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Introduction

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

Regina Bleul, @ *2 Abdulkader Baki,? Christian Freese, ©2 Hendrik Paysen, ©°
Olaf Kosch®® and Frank Wiekhorst &°

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 an aqueous synthesis route was performed. Size
control by varying relevant process parameters e.g. temperature was confirmed by transmission electron
microscopy measurements of experimental series demonstrating the exceptional size control and
homogeneity. Furthermore, analytical centrifugation evidenced the stably dispersed state of the single
core nanoparticles in agueous 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 a 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 per g(Fe) were obtained, which 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 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.

practice yet. The translation of existing promising research
approaches into clinical application often fails because of the

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 thera-
peutic capabilities in one single biocompatible (and biode-
gradable) nanoparticle.»*®

However, present theranostic nanoparticle approaches
offering real-time cancer therapy monitoring are not in clinical
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disproportionally high complexity of sophisticated nano-
systems raising huge issues already in reproducibly
manufacturing sufficient amounts for comprehensive preclin-
ical 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 tech-
nology with great potential for cancer diagnosis using magnetic
nanoparticles as a tracer material.*® MPI is in a preclinical state
with further demand for improving both the MPI scanner
infrastructure and the imaging performance of the tracer
materials.’ Theoretical models suggest that single-core iron
oxide nanoparticles of about 20-30 nm core diameter are
optimal MPI tracers.”"*™** 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

This journal is © The Royal Society of Chemistry 2020
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with further expanding indication fields e.g. prostate cancer.**°
Theoretical estimations as well as experimental results of
bacterial magnetosomes suggest huge potential of single core
magnetite nanoparticles also in hyperthermia applications.'”*®
Furthermore, cancer 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.
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

19-22

temperature and phase transfer leading to a time-consuming
multistep procedure.”® A promising alternative approach, the
biotechnological production of single-core iron oxide nano-
particles, so-called magnetosomes from a bacterial origin, also
suffers from effortful downstream processing, limited scal-
ability, and potentially immunogenic residues inhibiting safe in
vivo applications.>

Preliminary studies on the continuous synthesis of iron
oxide nanoparticles demonstrated the high potential of micro-
mixer technology as a valuable tool for the development of new
magnetic nanomaterials.*® However, the performances of re-
ported 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 stan-
dard for MPL

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 con-
cerning 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.

Results and discussion
Preparation of magnetic single-core nanoparticles

Single-core magnetic iron oxide nanoparticles were manufac-
tured 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.”* 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,?®3°
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Fig. 1 Photograph of the micromixer platform used for synthesis of
single core iron-oxide MNPs.

which require high energy input (high temperature and pres-
sure) 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.

This enhanced micromixer platform, based on a set-up
already published previously,” enables control over the
particle size of single-core nanoparticles that are instanta-
neously 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 biomed-
ical 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 proper-
ties of these particles were characterized by Transmission
Electron Microscopy (TEM) (core diameter), Differential
Centrifugal Sedimentation (DCS) (hydrodynamic diameter),
quasi-static DC Magnetization (DCM) (saturation magnetiza-
tion), 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,

Nanoscale Adv., 2020, 2, 4510-4521 | 4511
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Table 1 Structural and magnetic parameters of continuously synthesized single-core iron oxide nanoparticle samples T1 (d. = 23 nm), T2 (d. =
30 nm), and T3 (d. = 36 nm). For comparison, the corresponding literature values for Resovist® have been added. The values for d. 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 Lowa 2017.%° 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 ¢ = d. spv/dc,mean denotes the relative standard deviation of the size distribution

determined by TEM

Syst deore, DM o dhydr, NM Ms, A m” per kg(Fe) Xini, m° per kg(Fe) A3, A m® per kg(Fe) As/A3, %
T1 23(5) 0.2(3) 21 90(5) 0.026(3) 13.5(8) 31.4(9)
T2 30(5) 0.16(2) 27.5 108(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

we analysed the biocompatibility with first cytotoxicity and
apoptosis tests on endothelial cells.

Structural and magnetic characterization of magnetic single-
core nanoparticles

TEM and DCS results. The TEM image shown in Fig. 2 clearly
reveals the envisaged core size increase by increasing the reac-
tion temperature.> 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 stabili-
zation. 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 ¢ = 0.2 for all systems. To
further evaluate dispersion stability and agglomeration status
in aqueous dispersion, 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 scat-
tering, where the high absorbance of the black magnetite
particles interferes with the optical analysis of hydrodynamic
diameters, DCS provides more reliable size information, as

kl'3 ﬂCE Dmmeler(nm) ‘g Cryo

" 2 Mean
ﬁ:’

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 devi-
ation; 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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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.

DCS measurements of the three samples showed the ex-
pected 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 stabiliza-
tion 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 interac-
tions 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

-

counts/ (a.u.)

diameter / nm

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).

This journal is © The Royal Society of Chemistry 2020
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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 appli-
cations 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 characteriza-
tion with multiple magnetic measurements was conducted.

