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ABSTRACT

The use of magnetic nanoparticles shows a steadily increasing technical importance. Particularly in medical
technology disciplines such as cancer treatment, the potential of these special particles is increasing rapidly.
Magnetic nanoparticles are particles with a submicron size, and consist mostly of magnetite-containing com-
posites. An important quality parameter of such particles is a particle size distribution as narrow as possible,
which can only be obtained to a certain degree by synthesis. Apart from ultracentrifugation, there are so far only
methods on an analytical scale to narrow the size distribution as a post-processing step. We present a method
based on magnetic chromatography, by which high separation efficiencies at yields of up to 99.9% are achieved.
The novel technique is based on a competition between the magnetic interaction of the nanoparticles and the
separation matrix, as well as the hydrodynamic forces. Furthermore, the method is extended using a continuous
mode, namely simulated moving bed chromatography, to obtain potent space-time yields of up to 2.94 g/(L*h).
For those reasons, this novel continuous magnetic chromatography method offers high potential for large-scale
refinement of magnetic nanoparticles while fulfilling sophisticated quality criteria for high-technology

applications.

1. Introduction

Nanotechnology is a rapidly growing branch in science, which shows
great progress in various research areas. A special discipline is the use of
so-called magnetic nanoparticles (MNPs), with a rapidly increasing
number of applications shown in multiple scientific topics. On a tech-
nical level, MNPs are progressingly used for sensor technology [1],
separation and extraction techniques [2,3], magnetic bearings [4],
catalysis [5,6] and wastewater treatment [7,8]. Especially in medicine,
the use of MNPs for cancer therapy shows very promising application
areas. These include, for example, magnetic hyperthermia, a therapy
method using spatially focused magnetic fields in combination with
defined MNPs to offer a very high and unique specificity for tumor
treatment [9-11]. Another interesting application is the so-called tar-
geted drug therapy, in which a particularly high specificity for a local
application of active substances in a body can be achieved by a suitable
functionalization, for example with monoclonal antibodies or other
medical agents [11-13]. Further medical applications would be gene
therapy with DNA- or RNA-loaded MNPs [14] or in radiological di-
agnostics [15]. The synthesis of such MNPs is often carried out via
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precipitation reactions [16], thermal decomposition [17], hydrolysis
[18] or microemulsions [19]. In the aforementioned processes, howev-
er, it is only possible to obtain a more or less sharp particle size distri-
bution (PSD). However, uniformity is an important quality parameter
for MNPs in many applications [17,20-22]. Magnetite and maghemite in
particular are processed as ferromagnetic components in MNPs [23]. In
order to achieve a narrowing of the PSD, it is possible to perform a size
fractionation after the respective synthesis process. In the particle size
range on nanometric scale, however, fractionation processes encounter
technical difficulties which have so far only been solved for specific
cases. There exist batch-wise methods like ultracentrifugation [24-27],
but no continuous processes on an industrial scale for fractionation of
particles around 100-700 nm in size are known. On a molecular scale,
size exclusion can be very effective for fractionation of protein aggre-
gates or particles of a few nanometers in size. Here, the mass transport
between the liquid bulk phase and the inner surface of the stationary
phase is dominated by convection and diffusion, with convection having
a significant effect only in the bulk. In the case of nanoparticles larger
than 50 nm, however, mass transport by diffusion becomes increasingly
ineffective. This circumstance results in a separation gap, which shows
that an efficient and scalable size separation of particles of 100-700 nm
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is still a major challenge, because a complex superposition of forces
occurs in this size range. For these reasons, high-resolution size frac-
tionation of MNPs remains an intensively studied scientific field. Size
fractionation in this context refers to selective fractionation of particles
with a wide size distribution into two or more fractions that differ
among each other in their median particle diameter. On an analytical
scale, other innovative methods have already been investigated for this
purpose, including microfiltration and ultrafiltration [28,29], acoustic
fractionation [30,31] or gel electrophoresis [32]. Furthermore, due to
their magnetic addressability, processing of MNPs is widely carried out
using so-called high gradient magnetic separation (HGMS) [33,34]. In
order to improve fractionation efficiencies in the nanometric size range,
additional forces can be superimposed to diffusive, gravitational, hy-
drodynamic and inertia forces which are always present in liquid par-
ticle suspensions. By using a superimposed magnetic field on a field flow
separation (mFFF), an analytical size fractionation can be performed
[35,36]. This field-flow separation was extended in 1996 by Ohara et al.
by using a combination of thin channels and ferromagnetic wires. Ohara
et al. were also the first group introducing the term magnetic chroma-
tography for particle retention in such a setup [37,38], demonstrating
the huge potential of this technology [39]. Already in the same year,
Nomizu et al. [40] adopted this term, but in contrast to Ohara et al. they
filled a small column with magnetizable stainless steel beads as a frac-
tionation matrix for the processing of MNPs. In this work, however, the
process was not studied for its effectiveness as a size fractionation
method. Contrarily, in a previous work of ours, the use of such a
magnetized single column for batchwise fractionation of MNPs was
extensively investigated. It was found that with the aid of this novel type
of chromatography, high fractionation efficiencies for MNPs in the range
of 50-400 nm could be achieved [40]. However, the low throughputs of
the system, which operated with a low volumetric flow and consisted of
a discontinuous mode of operation, continued to be problematic. These
challenges were addressed by converting the system from a batch mode
to a continuous process by applying the principle of Simulated Moving
Bed Chromatography (SMB). Jungbauer et al. were successful in using
classical size exclusion SMB for the separation of protein loaded silica
nanoparticles with a size of about 70 nm from unbound protein [41] In
another approach, a SMB method for nanoparticle separation could be
demonstrated in one of our works by separating two nanoparticle types
with different susceptibilities from each other [42]. In a recent work, we
were able to use such a SMB process for size fractionation of MNPs for
the first time [43]. Fractionation was obtained based on the spontaneous
magnetization of single domain MNPs without the application of

