strongly affect the T- relaxation and represent the typical content

of negative contrast agents [8,9].

Generally, magnetic nanoparticles (MNP) constitute a class of potent contrast agents
providing positive or negative contrast depending on their concentration and on the
MRI sequences used [10]. To characterize an MRI contrast agent, the relaxivities r: and
r2 are considered, that is, the ability of the contrast agent (normalized to the iron
concentration c(Fe)) to increase the longitudinal Ri1 = 1/T1 and transversal Rz = 1/T>
relaxation rate of the proton magnetization. By immobilization or aggregation of the

MNP, e.g., by binding to biomolecular targets or after internalization into cells, these
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contrast properties might be drastically changed [11]. Even though iron-oxide-based
MNP were already clinically approved in the late 90 s as negative MRI contrast agents
for liver MRI (Feridex, Endorem, Resovist) [12], most of them were withdrawn from
the European market in the meantime due to claims such as limitation of their field
applications, deficiency of diagnostic impact, and economic factors. Additionally, the
occurrence of harmful side effects was reported caused either by labile iron or
hypersensitivity reactions attributed to the coating of the MNP [13,14]. However,
ferumoxytol (Feraheme or Rienso) is approved for ironreplacement therapies, and
additional approval is being sought for imaging applications, which are beyond its
authorized indication. To date, iron-oxide-based MNP have attracted growing at-
tention as a newly discovered biocompatible alternative to the clinically widely used
gadolinium (Gd)-based contrast agents [15]. For instance, (ultra)small iron oxide
nanoparticles are currently investigated as potential MRI positive contrast agents to
replace the critically observed Gd agents due to their potentially harmful side effects

[16-19].

A further imaging modality with high potential in sensitive molecular imaging is
magnetic particles imaging (MPI), first presented in 2005 [20]. MPI stands out due to
high spatial (below mm) and excellent temporal (1-10 ms) resolution without any
ionizing radiation exposure [20]. Though MPI so far is not in clinical use for medical
applications, its high potential for diagnostic vascular or perfusion imaging, imaging-
guided vascular interventions [21], or cancer diagnostics is acknowledged [20,22]. MPI
has reached preclinical levels, but still requires the development of suitable MNP as
tracers with improved dynamic magnetic and biological properties such as sufficient

magnetic response, blood half-life time, and stability in a physiological environment.

Since MPI is a direct imaging technique that specifically detects the MNP, the
generated MP images are background-free, and subsequently, no anatomical
information is provided. However, combining the high resolution 3D anatomical MRI
data with molecular tracking of MNP tracers by MPI constitutes a promising hybrid

imaging technology [23,24]. Besides their application as tracers in diagnostic imaging,
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MNP can also be utilized as functional components in therapeutic applications for,

e.g., hyperthermia and drug delivery [25-27].

Depending on their intended application, MNP require specific properties for an
optimal performance in these different fields. For instance, according to theoretical
models and preliminary experimental studies of different groups, single-core iron-
oxide MNP with a distinct size of about 25-30 nm diameter are indicated to be effective
tracers for MPI [25,28]. Moreover, investigations on magnetosomes (single-core iron-
oxide MNP grown by biotechnological processing) have already demonstrated a good
performance for MPI as well as for magnetic hyperthermia [29-31]. The provision of
single-core iron oxide MNP in this size range requires highly controllable synthesis
strategies. Conventional batch synthesis approaches such as thermal decomposition,
microemulsion, the sol-gel method, ultrasonication, and coprecipitation are either
time-consuming and require phase transfer or display considerable batch-to-batch
variations in both size and size distribution, leading to undefined magnetic properties
[32]. A more robust synthesis method is the continuous micromixing approach, which
has already been shown to provide good control of particle size and magnetic
characteristics in aqueous synthesis [32,33]. Here, the stages of nucleation and particle
growth can be isolated as a function of distance. The position where initial mixing
induces nucleation is spatially separated from the particle growth occurring in the
ripening zone. Due to in situ stabilization during this microfluidic production process,
electrostatically stable dispersed single-core MNP in an aqueous medium are
obtained. As described in the literature, alternative approaches, e.g., laser target
evaporation from bulk material, can also produce stable aqueous magnetic nanofluids
even without the need for an electrostatic stabilizer [34]. Coating with a double layer
of oleic acid of magnetic nanoparticles obtained by combustion synthesis was reported
as a biocompatible strategy for self-stabilizing particle dispersions in water [35]. Stable
aqueous nanoparticle dispersions provide a safe starting product for biomedical
development. Further surface modification can be performed straightforwardly by

coating without preceding phase transfer. MNP surface characteristics play a key role



RESULTS AND DISCUSSION (PUBLICATIONS)
198

in signal generation in medical imaging, as they influence the dispersion stability in
the physiological environment and act as a linker for further functionalization.
Moreover, the surface coating of iron oxide MNP is reported to improve
biocompatibility and reduce cytotoxic effects that can be caused by reactive oxygen
species (ROS) [36-38]. Potent agents for molecular imaging are supposed to prevent
non-specific interaction with the biological system, e.g., with serum proteins, high
ionic strength, blood and endothelial cells, while specifically targeting biological
markers or receptors. The attachment of specific ligands helps to identify signal

molecules or bind to and detect, e.g., cancer cells that overexpress typical receptors.

