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Downstream processing needs more innovative ideas to advance and overcome current
bioprocessing challenges. Chromatography is by far the most prevalent technique used
by a conservative industrial sector. Chromatography has many advantages but also
often represents the most expensive step in a pharmaceutical production process.
Therefore, alternative methods as well as further processing strategies are urgently
needed. One promising candidate for new developments on a large scale is magnetic
separation, which enables the fast and direct capture of target molecules in fermentation
broths. There has been a small revolution in this area in the last 10-20 years and a
few papers dealing with the use of magnetic separation in bioprocessing examples
beyond the analytical scale have been published. Since each target material is purified
with a different magnetic separation approach, the comparison of processes is not
trivial but would help to understand and improve magnetic separation and thus making
it attractive for the technical scale. To address this issue, we report on the latest
achievements in magnetic separation technology and offer an overview of the progress
of the capture and separation of biomolecules derived from biotechnology and food
technology. Magnetic separation has great potential for high-throughput downstream
processing in applied life sciences. At the same time, two major challenges need to be
overcome: (1) the development of a platform for suitable and flexible separation devices
and (2) additional investigations of advantageous processing conditions, especially
during recovery. Concentration and purification factors need to be improved to pave
the way for the broader use of magnetic applications. The innovative combination of
magnetic gradients and multipurpose separations will set new magnetic-based trends
for large scale downstream processing.

Keywords: magnetic fishing, technical scale, industrial bioseparation, process design, protein purification, food
technology, selective recovery
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INTRODUCTION

Many scientific discoveries are directly related to magnetic
phenomena. From exploratory voyages using compasses to
the development of electricity, and the processing of iron
ores, magnetism has revolutionized traditional processes.
Magnetic separation results from forces induced in magnetically
susceptible materials by magnetic fields, while other materials
are unaffected by such force fields. The first use of magnetic
separation deriving from the mining industry goes back to
the beginning of the twentieth century (Kiister, 1902). With
time, the areas of application were expanded to include
coal desulfurization, steel production, wastewater treatment,
medical applications, and biotechnology (Robinson et al., 1973;
Whitesides et al., 1983; Moffat et al., 1994; Zhou et al., 1996;
Yavuz et al., 2006; Gémez-Pastora et al., 2014; Egesa et al,
2017). What do all these applications have in common? The
framework conditions, processing in a water medium, are
similar. However, there are significant differences in the total
volume processed as well as in process viscosities, which can
cause challenges for magnetic separation. Biotechnological
processes, where proteins or pharmaceuticals are the main
products, deal with lower aqueous volumes, higher viscosity,
and higher concentrations of target molecules compared to
wastewater streams. Food technology processes are similar
to those in biotechnology. In most cases, the targets are
not magnetic. Based on different interactions between these
targets and magnetic materials, they can be separated from
their surrounding media. Medical applications such as in
vivo hyperthermia or drug delivery treatments, deal with an
even lower volume of water, higher purities, and lower toxicities.
Thus, different magnetic materials are required depending on the
underlying production processes and separation requirements.
While the main goal of environmental approaches is to filter
impurities and obtain clean water, in the life sciences, the
aim is typically to remove only one target material from
a mixture.

The materials used as carriers of biomolecules and the
magnetic separator design have been further developed in
the last years following new application trends. We review
the industrially relevant magnetic separation processes
for biotechnology and food technology with a focus on
the advances of the last two decades. We show that the
productivity levels achieved at larger scales are interesting
for industrial exploitation. Perhaps the most pressing
task at the moment is to encourage the development of
enhanced devices for magnetic separation processes and to
provide examples of optimal processing parameters. Novel
processes are necessary to increase the productivity, recover
more than one target material at a time and reduce time
scales and water consumption. In the following sections,
we want to highlight how magnetic separation can be
used and is being used in the field of pharma and food
industry and which parameters need to be considered
in order to purify cells and biomacromolecules such
as proteins.

ADVANTAGES OF MAGNETIC
SEPARATION

Conventional separation and purification approaches for
pharmaceutical applications from biotechnological sources,
such as the production of antibodies, require numerous
steps: filtration, centrifugation, flocculation, sedimentation
or crystallization, and chromatography techniques (Carta
and Jungbauer, 2010). Developing high-tech or innovative
approaches is still the principal challenge to promoting
downstream processing in a leading technological field and to
paving the way for enhanced productivity. Magnetic separation
is an interesting candidate for future downstream applications
due to some important advantageous features:

e Integrated one step capture and purification of target (high
affinity and selectivity)

e High throughput

e Semi-continuous processing with low energy consumption.