external magnetic fields. Also, in the case of spontaneous magnetization,
the intensity of the magnetic interaction with a magnetizable matrix
grows with increasing particle size, since larger volume forces will be
generated. Therefore, even without an external magnetic field, this ef-
fect resulted in a size-dependent retardation of the MNPs in a magnetic
chromatography column. However, the process showed limitations
when using nanoparticle sizes above 100 nm, which — in case of the low
flow velocities required — often resulted in unwanted permanent particle
separation within the column. Furthermore, in this process setup only
space-time yields of 0.3 g/(L*h) with separation efficiencies of 0.45
could be achieved. This calls for optimization, since alternative
methods, such as ultracentrifugation, allow potentially larger quantity
flows. In this paper, we aim to address these limitations by introducing a
new processing method including the variation of the hydrodynamic
force to act as a counterpart to the magnetic force. Furthermore, the
throughput of the process as well as its quality and controllability should
be increased by the application of an external magnetic field.

2. Separation mechanism

In this work, the separation mechanism for MNPs is based on the
competition between magnetic and hydrodynamic forces. Thereby, the
spontaneous magnetization of the magnetic cores of the nanoparticles
results in a weak attraction towards the column matrix, even without the
superposition of an external magnetic field [44,45]. However, the
investigated particles consist of a compound including a larger number
of magnetic cores with arbitrary spontaneous magnetization. Conclud-
ingly, without an external magnetic field, the resulting attractive force is
small and difficult to predict with increasing particle diameter. There-
fore, in contrast to the work reported in Ref. [43], here an external
magnetic field is applied in order to enhance and align the magnetiza-
tion of the MNPs. In this case, the magnetic force acting onto the MNPs is
a volume force, increasing with the cubic of the MNP diameter assuming
an ideal spherical shape:
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Uy is the magnetic field constant, Vp is the particle volume, dp is the
particle diameter, M is the particle magnetization and H is the magnetic
field strength. Meanwhile, under Stokes conditions, the hydrodynamic
drag force grows only linearly with MNP diameter, resulting in the force
competition shown in Fig. 1.
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1y is the dynamic viscosity of the fluid and v is the relative velocity
between the MNP and the fluid. In regards to the chromatography sys-
tem this superposition implies that the trajectory of a larger MNP which
is mainly dominated by the attractive magnetic force is likely to be
retarded or even retained within the chromatography matrix. Mean-
while, the trajectory of a small MNP is dominated by the hydrodynamic
drag force and the particle exhibits a higher probability to be discharged
within the column effluent.