The biocompatibility, non-toxicity, and stability of MNP are crucial for in vivo
applications. The MNP surface can be modified with different strategies utilizing
macromolecules with different functional groups such as dextran [39,40], polyethylene
glycol (PEG) [41,42], or numerous peptides [43]. Serum albumin is a main blood
plasma protein with significant vital functions such as maintaining the pH and osmotic
pressure of blood and exhibit excellent stability in physiological systems [44,45].
Moreover, the functional groups existing in albumin such as amino and carboxy
groups enable it to bind different drug-targeting ligands. For instance, Abraxane®, an
albumin-paclitaxel nanoparticle, is a clinically approved chemotherapeutic drug
conjugate. Its efficacy was confirmed in clinical trials and showed a significant activity
in pancreatic cancer patients [46] and antitumoral effects in women with breast cancer
[47]. Mesken et al. have investigated plasmid-loaded albumin nanoparticles for
cellular uptake and gene delivery [48]. Due to its similar biological function and
chemical composition, bovine serum albumin (BSA) as analogue to human serum
albumin (HSA) is a widely used component for investigations and developments in
the field of drug delivery and cancer diagnostic [49]. Many research groups have also
used BSA for MNP surface coating after synthesis, mainly resulting in clusters of small
MNP in a size range between 4 and 10 nm [50-53]. Kalidasan et al. have investigated
the conjugation of BSA to 10 and 30 nm non-spherical, rhombus-shaped MNP using

cetyl trimethyl ammonium bromice (CTAB) and 3-Amino-Trimethoxysilane (APTM)
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as linker molecules. Due to the improved colloidal stability of these BSA-MNP, the
specific absorption rate (SAR) values for magnetic hyperthermia could be increased
from 1700 W/g for MNP without BSA to 2300 W/g for BSA-MNP [54]. To conclude, for
a successful surface modification, not only does the coating material have to be
carefully selected, but also effects occurring due to the required post-synthesis
procedures such as phase transfer or purification steps might lead to clustering effects
or undesirable residue of solvents that can be disadvantageous for their application as

contrast agents.

In this study, we demonstrate that surface modification of continuously synthesized
single-core MNP with BSA effectively improves their stability and ensures a robust
performance as tracers in molecular imaging. Manufacturing and surface modification
were carried out in an aqueous medium without the addition of harmful chemicals or
the need for phase transfer. The as-synthesized (tannin-coated) and BSA-coated MNP
were comprehensively studied regarding changes in their colloidal stability and
magnetic properties at different physiological relevant salt (NaCl) concentrations.
Average size, size distribution, and particle morphology were investigated by
transmission electron microscopy (TEM) and differential centrifugal sedimentation
(DCS). Changes in particle surface were studied by Zeta potential measurements and
gel electrophoresis. Using AC-susceptibility (ACS) measurements of the linear
magnetic susceptibility, changes in the hydrodynamic properties of the MNP systems
have been investigated. To determine the MPI performance of the MNP, we used
magnetic particle spectroscopy (MPS). MPS detects the non-linear dynamic magnetic
response of MNP exposed to an alternating magnetic field. Since it is based on the
same physical mechanisms, it can be considered zero-dimensional MPI. Furthermore,
to evaluate the capability of the MNP systems as contrast agents in MRI, nuclear
magnetic resonance (NMR) relaxivity measurements were carried out. For
comparison, MPS and NMR measurements of the two commercial MNP systems

Resovist (multi-core system, MRI liver contrast agent) and SHP-30 (single-core
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nanoparticle system synthesized by thermal decomposition, preclinical research) have

been included.

2. Results and Discussion

The capability of a continuous micromixer technique to synthesize aqueous single-
core MNP with diameters of up to 40 nm has been demonstrated recently [32]. By
adjusting the two synthesis parameters Ts = 55 “C and residence time fr=4 min, MNP
with mean core size diameter of about dc = 30 nm were found to possess high

performance in MRI and MPL

Based on this MNP system, further improvement using surface modification with a
BSA protein coating is envisaged regarding stability in a physiological environment
and magnetic performance for molecular imaging applications. We show that
centrifugation significantly improves the magnetic performance of the as-synthesized
MNP in Section 2.1, demonstrate the structural and magnetic changes by surface
modification using a BSA-coating in Section 2.2, and present the steady stability of the
BSA-coated system in different physiological saline concentrations together with the
maintenance of the powerful MRI and MPI imaging capability of this MNP system.
For comparison, all measurements were performed with as-synthesized MNP (tannic
acid coated) without any further surface modification and the centrifuged MNP as

well. Furthermore, we included data of the two commercial systems Resovist and

SHP-30.
2.1 Particle Fractionation by Centrifugation

Our continuous micromixer synthesis approach provides stable dispersions of single
core nanoparticles with narrow size distribution, as shown in Figure la. Spherical
single core particles with a mean diameter d. of 27.6 + 5.5 nm were determined by TEM
analysis of the as-synthesized MNP (containing the basic tannic acid coating). The
apparent hydrodynamic diameter dx distribution determined by DCS shows a narrow

peak with a maximum at 26.5 nm close to, but slightly smaller than, the core diameter
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obtained by TEM. Notably, the hydrodynamic size distribution obtained by DCS for
the as-synthesized and centrifuged MNP shown in Figure 1a assumes a density of pure
magnetite neglecting the decrease in density resulting from the organic tannic acid
coating on the surface. This leads to slightly shifting the hydrodynamic diameters
determined by DCS to smaller values (as the real density of the particles is smaller than

the assumed magnetite density used for the data analysis).
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Figure 1. (a) Particle fractionation by centrifugation (prior to BSA-coating): Hydrodynamic size distribution
measured by DCS of as-synthesized (black line) and centrifuged (red line) MNP, where the broad shoulder from
70 up to 300 nm is significantly reduced. Inset: Representative TEM image of as-synthesized MNP with areas of
aggregated particles marked by the green circle (scale bar 100 nm). (b) MPS parameters As* and As/As measured at
Bex= 25 mT for as-synthesized (black symbols) and centrifuged MNP (red symbols) showing the signal increase
gained by particle fractionation. Included are the corresponding MPS parameters of the two commercial systems

Resovist (blue symbols) and SHP-30 (green symbols).

Furthermore, a minor fraction with d» > 30 nm of MNP attributed to agglomerates or
superstructures is observed in DCS. These larger entities might affect the signal
generation in magnetic imaging due to undesired particle—particle interaction of the
particle magnetic moments. Therefore, we performed an additional centrifugation
prior to BSA-coating and analyzed the resulting structural and magnetic changes of

the particle fractionation.
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DCS measurements of the centrifuged MNP system confirm the successful separation
of agglomerates with d» > 80 nm, as illustrated in Figure 1a. The centrifugation results
in a yield reduction of about 35%, as estimated from the corresponding MNP content
of the individual fractions determined by iron concentration analysis. The small
shoulder right to the main peak in DCS still indicates the tendency to form small
superstructures such as dimers or trimers, which in our experience is reversible. The
DCS results are confirmed by TEM, where no clustering is found in TEM images of the

MNP system after centrifugation, as shown in the next section (see Figure 2a).