Magnetic characterization

DCM results: saturation magnetization, and moment estimation.
The saturation magnetization Mg of magnetic nanoparticles is
a valuable magnetic parameter indicating the quality of the
crystal structure and its homogeneity achieved by the nano-
particle synthesis process.

The room temperature magnetization curves for the three
systems are shown in Fig. 4 from which the saturation magneti-
zation Mg is determined. We observe Mg-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®." All values are very close to Mg values (111-
127 A m®> per kg(Fe)) reported for bulk magnetite or maghe-
mite*"** indicating the high crystallinity of the magnetite struc-
ture with a low amount of disorder reached by our synthesis.

The high Mg-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. More-
over, other iron oxide nanoparticle systems also consist of
a mixture of magnetite and maghemite, which are well tolerated
by the body like the MRI contrast agent Resovist®.**** This
reduction is attributed to crystallographic disorder or surface
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Fig. 4 Room temperature (T = 295 K) DC magnetization curves of

single-core iron oxide samples T1 (d. = 23 nm), T2 (d. = 30 nm), and
T3 (d. = 36 nm) synthesized at three different temperatures (AT = 5 K).
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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 m, in a nano-
particle and thereby Ms.

Generally, Mg-values for magnetite (or maghemite) nano-
particles are observed to be below that of the pure bulk material.

A pronounced correlation between the particle size and Mg 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 poly-
mer matrix to form a larger nanoparticle, so-called nanoflowers.
The even increased surface-to-volume ratio in this system leads to
strongly reduced Mgvalues 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 forma-
tion, which in turn would reduce the measured magnetization
and thereby M of the particles.

For 30 nm single core MNP obtained by thermal decomposition
Teeman et al. reported a Mgvalue 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 Mg = m/V,
describing the ratio between the particle moment m,, and core
volume V, = 7t/6 6 d.> as 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° ug (T1), 6 x 10° g (T2), and 10° g (T3), respectively. Here,
us = 9.27 x 107>* 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 decom-
position synthesis.*

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.

Nanoscale Adv., 2020, 2, 4510-4521 | 4513
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Initial susceptibility, hydrodynamic diameter and stability. ACS
measures the response of the magnetic moments m, of the
nanoparticles exposed to an alternating magnetic field. The
moments will follow the excitation field but with a phase lag. Real
(in-phase) ¥’ 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 €xtracted from the extrapolation of x/(f) for f — 0 increases
with increasing core diameter from yi; = 0.026(3) m® per kg(Fe)
for T1 up to 0.09(1) m* per kg(Fe) for T3. This is expected since Xin;
= (MsV.)*/(3ksT) = my,’/(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 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 15 = 3Vjyn/
(3kgT) with 7 describing the viscosity of the medium of the
nanoparticle with hydrodynamic volume V;,. Therefore, the peak
positions shift towards smaller frequencies for larger hydrody-
namic diameters (f,(T3) < f,(T3) < f,(T1)) as a consequence that the
larger particle moments already at lower frequencies cannot follow
the sinusoidal excitation.

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 MPI.
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 (Beyeir = 25 mT).
As shown in Fig. 6, all three systems exhibit non-linear
susceptibilities (parametrized by 4; in units A m> per kg(Fe))
higher than that of the MPI gold standard and MRI contrast
agent Resovist (4; = 9.1 Am? per kg(Fe)) for T2 by nearly a factor
of 2. These high Aj-values imply a high sensitivity, e.g. for
spectroscopic applications like quantification of nanoparticles
in cells and tissues by MPS.*® At higher harmonics 4;, the
dynamic susceptibility of Resovist® gets closer to the
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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
(de = 36 Nnm).
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Fig. 6 ACS measurements of single core iron oxide nanoparticle
samples T1 (d. = 23 nm), T2 (d. = 30 nm), and T3 (d. = 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.

susceptibility of T2, indicating that in MPI, where the ampli-
tudes of the higher harmonics 4; 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/A; the high
shelf life stability of the synthesis approach.

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 corresponding magnetic charac-
terization confirms an increasing initial mass susceptibility x, 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 parti-
cles 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

This journal is © The Royal Society of Chemistry 2020
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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.

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.** 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 measure-
ments - a kind of zero-dimensional MPI - of characteristic
parameters A; and 4s/4; (see the section above) or direct MPI
measurements of phantoms with a defined shape and nano-
particle 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 4; measured by MPS. For
comparison, we performed MPI measurements of the phantom
filled with Resovist® (Fig. 7, right) at an identical iron concen-
tration of 15 mM. Resovist®, originally a developed liver
contrast agent for MRI, which is now extensively used as a tracer
for MPI because of its good MPI performance.

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

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Room temperature NMR relaxation rates Ry (left) and R, (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.

contrast agents in MRI and is described by the longitudinal R,
(=1/Ty) and transversal relaxation rate R, (=1/T,). This contrast
improvement is based on stray fields caused and induced by the
magnetic moments of the nanoparticles in the huge external B,
field acting on the proton 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.*” The relaxation rates as a function of iron
concentration ¢(Fe) measured at B, = 1.5 T are shown in Fig. 8
for sample 