3. Material and methods
3.1. Chemicals and reagents

In this work, a commercially sourced MNP type (nanomag-D 250 nm,
micromod Partikeltechnologie GmbH, Rostock, Germany) consisting of
magnetite cores enclosed by a dextran (40 kDa) matrix is used. The
particles were provided by the manufacturer as a suspension with highly
purified water as a continuous phase. The magnetite constitutes a mass
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Fig. 1. Qualitative dependencies of the hydrodynamic drag force (red curve)
and the magnetic force (black curve) on MNP diameter. The derived theoretical
hydrodynamic drag force dominance range is indicated in red and the magnetic
force dominance range is shown in black. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

fraction of about 75-80% and the particles have a total density of 2.5 g/
cm®. The PSD of the MNPs was determined using dynamic light scat-
tering (DLS) technique with a Zetasizer (Zetasizer Nano ZSP, Malvern
Instruments, Malvern, England). To describe the PSD, a volumetric
density distribution (g3) was chosen, and a median diameter (Dsg) of
274 nm was found. The volumetric PSD shows a minimum particle size
of 79 nm and a maximum particle size of 955 nm and can be found in
Fig. S1 in the SI. The particles were further characterized regarding their
magnetic properties using an alternating gradient magnetometer (PMC
MicroMag 2900, Princeton Measurement Cooperation, Princeton, USA),
the resulting hysteresis curve is depicted in Fig. S2. The particle’s spe-
cific saturation magnetization of 43 Am?/kg is in good agreement with
the manufacturer’s specification. With a specific remanence of 1.57
Am?/kg, a M,/M; ratio of 0.036 results. This ratio is much smaller than
that of bulk magnetite, indicating that the magnetite cores, which are
randomly embedded in dextran, must be smaller than approximately 20
nm [46]. Also, this finding matches with data from literature, delivering
similar remanence and M,/M; ratio values for magnetite particles in this
size range [47]. The hypothesis of such small particles is confirmed by
electron microscopic images (XL30 ESEM-FEG, Philips, Amsterdam,
Netherlands) of the particle’s magnetite cores, which are shown in
Fig. S3. Image analysis reveals a primary particle size of 10-20 nm, with
particle diameters not varying substantially. Magnetite particles of such
small sizes constitute magnetic single domains [48], which means that
they do not form intraparticular domain walls. Each particle instead
forms its own domain, with magnetization oriented in uniform di-
rections which results in distinctive material characteristics.

A stainless-steel powder (TruForm 174-2, Praxair Surface Technol-
ogies, Ratingen, Germany), fabricated for 3D selective laser melting
(SLM), was used as a stationary phase within the magnetic chromatog-
raphy columns. These particles consist of a chromium-rich (15.7% (w/
w)) alloy with 76.0% (w/w) iron content and small amounts of cobalt
(3.2% (w/w)), nickel (4.1% (w/w)) and manganese (0.02% (w/w)).
Their PSD ranges from 5 to 50 pm with a median diameter (Dso) of 31
um. They show a high saturation magnetization of 135.7 Am?/kg, a low
remanence of 0.36 Am?/kg, and a coercivity of 698 A/m, indicating
good properties for utilization as a matrix material for magnetic frac-
tionation. The corresponding hysteresis curve of the matrix material can
be found in Fig. S4.

3.2. Experimental setup

For all experiments, borosilicate glass chromatography columns
(Diba Industries Inc, Danbury, USA) with an inner diameter of 6.6 mm
and a chromatography bed length of 120 mm (V,,;  4.105mL) were
used. PTFE frits (10 pm in pore size) each at the top and the bottom of
the glass column served as filters to prevent the matrix material from
being flushed out and to exclude larger impurities. For column packing,
the matrix material was wetted with 20% (v/v) ethanol and the excess
was removed to eliminate impurities and narrow the size distribution.
The slurry was replenished and the procedure was repeated three times.
The steel particle suspension was then transferred into the column while
ensuring a homogenous and fast flow to avoid the formation of dead
volumes and axial size fractionation effects. Afterwards, the chroma-
tography bed was compressed by connecting the column to a pumping
system and increasing the flow step by step with 20% (v/v) ethanol as
eluent before equilibrating the column with degassed 1 mM TRIS buffer
(pH  9.5). Column porosity and peak asymmetry were determined by
injecting 100 pL of 1% (v/v) aqueous acetone solution and analyzing the
resulting retention time and peak width. A peak asymmetry in the range
of 1.0-1.5 was considered acceptable.