The effect of centrifugation is also expressed in the magnetic properties of the MNP.
As displayed in Figure 1b, the MPS measurements showed an increase of about 37%
of the specific (MPS moment normalized to iron content) As* amplitude from 21.3
Am?kg(Fe) to 33.9 Am?/kg(Fe) by centrifugation. This indicates the remarkable
enhancement of signal sensitivity as a consequence of isolating stable single-core
MNPs from the fractioncontaining agglomerates. The MNP concentration-
independent shape parameter As/As showed a slight increase from 34.9% to 36.4%.
Generally, this increase of the As/As parameter results in a better MPI performance and

image resolution.

The centrifuged MNP system was then used for surface modification by BSA-coating,

as described in the next section.



RESULTS AND DISCUSSION (PUBLICATIONS)
203

oQ

count 12,851.00
mean 27.71

+ BSA

——-BSA
1.u-|Z +BSA w_—

Normalized Height [abs]

10 100 1000

d, [nm]

Figure 2. Physicochemical characterization of continuously synthesized MNP. TEM images (scale bar
100 nm) of centrifuged MNP without BSA-coating (a,b) and with BSA-coating (c,d). Core diameter
histogram from TEM image analysis of uncoated MNP (e). Hydrodynamic size distribution obtained by
DCS (f) of centrifuged MNP without BSA (red line), and with BSA-coating (green line). Agarose gel
electrophoresis (g) shows a high mobility of BSA-coated MNP (+BSA, right) and nearly immobilized
MNP without BSA-coating (-BSA, left).

2.2 BSA-Coating of Single-Core Magnetic Nanoparticles for Imaging Applications

Generally, iron oxide nanoparticles are stabilized in situ during continuous
micromixer synthesis with tannic acid, which acts mainly as an electrostatic stabilizing
agent. However, high salt concentrations as present in a physiological environment
(typically 150 mM NaCl, isotonic saline) strongly affect the colloidal stability of
electrostatically stabilized nanoparticles. Thus, a further modification, preferably with
a steric stabilizer, is required. In biomedical and pharmaceutical applications,
biocompatible synthetic as well as biologic polymers are commonly used, e.g.,
polyethylene glycol and copolymers, polypeptides or proteins, and polysaccharides
[55,56].

In this study, bovine serum albumin (BSA) was chosen for surface modification to
prevent aggregation of the single-core magnetic nanoparticles. This blood plasma
protein has high concentrations in blood and is known to form a protein corona to
particles injected in the blood stream very rapidly [57]. BSA-coating is a frequently

reported strategy [50] to prevent non-specific interaction and enhance colloidal
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stability and biocompatibility of nanoformulations. Here, we evaluated the effect of
BSA-coating as further surface modification on the structural and magnetic imaging
properties and compared them with the corresponding behavior of the uncoated

systems.

TEM analysis of the original, centrifuged sample compared to the BSA-treated
sample confirmed the successful protein coating (Figure 2a—d). The size and shape of
both samples were relatively homogenous and displayed mostly spherical single-core
particles. No significant changes of the cores were observed after the coating
procedure. The mean core size of centrifuged sample was estimated by automatic
image analysis and showed 27.7 nm with relative standard deviation of 0.17 (Figure
2e). Though the presence of protein coating is poorly visible in TEM analysis due to
the low contrast of BSA, the effect of the coating increasing the interparticle distances
is clearly seen in the images (Figure 2a-d) indicating the successful coating. An
increase of the apparent hydrodynamic diameter from di = 26.5 nm to dr = 42 nm after
BSA-coating was determined by DCS analysis (Figure 2f), where the effective density
of magnetite and a BSA monolayer was taken into account this time (see methods
section for details). From the di difference, a mean BSA layer thickness of about 8 nm

could be estimated.

Changes in the surface characteristics of the MNP after BSA-coating were
investigated by zeta potential measurements and agarose gel electrophoresis. The
latter technique is commonly used for the separation and analysis of
biomacromolecules, e.g., oligonucleotides. Separation depends generally on the
(surface) charge as well as the molecular weight. It has been shown that gel
electrophoresis is also a useful tool to analyze surface charge, size, and stability of
nanoparticles [58]. The as-synthesized MNP possess a high negative surface charge
with a zeta potential of about -51 mV. This highly negative value can be explained by
anionic polyphenolic groups of the tannic acid coating. The BSAcoated sample
displayed a value of about —25 mV in distilled water, which agrees with values for BSA

at pH 6.5 in the literature [34]. Generally, sufficient electrostatic stabilization of
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nanoparticles can be assumed for samples with a zeta potential that exceeds 20 mV,
irrespective of their sign [59]. Apparently, the MNP without BSA-coating did not pass
the electrophoresis gel, as shown in Figure 2g. This was attributed to the high affinity
of tannic acid to polysaccharide that might have caused crosslinking and hydrogel
formation, as reported in the literature [60]. In contrast, BSA-coated samples displayed
significant migrations through the gel, as displayed in Figure 2g. This qualitative
finding evidences that BSA-coating was successful and changed the surface

characteristics of the MNP.