A Helmholtz coil arrangement including four copper coils with an
average diameter of 75.8 mm was used for the generation of the mag-
netic fields. By adjustment of the number of windings, a nearly homo-
geneous field on the chromatography column’s central axis was
achieved. The magnetic field was controlled at will by applying elec-
trical current using conventional laboratory power supply units
(RNDLab, Distrelec Deutschland GmbH, Bremen, Germany). As ex-
pected, the induced magnetic flux density showed a linear dependence
on the current applied. For instance, an electrical current of 1 A resulted
in a magnetic flux density of 6.8 mT on the central axis of the Helmholtz
coil arrangement, and thus a magnetization of the steel particles in the
column. This again led to the generation of strong field gradients around
the steel particles, which act on nanoparticles flowing past.

3.2.1. Single column studies

Preliminary, single column studies were executed using a fast protein
liquid chromatography (FPLC) system (AKTA purifier, cytiva, Buck-
inghamshire, England) equipped with polyetheretherketone (PEEK)
tubing with an inner diameter of 0.25 mm. The mobile phase was
degassed 1 mM TRIS buffer (pH 9.5). The injected sample pulse (500
pL of MNPs suspension with a particle concentration of 1 g/L) was
pumped through the system while the effluent of the column was
constantly analyzed by a flow-through UV absorbance measuring cell at
A 280 nm. In this way, MNP concentration could be monitored because
we found a linear correlation between MNP concentration and absor-
bance (see Fig. S5). A fraction collector divided the effluent into samples
for further analysis, each with a volume of 250 pL. The magnetic field
source was switched on at the beginning of the experiment and a base
flow rate of 2.6 mL/min was set, which corresponds to 38.00 CV/h
considering the column’s empty volume of 4.105 mL. After a volume of
6.00 mL (1.46 CV) had passed through the system, the magnetic field
source was switched off and at the same time the flow rate was increased
to 5.50 mL/min (80.39 CV/h). Single column experiments were per-
formed at magnetic flux densities of 0.68 mT and 1.36 mT as well as
without any external magnetic field influence. Peak areas, shapes as well
as retention volumes were analyzed using the software Unicorn 5.2
(cytiva, Buckinghamshire, England).

3.2.2. SMB chromatography fractionation process

Experiments for continuous size fractionation of the investigated
MNPs were executed with an AZURA Lab Simulated Moving Bed (SMB)
system (Knauer Wissenschaftliche Gerate GmbH, Berlin, Germany). A
SMB process approximates a continuous counter-current operation
mode of a chromatographic system, in which the stationary phase moves
in opposite direction to the mobile phase flow. The approximation is



technically realized by the use of four or more columns and a cyclic
interchange of the feed and eluent inlet positions as well as raffinate and
extract outlet positions by valve switching. If the flow rates of those in-
and outflows along with the cycle time for valve switching are chosen
carefully and correctly, a continuous MNP feed division into two effluent
fractions can be achieved, resulting in a bimodal fractionation. As the
process progresses, the species showing stronger interactions with the
stationary phase will end up in the extract and the species showing
weaker interactions will end up in the raffinate. Due to the increasing
magnetic particle-matrix interactions with increasing particle diameter,
the coarse material will be contained in the extract and the fine material
in the raffinate, respectively. The whole system was equipped with PEEK
tubing with an inner diameter of 0.7 mm. The flow rates are controlled
by three piston pumps within the loop system and a feed pump which
supplies the MNP suspension into the system, see Fig. 2. The flow di-
rections are controlled by seven multi-position valves and by eight check
valves. This arrangement would allow the integration of up to eight
columns in the system, however, all SMB experiments were conducted
by the use of four columns, one for each zone shown in Fig. 2. All col-
umns were each equipped with an independently controllable magnetic
coil. By controlling the four pumps, flow directions as well as flow rates
within each zone could be adjusted independently. The flow rate dif-
ferences required for successful fractionation in the four zones are
additionally superimposed here by the application of external magnetic
fields in zones 2 and 3. We chose this approach to optimize the process,
as described above. For comparability reasons, SMB runs without
magnetic field influence and with an magnetic flux density of 0.68 mT
were performed. The process under magnetic field influence was
executed twice in order to evaluate reproducibility and robustness. For
each of the SMB runs, 1 mM TRIS (pH 9.5) served as eluent and 2 g/L
nanomag-D MNP suspension, diluted in 1 mM TRIS, served as particle
feed. The online analytics of extract and raffinate streams were per-
formed using two UV measuring flow-through cells at A 280 nm.
Because of the periodical fluctuations of effluent concentrations, extract
and raffinate samples were pooled over several complete switching cy-
cles for further analyses by UV absorbance and DLS measurements in
order to evaluate size fractionation quality.