The effect of BSA-coating on the magnetic properties of the MNP was investigated
by ACS and MPS measurements. ACS measurements in Figure 3 display the typical
shape observed for a colloidal MNP system with a step-like decrease of the real part x’
with increasing frequency (Figure 3a) and a distinct maximum in the imaginary part
X"(f) of the complex linear susceptibility (Figure 3b). The as-synthesized and
centrifuged MNP show nearly identical spectra, only differing in the linear
susceptibility amplitude xo, which increases by about 26% from yo = 0.062 m3/kg(Fe)
for the as-synthesized to 0.084 m3/kg(Fe) for the centrifuged MNP. This shows the
improvement in the magnetic quality of the MNP without changing the fraction of
sizes responsible for the dynamic magnetic behavior. In other words, the increase in
amplitude is attributed to the effective removal of the aggregates by centrifugation,
which, due to their inhibited Brownian rotation, do not contribute notably to the linear
susceptibility in the measured frequency range. The x" (f) curves of both uncoated
systems have the maximum at nearly the same frequency of f=5.92(2) kHz, indicating
that by centrifugation the hydrodynamic size distribution of the free MNP is not

changed in agreement with the DCS measurements after centrifugation (see Figure 1a).
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Figure 3. Linear AC susceptibility versus frequency of as-synthesized (black symbols), centrifuged (red
symbols), and BSA-coated (green symbols) MNP. (a) real part y, (b) imaginary part y'. While as-

synthesized and centrifuged MNP show the same spectra with an increased susceptibility for the
centrifuged MNP of about 26%, the BSA-coated MNP show a shift of the X peak towards lower

frequencies due to the increase of hydrodynamic diameter by the additional BSA-layer.

The increase in hydrodynamic diameter by adding the BSA-layer was apparent in
ACS measurements as a shift of the peak position of the imaginary part x” from about
5 kHz to about 1 kHz (see Figure 3b). The increased hydrodynamic diameter of the
BSA-coated particles augments the rotational inertia of the moments to follow the
oscillating excitation field, resulting in the observed shift of the X" peak towards lower
frequencies. At the same time the susceptibility amplitude xo (X' for f—0) is slightly
decreased by about 14% after BSA-coating, still remaining above the amplitude of the
as-synthesized MNP (Figure 3a). This indicates the effective coating of the MNP by the
BSA layer.

As displayed in Figure 4a, the MPS specific amplitude decreased slightly from

As*=33.9 Am?/kg (Fe) to 26 Am?/kg (Fe) after BSA-coating, which is still a remarkably
high value that is three times higher than the value As* = 8.7 Am?/kg (Fe) of Resovist.
The reason for the As* reduction is assumed to again be the increase of hydrodynamic
diameter by the additional BSA-coating reducing to some extent the capability of the
magnetic moments of the MNP to follow the excitation magnetic field, diminishing the
resulting magnetic response in MPS. Thus, both the observed reduction of the linear
magnetic AC susceptibility amplitude xo and the measured decrease in the MPS signal

amplitude As* are caused by the increase of hydrodynamic diameter after BSA-coating.



RESULTS AND DISCUSSION (PUBLICATIONS)
207

As displayed in Figure 4b, the As/As ratio remained nearly constant at the comparable
high level of 35.8% for BSA-coated MNP (compared to 36.4% for MNP without BSA),

indicating that the BSA-coating will maintain the MPI performance.

40 . - . 40 . - .
[ |
[ |
— 30+ - 30+ -
220t ] ~, 20} .
N <
E -
< <
« 10} - 10 - :
o)
r,:t
0 | | 0 | |
-BSA +BSA -BSA +BSA

(@) (b)
Figure 4. MPS parameters As* (a) and As/As (b) of uncoated MNP (red symbols) and BSA-coated MNP (green
symbols). The specific MPS amplitude As* is reduced by about 20% while the shape parameter As/As remains nearly
unchanged. This reduction is attributed to the increase in hydrodynamic diameter of from 26.5 to 42 nm by BSA
coating.

Similar effects of reduced MPS performance have been observed for MNP where the
local viscosity has been increased, leading to the same increase of rotational inertia of

MNP moments [61].

To assess the performance of BSA-coated MNP in the second magnetic imaging

modality, MRI, we determined the NMR relaxivities r: and r2, as shown in Figure 5.
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Figure 5. Room temperature NMR relaxation rates R:(a) and Rz (b) measurements as a function of iron
concentration c(Fe) of as-synthesized, centrifuged, and BSA-coated MNP measured at 1.5 T. The
relaxation rates are obtained by linear regression and drawn as straight lines; the corresponding for the
riand r: values are listed in Table 1.

Table 1. Properties of the investigated MNP systems together with the two commercial MNP systems,

Resovist and SHP-30 MNP. System information and coating are provided in the first two columns, followed

by magnetic parameters obtained by MPS (amplitude of the 3 rd harmonic normalized to iron amount, A3*),

ACS (initial susceptibility xo), and NMR (relaxivities r1and rand the ratio r>/ri measured at 1.5 T).

Asz* X0 rn r
Sample System Coating Am?/kg(Fe) ri/r2
m3/kg(Fe) L/(mmol-s) L/(mmol-s)
as-synthesized MNP
single core, de=27.7 nm, cont. tannic acid 21.3 0.062 11.6(9) 482(8) 42
micromixer synthesis
centrifuged MNP tannic acid 339 0.084 13.6(6) 620(7) 46
Bovine serum
BSA-coated 26 0.072 6.2(4) 600(10) 97
albumin
Resovist multi-core 2, 6 nm
carboxydextran 741 951
cores bimodal size distribution 8.7 - 15
T1.8 kDa 872 612

mean cluster size 24 nm
SHP-30 single core, amphiphilic
thermal . .

o coating with
decomposmon, 30 nm 328 _ 8.0(5) 660(10) 83
+/-2.5nm carboxylic acid

groups

! Literature values for Resovist relaxivities at 1.5 T: ri=7.4 L-mol-*-stand r2= 95 [1], or r1= 8.7 L-mol-!:s"and r2= 61

L-mol-1-s71[62]. 2Size distribution values for Resovist from [1,29]. Note that the uncertainty of a rior r2value is denoted

in brackets, e.g., 11.6(9) L-mol-'-s-'is short-hand notation for 11.6 + 0.9 L-mol-1-s-..
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The relaxation rates R: = 1/T:1 and Rz = 1/T> as a function of iron concentration c(Fe)
measured at Bo=1.5 T are shown in Figure 5 for as-synthesized, centrifuged, and BSA-
coated MNP. We obtained relaxivities of 1 = 11.6(9) and r> = 482(8) L mol™ s, for as-
synthesized MNP, r1 = 13.6(6) and r2 = 620(7) L mol™ s for centrifuged MNP, and r: =
6.4(1) and r2 = 600(1) L mol™ s for BSA-coated MNP, indicating their high capability
as negative contrast agents. For the MRI liver contrast agent Resovist, values of r1=7.4
and r2=95 L mol™ s are reported in literature at the same field Bo=1.5T [1,62]. The 2
relaxivity is about six times higher than Resovist. Additionally, the high ratio between
transversal and longitudinal relaxivities r2/r: indicates the efficiency of a T as contrast
agent. Hence, the coated MNP can be considered an alternative to Resovist with even

better MR imaging performance.