Extrgcl

Fig. 2. Schematic illustration of the Simulated Moving Bed (SMB) chroma-
tography process for fractionation of the particle feed into an extract and a
raffinate fraction under magnetic field influence in SMB zones 2 and 3. The UV
signal of both product streams is registered at A = 280 nm. The flow rate varies
in the four zones and external magnetic fields are applied onto the columns in
zones 2 and 3. The column positions are switched periodically and
counterclockwise.

3.3. SMB parameter selection

The flow rates in the individual SMB zones must be chosen carefully
if the fractionation result shall be satisfactory. The findings obtained
from single column experiments regarding flow rate dependencies were
used for SMB process development. A common method to design a SMB
process is the usage of the so-called Henry coefficients H; of the sub-
stances to be separated and subsequent derivation of flow rate ratios
[49]. The coefficients are derived from the retention volumes of the
individual components:
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with the column porosity ¢, the respective component’s retention vol-
ume V;, the volume of the empty column V,,; and the plant’s dead vol-
ume Vpr. However, this classical approach of designing the SMB
process was not applicable in the case of the size fractionation presented
in this work. The polydisperse MNP suspension had a theoretically
countless number of different species. Therefore, we defined a bimodal
separation based on the two chromatogram peaks generated in single
column experiments (see section 0). The respective first peak at the
(lower) base flow rate be thereby represented the weaker interacting
component, i.e. the fine fraction. The second peak, which occurred after
switching off the magnetic field source and/or increasing the flow rate
to Vhf represented the more strongly interacting component, i.e. the
coarse fraction. For this reason, only the Henry coefficient of the fine
fraction Hpp, corresponding to SMB zones 2 and 3 could be determined.
Process conditions are modified when switching off the magnetic field
source and therefore the flow rates for appropriate elution of the extract
in zone 1 had to be determined experimentally. Furthermore, the SMB
flow conditions can be captured using dimensionless flow rate ratios m;
[50]. These flow rate ratios m; relate the flow rate of the mobile phase in
the respective zone to the simulated flow rate of the stationary phase in
the respective zone, with the latter resulting from switching the column
positions counterclockwise:
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V; denotes the flow rate of the mobile phase in the respective zone i, V.
is the volume of the column, ¢ is the cyclic switching time of the system
and ¢ is the porosity of the column packing.

The minimum base flow rate be,mm was determined in single column
experiments and formulated as dimensionless flow rate ratio ms for SMB
zone 3 (see Eq. (7)).
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The findings from the single column experiments thus provided
important indications for the general feasibility as well as the key pro-
cess parameters of the SMB setup. In order to ensure stable SMB process
operation, the following conditions were compiled (derived in analogy
to Refs. [50,51]):

my > ms3 > my > Hpgye ;
My < Hine ;- ®)
my > Mymin S (Vigmin)

Given that the most important parameters (Henry coefficient of the
fine fraction Hgy, minimum base flow rate be and optimal magnetic flux
density) could be determined via single column experiments, basic
operation criteria for continuous multi-column chromatography could
consequently be derived according to Eq. (7) and the boundary condi-
tions in Eq. (8). The selected SMB process parameters are summarized in
Table S2 in the SI.



3.4. Analytical methods

A dynamic light scattering (DLS) measurement device (Zetasizer
Nano ZSP, Malvern Instruments, Malvern, England, detection range: 0.1
nm to 10 pm) was used to determine the PSDs of the MNP collectives in
the respective fractions collected during single column and SMB ex-
periments. PSD measurements were carried out in triplicate.

Absorbance of the fractions was recorded on a UV-VIS microplate
reader (Tecan Spark, Tecan, Mannedorf, Switzerland) at a wavelength of
A 280 nm. A calibration curve was generated by applying linear
regression to absorbance measurements at different MNP concentrations
(R 0.9986, see Fig. S5). Subsequently, MNP concentration in each
fraction was calculated using this calibration curve equation.