Interestingly, we observe a higher relaxivity for BSA-coated particles, which at first
argues against classical theory, since the diffusing hydrogen protons are shielded from
the magnetic core. However, there is the possibility that the BSA shell prolongs the
residence time of the hydrogen protons near the magnetic core, thereby leading to a
higher relaxivity. Monte Carlo simulations contribute to the understanding of the

relationship between layer thickness and changes in relaxivity [63].

To summarize, the comprehensive characterization of BSA-coated MNP indicates
their competitive high performance in MRI and MPI (Table 1). Compared to
commercial systems, our BSA-coated MNP surpass Resovist in both imaging
modalities. The r2 relaxivity is about six times higher than Resovist. MPI signal
amplitude As* reaches that of SHP-30, a well-defined, commercial single-core MNP
system manufactured by thermal decomposition and modified after phase transfer

with an amphiphilic polymer.
2.3 Stability in Physiological Environment

Preserving the MNP stability in physiological systems is a key requirement for their
in vivo clinical applicability [64]. Unprotected MNP exposed to serum proteins or

isotonic salt concentrations will form aggregates and agglomerates with potential
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severe consequences for the biological system. Additionally, salt-induced
agglomeration might affect the magnetic properties of MNP and thereby lower the

diagnostic information of magnetic imaging modalities.

In this section, we incubate BSA-coated MNP as well as as-synthesized MNP (tannic
acid coating) at three different saline concentrations, ¢(NaCl) = 0.05, 0.10, and 0.15
mol/L, to evaluate the stability of MNP after short- (2 h) as well as long-term (1 day, 1
week) incubation time. Colloidal stability changes impacting the hydrodynamic size
distribution and aggregation were analyzed by DCS, while changes in magnetic

properties were deducted from MPS measurements.

The BSA-coated MNP remained highly stable over the complete observation time
even at the highest saline concentration, ¢ (NaCl) = 0.15 mol/L (Figure 6), without any
noticeable aggregation visible in DCS. In contrast, the as-synthesized MNP without
BSA-coating showed a slight increase in hydrodynamic diameter already at the lowest
saline concentration (c(NaCl) = 0.05 mol/L) and rapid aggregation at higher saline
concentration (c(NaCl) = 0.10 and 0.15 mol/L) independent of incubation time. As
shown in Figure 7, visual inspection by eye after one-week saline incubation revealed
strong precipitation of the as-synthesized MNP, while the BSA-coated MNP appeared

as a stable colloidal suspension.
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Figure 6. Colloidal stability of MNP. The hydrodynamic diameter as function of saline concentration (c(NaCl) =
0.05, 0.10, 0.15 Mol/L) measured by DCS 2 h (2 h), 1 day (1 d), and 1 week (1 w) after incubation. Notably, for BSA-
coated MNP (green symbols), all three curves coincide within symbol thickness, proving that the hydrodynamic
diameters dn of BSA-coated MNP remain unchanged (<1%). For BSA-coated MNP (red symbols), dnis already
significantly increased at the lowest saline concentration. The full-width-at-half-maximum (FWHM) of the size
distribution is displayed as uncertainty bars. The lines between the symbols are reading aids.

Figure 7. Visualization of colloidal stability of MNP at different saline concentrations. MNP without BSA-
coating (left) and with BSA-coating. The photograph was taken one week after saline incubation at ¢ (NaCl) =
0.05, 0.10, and 0.15 mol/L. While the uncoated MNP are almost entirely precipitated at the vial bottom, the BSA-
coated MNP visually show a homogenous dispersion with no aggregation tendency.

As shown in Figure 8, MPS measurements confirm the results obtained from DCS
measurements. The specific MPS amplitude of the MNP without BSA decreases from
As*=33.9 to 24.4 Am?/km (Fe) already at the lowest saline concentration ¢ (NaCl) = 0.05
mol/L, and almost a complete loss of signal can be observed at higher saline
concentrations ¢ (NaCl) = 0.10, 0.15 mol/L, independently of the incubation time (see

Figure 8a). Modification of MNP by BSA-coating preserved the magnetic signal
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properties. The As* value remained constant at c¢(NaCl) = 0.05 and 0.10 mol/L and
showed a slight decrease from As* =26 Am?/kg(Fe) to 22.4 Am?/kg(Fe) at c(NaCl) =0.15
mol/L. The As/As ratio shown in Figure 8b of BSA-coated MNP remained constant at a
high level, exceeding 35% for all saline concentrations independent of incubation time.
These high values indicate the high spatial resolution of the MNP and hence a high
image quality in MPI. The uncoated MNP showed a significant reduction of the ratio
As/As for the lower saline concentrations, slightly increasing again at ¢(NaCl) = 0.15
mol/L. Notably, As/As is independent of the number of MNP in the sample, and due to
the very low As* values of the uncoated MNP in a saline environment, this behavior is
attributed to the magnetic response of a very small fraction of MNP (below 5% as
estimated from the As* drop) that are not completely aggregated or agglomerated and
emphasizes the high sensitivity of MPS. Based on these promising results, an
investigation of the behavior of BSA-coated MNP in different other physiological

media such as plasma, full blood, or even living cells will follow soon.
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Figure 8. Colloidal stability of MNP in NaCl solution after different incubation times as measured by MPS.
MPS parameter As* (a) of uncoated (red symbols) and BSA-coated MNP (green symbols) at different NaCl
concentrations after 2 h, 1 day, and 1 week of incubation (symbols from bright to dark with increasing
time). Nearly no changes (less than 10%) of the specific MPS amplitude As* were observed in the BSA-
coated MNP, indicating colloidal stability up to physiological saline concentrations of 0.15 mol/L. By
contrast, the uncoated MNP show a strongly reduced stability visible in the strong As* reduction at NaCl
concentrations below 0.10 mol/L. As for As¥, the corresponding parameter As/As (b) remains unchanged up
to physiological NaCl concentration for BSA-coated MNP, while for uncoated MNP, a reduction in the
parameter is visible. Since As/As is concentration-independent, only a very small fraction (below 5% as
estimated from the As* drop) of not completely aggregated MNP are contributing to As/As.
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With their physicochemical and magnetic properties, continuously synthesized BSA-
coated MNP in aqueous phase offer a superior alternative as tracers for MRI and MPI
compared to MNP prepared by other synthetic routes. Small and ultrasmall MNP are
suboptimal candidates for MPI. Increasing the core size often leads to increasing
magnetic particle-particle interactions with resulting aggregation. Hence, stabilizing
the MNP with a suitable coating is crucial to shield these interactions. Choosing the
coating material is significant as well. Here, not only the steric stabilization but also
the behavior in the physiological environment has to be considered. Pegylation, the
attachment of polyethylene glycol (PEG) on the particle surface, is common practice to
improve the colloidal stability of nanoparticles in biomedical applications. Kandahar
et al. investigated the functionalization of 25 nm single-core MNP with PEG in a time-
consuming multi-step process after phase transfer to enhance blood circulation [42].
However, it is frequently reported that PEG can lead to pseudo allergic reactions in
clinical applications and can provoke IgE-mediated reactions and recurrent
anaphylaxis [65,66]. Chanan-Khan et al. found a direct relation between complement
activation and immediate hypersensitivity reactions after initial Doxil® (PEGylated
liposomal doxorubicin) dose [67]. Albumin is a safe and very efficient coating
approach displaying generally high tolerability. It provides MNP protection from
agglomeration mediated by blood constituents such as blood cells, proteins, and high
salt concentrations. At the same time, protein coating on the MNP surface can prevent
harmful effects of reactive oxygen species [38]. Moreover, the capability to add specific
ligands to the functional amino or carboxy groups of the protein empowers BSA-

coated MNP for further diagnostic and therapeutic medical applications.
3. Materials and Methods
3.1 Micromixer Synthesis

Iron oxide nanoparticles were produced continuously using micromixer set-up by
precipitation of alkaline solutions of iron chloride in an aqueous medium, as
previously reported in [32]. Briefly, solutions of iron chloride, sodium nitrate, and

sodium hydroxide (all reagents were used without further purification, purity grade



RESULTS AND DISCUSSION (PUBLICATIONS)
214

98%, Sigma Aldrich, Darmstadt, Germany) were mixed in a caterpillar micromixer
(Fraunhofer IMM, Mainz, Germany) with symmetric liquid ratios and piped in a 55 “C
reaction loop with a residence time of 4 min. Tannic acid (1.7 kDa, Fluka, Schwerte,
Germany) was added as a stabilizing agent. MNP were purified by removing

unreacted educts and accessing the stabilizing agent via magnetic separation.

Additional centrifugation of 50 mL of MNP dispersion filled falcon tubes at 3300
revolutions per minute (g-force = 2118 relative centrifugal force) for 15 min was used
to remove aggregates and superstructure. The pellet was discarded, and the
supernatant was taken for further surface modification. The iron concentration c(Fe)
of the sample was determined photospectroscopically using the phenanthroline

protocol (see Section 3.3 below).
3.2 Bovine Serum Albumin Coating (BSA-Coating)

Finally, MNP were modified with a protein coating through incubation with 10
mg/mL BSA (Sigma Aldrich, Darmstadt, Germany) in a 50 mM, Ph = 8.5, sodium
bicarbonate buffer (Sigma Aldrich, Darmstadt, Germany) at 60 ‘C for 12 h. The sample
was purified by magnetic separation with a LS-column (Miltenyi Biotec, Bergisch-
Gladbach, Germany). After passing through the column, the BSA-coated MNP were
washed five times with 3 mL sodium bicarbonate buffer to remove excess BSA in the

sample and eluted in a 3 mL sodium bicarbonate buffer.
To assess the colloidal stability, NaCl solution at three different saline concentrations

(c (NaCl) =0.05, 0.10, and 0.15 mol/L) was added to the centrifuged and BSA-coated
MNP, and the resulting changes in hydrodynamic diameter were analyzed by DCS

and magnetically by MPS measurements.
3.3 Physicochemical Characterization
3.3.1 Transmission Electron Microscopy (TEM)

Core size and shape were obtained by TEM measurements. Samples were prepared

by placing a drop of the sample on a carboncoated copper grid and left at room
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temperature to evaporate after applying a magnetic field for a short period of time (10
min) to accumulate the MNP. A Zeiss Libra 120 electron microscope (Zeiss,
Oberkochen, Germany) at 120 kV acceleration voltage was used to perform the
measurement. The images were taken by a CCD camera. The obtained images were

evaluated using the open-source software Image]

(National Institutes of Health, Bethesda, MD, USA) to calculate the mean diameter

and standard deviation of the individual nanoparticles (N > 10,000).

3.3.2 Differential Centrifugal Sedimentation (DCS)

DCS (or analytical ultracentrifugation) offers detailed information on the
dispersion properties of MNP in colloidal systems. In a DCS measurement,
sedimentation properties of the particle are measured according to the hydrodynamic
particle size distribution [68]; the different size fractions can be differently accelerated
in a gravitational field, leading to better fractionalization. Dynamic light scattering
(DLS), the standard method to determine the hydrodynamic diameter, gave no results,
since the absorption of the nanoparticles with the relatively large core and only a thin
tannic acid coating layer was too strong (in contrast to other polymeric coatings such

as PEG or dextran that scatter the excitation light well).