3.5. Evaluation of fractionation quality

A well-established method to assess the quality of a fractionation
process is to generate a separation efficiency curve, also known as
Tromp curve [52]. The value of the separation efficiency curve T(¢) at
the point ¢ is defined by the mass fraction of particles with a certain
characteristic £, which end up in the coarse fraction. For this work, &
represents the particle size. With this definition, T(£) can be written as:
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with the respective mass fraction zcoqrse as well as the density distribution
Qeoarse Of the extract. zg,, denotes the mass fraction and gy the density
distribution of the raffinate. The separation efficiency curve T(£) can be
used to derive a statement about the system’s capability to separate two
fractions satisfyingly. Having the separation efficiency curve T(¢), the
separation sharpness « can be defined as:
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with (T 0.25) and £(T  0.75) being the particle property values at
which the separation efficiency curve T(¢) reaches values of 0.25 and
0.75, respectively [53]. For instance, a separation sharpness « higher
than 0.6 is generally regarded as a sharp, technical separation in the
field of particle technology [54].

4. Results and discussion
4.1. Single column studies

Preliminary to continuous SMB processing, single column fraction-
ation experiments were carried out for parameter determination. In the
2.60 mL/min was set, which
corresponds to be 38.0 CV/h and to a residence time in the column
of 34.1s. The increased flow rate Vi had been adjusted to 5.5 mL/
min (80.39 CV/h, 16.1 s). In order to examine the effect of the
retention with an external magnetic field compared to a mechanism
based just on the spontaneous single domain MNP magnetization, trials
with two different magnetic flux densities and without any external
magnetic field have been executed. The chromatograms resulting from
those experiments are shown in Fig. 3. Retention volumes and peak
areas are additionally summarized in the SI in Table S1.

In the execution without an externally applied magnetic field (dotted
red curve), a sharp peak with a small shoulder at the front and modest
tailing was observed at Vj;. Emergence of this peak indicates that a
significant amount of MNPs showed no retention on the matrix.
Nevertheless, the second steep peak which occurred after increasing the
flow rate to Vhf reveals that temporarily bound MNPs have been eluted.
This effect is explained by the aforementioned spontaneous magneti-
zation of the single domain MNPs. In the runs with an external field of

runs shown here, a base flow rate of be
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Fig. 3. Chromatograms of single column experiments. UV absorbance at A =
280 nm (dotted red: no externally applied magnetic field; dashed, light blue:
magnetic flux density of 0.68 mT was applied; dashed/dotted, intense blue:
magnetic flux density of 1.36 mT was applied) was measured. The flow rate is
depicted as the solid, orange line. Sample volumes of 500 pL each containing
MNP suspension with a concentration of 1 g/L was injected. The respective
magnetic field was switched off and simultaneously the flow rate was increased
from 2.6 mL/min to 5.5 mL/min after a volume of 6 mL had elapsed. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

0.68 mT (dashed, light blue) and 1.36 mT (dashed/dotted, intense blue),
significantly smaller peaks at be were detected while the peak area
decreased with increasing magnetic flux density. Since the magnetic
effects of the fractionation matrix have been enhanced by applying an
external field, more particles have been retained. Certainly, this effect
even intensified with increasing magnetic flux density. Again, switching
off the magnetic field source and increasing the flow rate to Vy; resulted
in steep elution peaks. However, the respective peak maxima of the
second peaks with external magnetic field were slightly delayed
compared with the run without external magnetic influence (see also
Table S1). This observation suggests that the retained particles may have
adsorbed to the matrix already in the upper part of the column and were
consequently eluted at a later point in time. Unexpectedly, coarse frac-
tion peak areas were smaller compared to the run without magnetic
field, which shows that probably not all loaded MNPs could be eluted at
the selected flow rate Vhf. For this reason, a higher flow rate than Vhf
5.5 mL/min had to be set in zone 1 in the SMB process in order to avoid
permanent retention of MNPs on the column and to achieve the highest
possible recovery. Assuming a homogenous particle density and ideally
spherical MNPs, the respective volumetric median diameters (Dsg) of the
peak fractions collected during the single column experiments were
determined via DLS measurements. The Dsy values representing
different sections during the three runs are shown in Fig. 4.