Thus, no reliable correlation of the fluctuation of the particles could be detected, and
size determination with light scattering was not reliably feasible. However, analytical
centrifugation is a well-established method to determine size and size distributions,
particularly for samples with larger densities such as iron oxide, and also to sensitively
display different fractions of polymodal samples. Hence, agglomerated and single-
core particles will be accurately detected compared to DLS. Since the density
influences MNP sedimentation, a mean density of core (magnetite) and shell material
(BSA-coating) of the MNP was taken into account to determine the hydrodynamic
diameter by DCS. For BSA, we used a BSA densi-ty of o = 1.41 g/cm? [69] and a

hydrodynamic radius of dissa = 4 nm. Assuming a monolayer BSA-coating of 8 nm
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thickness, an MNP core size of dc = 28 nm, and a magnetite density Qresos =5.2 g/cm?, a
mean density ossamne = 2.45 g/cm® for BSAcoated MNP was calculated. DCS
measurements (CPS Instruments Inc. Measurements, Darmstadt, Germany) were
carried out at 20,000 rpm (=21,504 relative centrifugal force) after calibration with a
silicon dioxide (SiO2) standard (255 nm). Sucrose gradient was built up using 24% to
8% sucrose. Peak maximum and full width at half maximum (FWHM) were evaluated
using Origin® software (ADDI-TIVE Soft- und Hardware fiir Technik und
Wissenschaft GmbH, Friedrichsdorf, Germany).

3.3.3 Zeta Potential Measurements

Zeta potentials in aqueous dispersion were derived from electrophoretic mobility
measurements using a Litesizer 500 (Anton Paar GmbH, Ostfildern, Germany). The
measurements were carried out in an Anton Paar Omega cuvette at a temperature of
20 °C (temperature equilibration time 30 s). Automatic mode was used for conducting
the measurements (automatically chosen parameters: runs processed: 100, adjusted
voltage: 200 V). For data evaluation, the Smoluchowski approximation (Henry factor:

1.5) was chosen.

3.3.4 Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to investigate the presence of protein on the
surface of the MNP; 1% agarose gel (Carl Roth, Karlsruhe, Germany) was prepared by
melting 1 g in 100 mL of 10 mM borat buffer (Sigma Aldrich, Darmstadt, Germany)
(pH = 8.3). The mixture was heated using a microwave in intervals of 30 s until the
agarose completely dissolved. The gel was poured into a mold with a comb and left
for two hours to cool down to room temperature. The agarose gel was placed in an
electrophoresis apparatus and a buffer was added to cover the gel. A total of 20 uL of

the samples was mixed with 5 uL OrangeG dye (Carl Roth, Karlsruhe, Germany). A
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total of 20 pL of the mixture was then added to the gel. The power supply of the

apparatus was turned on at 290 V and ran for 30 min.

3.3.5 Photospectroscopical Determination of Iron Concentration c(Fe)

The iron concentration c(Fe) of the nanoparticle samples was determined
photospectroscopically using the phenanthroline protocol [70]. A total of 10 puL of
nanoparticles was dissolved in 20 puL hydrochloric acid (37%). After complete
dissolution, 470 pL of H20 was added. A total of 100 uL hydroxylamine hydrochloride
(10%) and 700 pL 1,10 phenanthrolinehydrochloride (0.1%) were added to 200 pL of
this solution. After a reaction time of 15 min, the absorbance of the formed ferroin
complexes was measured by UV-Vis spectrometer (Cary 50, Varian, Palo Alto, CA,
USA) at a wavelength of 510 nm, and the iron concentrations were calculated using an
iron standard calibration curve (Iron (ILIII) Oxid (Sigma Aldrich, Darmstadt,

Germany) as standard in the range c(Fe) = 1.25 to 40 mM).
3.4 Magnetic Characterization
3.4.1 Magnetic Particle Spectroscopy (MPS)

MPS measurements of single nanoparticle samples were performed using a
commercial magnetic particle spectrometer (MPS-3, Bruker, Ettlingen, Germany)
operating at an amplitude Bex = 25 mT and a frequency fo = 25 kHz. MPS detects the
non-linear dynamic magnetic response of MNP exposed to an alternating magnetic
field from which their MPI performance can be assessed. Originally, MPS was
developed to assess the performance of MNP tracer materials in MPI. However, here,
we use MPS to quantitatively reveal changes in the dynamic magnetic behavior of
MNP mediated by the direct environment of the MNP, e.g., as a consequence of sur-
face modification by BSA-coating or physiological conditions as different saline

concentrations.

For MPS measurement, a fast reaction tube (Applied Biosystems®, MicroAmp,

Thermo Fisher Scientific, Schwerte, Germany) containing a sample volume of 30 pL
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was placed in the detection coil of the MPS system. The induced magnetization could
be measured simultaneously by the coils. By Fourier transform of the detected time
signal, the spectral components of an MPS measurement were obtained, showing
distinctive amplitudes at odd multiples (harmonics) of the excitation frequency fo. We
used two characteristic parameters of the MPS harmonic spectra, the amplitude of the
third harmonic normalized to the iron amount of the sample, As*, and the
concentration-independent ratio between the 5th and 3rd harmonic, As/As. Both values
are correlated to the MPI performance, with the general observation that the higher
the As* and As/As, the better the MPI images. The specific signal amplitude As*
indicates the sensitivity of the MNP to give a dynamic magnetization response at the
chosen excitation frequency fo per unit amount of iron, and the ratio As/As is used to

describe the shape of the harmonic spectrum to assess the resolution capacity.

Two commercial MNP systems were considered as references with high MPS
performance. For the MRI liver contrast agent Resovist (Meito Sanyo, Japan), we used
the literature values As* = 8.7 Am?kg (Fe) and As/As = 38.4% [71]. Furthermore,
carboxyl iron oxide MNP with 30 nm core diameter (SHP-30-10, Ocean NanoTech, US)
measured by MPS at Bex 25 mT resulted in As* = 32.8 Am?/kg (Fe) and As/As =22.2%.

To analyze the colloidal stability of MNP at different saline concentrations by MPS,
10 uL aliquots of as-synthesized, centrifuged, and BSA-coated MNP incubated with a
final concentration of ¢ (NaCl) = 0.05, 0.10, and 0.15 mol/L were taken after 2 h, 1 day,

and 1 week. The MPS measurements were carried out at Bex =25 mT and T =37 °C.

3.4.2 NMR Relaxivities r1 and 2

MRI imaging properties were investigated by measuring longitudinal T: and
transversal T2 proton relaxation times for an MNP sample of 200 uL volume diluted to
different iron concentrations c(Fe). The relaxation time measurements were carried out
on a Minispec mq60 relaxometer (Bruker, Ettlingen, Germany) at T = 37°C and a

magnetic field of 1.5 T (60 MHz proton resoncane frequency). For Ti, a 2-pulse
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inversion-recovery sequence with a fixed relaxation delay of at least 5 T1 was used, 12
was determined employing a Carr—Purcell-Meiboom-Gill sequence, which consists of
a 90" pulse followed by a series of 180" pulses, ideally covering the full decay of the

signal.

From the graphs of the iron-concentration c(Fe)-dependent relaxation times Ri=1/T1

and R:= 1/T>, the corresponding relaxivities 71 and 2 (in units of L-mmol-s?) were

determined:
1 1 .
— = + 7 c(Fe), 1=1,2 1
T:,' TLFHED 1 l[ 4 ( }

For graphical presentation, the measured relaxation rates of pure water samples have

been subtracted (Rit20=0.25952 s and Rz,120 = 0.29 s71).
3.4.3. Linear Dynamic Susceptibility Measurements (ACS)

Room temperature (T = 295 K) linear magnetic AC susceptibility (ACS) of MNP was
measured with a commercial AC susceptometer (DynoMag, RISE Acreo, Gothenburg,
Sweden). For the measurements, a sample volume of 200 uL. MNP suspension was filled
into a quartz glass cuvette, and the real x'(f) and imaginary X"(f) magnetic
susceptibility were acquired in the frequency range 1 Hz to 10 kHz at an excitation

amplitude of o2 mT.

The initial mass susceptibility xo (in units ms/kg (Fe), normalized to the sample iron

mass) was obtained by extrapolation of the real part susceptibility x' (f) 7.
4. Conclusions

Surface modification was performed to optimize the stability and performance of
continuously manufactured MNP for molecular imaging applications such as MPI and
MRI in a physiological environment. Protein coating of electrostatically stabilized
nanoparticles with BSA led to a significant improvement in dispersion stability in the
presence of an increasing concentration of NaCl solution. No drop in signal amplitude
and constant As/As values prove the good performance of the MNP as MPI contract

agents. Additionally, r1 and r2 values are promising to apply MNP as MRI contrast
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agents. Since Resovist was withdrawn from the market, our MNP are promising

candidates to further accelerate the research on MPI and MRI molecular imaging.

Even after 40 years of MRI contrast agent developments for clinical use (the first MRI
contrast agent, introduced in 1981, was ferric chloride), newer and safer MRI agents
capable of specifically targeting organs, sites of inflammation, and tumors are still
demanded. The presented micromixer technique to synthesize MNP-based contrast
agents with tailored magnetic properties provides a major contribution to future

developments.

The same applies to MPI being under development for medical imaging of the
cardiovascular system, for oncology or for stem cell tracking, where the structural,
magnetic, and surface properties of the MNP are of utmost importance and need
further optimization. With its excellent control of particle size, crystal growth, and
scalability, the micromixer technique in combination with additional surface
modification can also foster the further development of high-performing tracer

materials for this promising imaging modality.
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6 Conclusions and outlook

In this work the continuous micromixer synthesis was established to produce
multifunctional magnetic nanoparticles with high potential for safe diagnosis and
treatment of serious diseases. An example are the treatment methods of cancer, which
normally are accompanied by severe side effects. Magnetic iron oxide nanoparticles
have already been approved by the food and drug administration (FDA) to be used
for diagnosis as contrast agents for MRI. One ultimate goal of utilizing MNP in
nanomedicine is to create a safe, multifunctional, theranostic drug delivery system that
is capable to target and to release a therapeutic cargo most suitably with online
monitoring, so that the therapy can be adjusted individually. Additionally, a full
understanding of the interaction of MNP with the surrounding environment such as

blood stream, tissues and cells has to be achieved before successful clinical translation.

To meet these requirements, the micromixer synthesis for producing single core MNP
in the diameter range 20 to 40 nm was developed. The resulting MNP were
characterized, functionalized, and finally evaluated for their capability in biomedical
applications. Producing high quality MNP in this size range in an efficient,
reproducible, and sustainable way became only possible by employing continuous
synthesis via micromixer. The entire synthesis and the following modifications were
carried out in aqueous media to ensure the biocompatibility of MNP. In this work, the
potential of the continuous synthesis to fabricate tailored MNP regarding their
physicochemical propertied such as core size, size distribution, colloidal stability as
well as their performance such as relaxitivity, susceptibility, and specific absorption
rate was shown. The suitability of the MNP for biomedical applications was
demonstrated with the enhanced long-term stability in salt solution and their non-

toxicity in cell culture.

Additionally, the high performance of MNP for versatile biomedical applications
such as MRI- and MPI-imaging and cancer treatment by magnetic fluid hyperthermia

was investigated. This demonstrates their huge potential to be combined in diagnosis
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and therapy (theranostic) as one powerful tool. Perspectively, further studies on the
MNP capabilities in drug delivery and drug release will help to improve their potential

in next generation drug delivery applications.

The MNP developed in this work might become a promising alternative to other
MNP systems that were intended for biomedical applications. Actually, most of the
approved iron-oxide MNP systems like the liver MRI contrast agent Resovist have
been withdrawn from the market - mostly for economical reasons or safety concerns.
As presented in this work, the new class of highly performing MNP produced by a
generally GMP capable micromixer synthesis approach could foster the reentrance of
magnetic nanoparticle system in biomedical diagnostic and therapeutic applications.
In this way, micromixer synthesis has become a promising tool to contribute to
translational research to pave the way for laboratory MNP into theranostic clinical

application.
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