The median diameter generally increased throughout the fraction-
ation experiments as expected, since bigger MNPs exhibited more
intense interaction with the chromatography matrix than smaller ones
[40]. A rapid and more or less steep increase in median diameter was
observed in each run when we increased the flow rate to Vhf. This fact is
explained by the hydrodynamic drag force rising suddenly and
exceeding the magnetic interactions of the MNPs with the chromatog-
raphy matrix at this point as depicted in Fig. 1. In the case of fraction-
ating the MNPs without applying an external magnetic field, only the
magnetic interactions induced by spontaneous magnetization had to be
overcome, therefore a much lower slope of the Dsy curve and thus a less
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Fig. 4. DLS measurement results of the collected single column effluent sam-
ples of 250 pL each. The volumetric median diameters Dsq are plotted against
the volume which has passed the system. A sample volume of 500 pL containing
a MNP suspension of 1 g/L was injected into the buffer feed stream. The
external magnetic field source was switched off and the flow rate was increased
from Vi to Vi simultaneously at V = 6 mL. Three different magnetic flux
density conditions (0 mT, 0.68 mT, 1.36 mT) have been applied.

sharp separation curve was perceived (red square symbols in Fig. 4).
Considering the increase in median diameter already in the first part
(be) during the experiment, it is concluded that larger particles were
decelerated by the matrix and consequently had higher retention vol-
umes than small particles, which we had already shown in the previous
study [40]. This effect already occurred without applying a magnetic
field externally, which is again caused by the MNP’s single domain na-
ture. As soon as the flow rate was increased to Vhf atV  6mlL, even
larger, strongly interacting, decelerated and even retained particles
were eluted. For these runs under magnetic field influence, much steeper
increases in Dsy values were evident. During elution at Vhf, clear dif-
ferences between the lower (light blue circle symbols) and the higher
(intense blue triangle symbols) magnetic flux densities could be recog-
nized, with the higher magnetic flux density leading to smaller particle
median diameters during elution. This difference is explained by the fact
that the stronger magnetic interactions at 1.36 mT were able to retain
smaller particles at be, which ultimately ended up in the coarse frac-
tion. The most optimal size fractionation effect could therefore be found
at a low magnetic flux density of 0.68 mT, which is why we selected this
parameter value for the process transfer to the SMB system. Since the
first peak showed a retention volume almost similar to the tracer peak
retention volume, the Henry coefficient of the fine fraction was deter-
mined to Hg,e  0.009, according to Eq. (5).

4.2. Simulated moving bed (SMB) chromatography experiments

The previously determined Henry coefficient of the fine fraction
Hpyne, minimum base flow rate Vi and optimal magnetic flux density
were used for the calculation of operation parameters for continuous
multi-column chromatography, which can be found in the SIin Table S2.
The MNP mass balance of feed, extract and raffinate streams revealed an
overall recovery of 99.0% (w/w) in the execution without a magnetic
field and of 99.9% (w/w) and 99.2% (w/w) in the executions with an
external magnetic field.

Fig. 5A and B show the results of the MNP concentration analyses
over the course of the SMB fractionation experiments. The yield values
(black square symbols) fluctuated around 100% while exhibiting yield
values <100% at the beginning of the processes in both cases. Thus,
based on the absolute MNP concentration values (green and dashed pink
columns) and the yield value in particular, it is apparent that the pro-
cesses were characterized by a start-up behavior, although chromatog-
raphy matrices were previously equilibrated. While this start-up phase
took about 15-20 cycles when no magnetic field was applied, the pro-
cess under magnetic field influence required only about eight to nine
cycles to reach steady-state operation. The application of an external
magnetic field thus allowed faster attainment of steady-state operation,
which is caused by the larger differences between hydrodynamic and
magnetic forces in the different SMB zones. Furthermore, when setting
MNP concentrations in extract and raffinate side by side, almost
balanced product mass fractions in the run with magnetic field (Fig. 5B
and Table 1) were obtained. These results indicate that in the execution
without magnetic field influence only a quite uneven distribution of the
particle mass between the extract and raffinate streams was achieved. In
the executions with an external field, the particle mass ratio of both
product streams was approximately balanced. Furthermore, good inter-
experimental reproducibility was proven in regards to extract and raf-
finate particle concentrations, as denoted in Table 1.

The PSDs were determined via DLS measurements and weighted to
the respective mass fraction in order to derive the separation efficiency
curves (see Eq. (9)) of the SMB runs with and without an external
magnetic field. The weighted volume density distributions of the coarse
and fine fraction as well as the separation efficiency curve (also called
Tromp curve) are displayed for both SMB processes at steady-state
operation in Fig. 6A and B.

Based on the generated separation efficiency curves it is stated that in
both of the executions a fractionation by size of the MNP collective was
achieved. Clear differences between the particle size distributions of
coarse (extract) and fine (raffinate) fractions were obtained. To evaluate
fractionation quality, the D(T 0.25) and D(T 0.75) values (see
dashed grey lines) were used to calculate the separation sharpness «. In
the case of the execution without magnetic field (Fig. 6A), x was 0.482,
which still indicates a conventional, technical separation quality [53,
54]. However, this value was rather low compared to the experiment
under external magnetic field influence (Fig. 6B) with a separation
sharpness of 0.752. In addition, as already mentioned before, for the
experiment without external magnetic field, there was an unbalanced
particle concentration ratio between the fine and the coarse fraction (see
Fig. 5A and Table 1). The weighting of the particle size distributions
with the respective mass fractions therefore lead to distortions, and
consequently, this separation efficiency curve only had limited validity
here. On the other hand, the separation efficiency curve under magnetic
field influence was very steep over its entire course and the MNP con-
centration ratio of the fine and coarse fraction was well balanced.
Consequently, in this case the fractionation quality could be evaluated
very reliably on the basis of the separation efficiency curve and the
separation sharpness. The strong improvement of the separation quality
compared to the execution without a magnetic field was primarily based
on the more reliable retention of larger MNPs by applying an external
magnetic field to SMB zones 2 and 3. As a result, the particle size dis-
tribution of the fine fraction exhibited significantly less tailing, which
lead to a tightening of the separation efficiency curve, especially in the
range of medium and large MNP sizes. Simultaneously, by using the
external magnetic field, a very robust process had been developed, with
a short start-up time of only a few cycles.

5. Conclusion
We investigated a novel method for continuous size fractionation of

ultra-fine magnetic particles (MNPs). The competition of hydrodynamic
and magnetic forces was identified as a significant influencing factor on
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legend, the reader is referred to the Web version of this article.)

Table 1

Photometrically determined mass fractions Zcoarse and zgpne Of the extract and
raffinate streams of the Simulated Moving Bed (SMB) experiments in %. (1) and
(2) indicate the experiment number in the case of the repeated trial under
magnetic field influence.

Magnetic flux density used in the Zeoarse (€Xtract) Zine (raffinate) in

respective experiment in % %

0.00 mT 5.2 94.8
0.68 mT (1) 48.7 51.3
0.68 mT (2) 46.5 53.5

the size-dependent particle retention in preliminary single-column
studies. We successfully transferred the process to a Simulated Moving
Bed chromatography system which led to very satisfying separation
results even without an external magnetic field influence due to the
MNP’s magnetic single domain properties. Process robustness was
significantly improved by local application of an external magnetic flux
density of 0.68 mT. While providing a MNP recovery rate of 99.9% (w/
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w), separation sharpness was further increased to 0.752 in this case.
These values indicate that nanoparticle fractionation using a modified
SMB principle provides separations of a sharp, technical grade with the
opportunity of uncomplicated scalability. A rapid attainment of steady-
state operation combined with high efficiency demonstrated by a space-
time yield of up to 2.94 g/(L*h) shows that this method constitutes a
very promising approach for selective size fractionation of nanoscale
magnetic particle systems on an industrial scale. By choosing correctly
balanced process parameter sets, the resulting PSDs of the outlet streams
could be easily adjusted, ranging from only the smallest particles ending
up in the raffinate phase up to only the largest particles being frac-
tionated into the extract phase, although it must be anticipated that for
such extreme fractionations the yield can drop considerably. Accord-
ingly, comparing with other alternative, commonly used fractionation
methods, the investigated SMB system offers a continuous operation
mode, easy scalability, a high space-time-yield and low energy
consumption.
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calculated using Eq. (9) and are given as solid black curves. The vertical, dashed grey lines signify the diameters at T = 0.25 and T = 0.75, which were used for
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