Thus, magnetic separation can help reduce costs and increase
yields and productivity compared to traditional processes. The
continuous or semi-continuous processing at relatively low
pressure leads to low processing energy costs. The process allows
a broad framework of variables to adapt it to the necessities of
each system and should lead to a higher number of bioproducts
feasible for industrial exploitation (Hubbuch et al., 2001; Ohara
etal., 2001; Ahoranta et al., 2002; Eskandarpour et al., 2009; Yavuz
et al., 2009; Paulus et al., 2014; Gomez-Pastora et al., 2017).

SEPARATION STRATEGY AND
SEPARATOR DESIGN

Before starting with a separation process, the first step is to
select the most suitable separation strategy. This means thinking
about the system and the process and taking into account all
relevant parameters. The scheme in Figure 1 highlights the main
criteria for designing an efficient process. It is necessary to
bear in mind the processing constraints (volumes, targets, broth
characteristics, time, costs, etc.) and the availability of suitable
devices. Table1 offers an overview of magnetic separation
principles, while Figure 2 presents the set-up of some existing
designs. The separation strategy is dependent on the target
molecule and includes not only the actual magnetic separation
process but also the interaction between the magnetic material
and the target molecules. Conditions for binding and elution
of target are crucial for the whole process and the equilibration
times for binding and especially for elution still depict challenges
for future optimizations.

Several physical properties of magnetically susceptible
materials are employed to separate molecules in a magnetic
field (Moffat et al., 1994). The typical application of magnetic
separation is the direct collection of magnetic materials and
separating them from the non-magnetic ones. This approach
uses high magnetic field gradients in order to successfully collect
all magnetic material. Another option is to use the aggregation
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FIGURE 1 | Scheme highlighting the main criteria for a magnetic separation process intermeshed like cogs in a machine as they are dependent on each other.
Parameters need to be chosen according to the target product in order to facilitate an efficient process.

* Binding

* Elution

* Buffer

* lonic strength
* Detergents

. pH

Yield

Productivity
Purification factor
Concentration factor

and agglomeration effects of magnetic materials due to the
formation of magnetic dipoles in the presence of magnetic fields
(Svoboda, 1982; Ditsch et al., 2005). This so-called magnetic
flocculation can provide easier separation due to larger magnetic
forces compared to the effect of the Stoke’s drag force and
Brownian motion; furthermore, this larger force also results in
easier filtration due to the larger size of aggregates compared to
single particles (Schwaminger et al., 2019b). The drawback is that
this magnetic aggregation often negatively influences magnetic
collection, making reuse of magnetic materials more challenging.

An interesting process, presented by Eichholz et al,, is the
magnetic filtration which combines magnetic separation with
cake filtration (Eichholz et al., 2011). Other possibilities include
magnetic flotation, enhanced magnetic sedimentation, magnetic
sorting or the use of magnetic beads as adsorbent material in
magnetically stabilized beds (Albert and Tien, 1985; Charles,
1990; Rosensweig and Ciprios, 1991; Moftat et al., 1994; Becker
et al., 2009). Magnetic flotation can be used to collect or
to enhance a flotation effect and separate and capture target
molecules from impurities efficiently. The gas-assisted magnetic
separation (GAMS) and the gas-assisted superparamagnetic
extraction (GASE) process use nitrogen bubbles to float magnetic
nanoparticles which are bound to target molecules (Li et al,
2013; Liu et al,, 2016). The magnetic particles can be collected
either in an extraction phase or with a magnet which allows for
a fast separation process. Magnetic sedimentation can further
be enhanced with a magnetic centrifuge which allows a faster
separation by increasing the acceleration forces on the magnetic

particles (Lindner and Nirschl, 2014). Magnetic sorting can be
used to classify magnetic materials and materials bound to these
magnetic materials according their fluidic as well as magnetic
properties. This facilitates the sorting of different shapes and
sizes of magnetic nanoparticles as well as the sorting of cells
(Chen etal,, 2017; Zhang et al., 2017). Magnetically stabilized bed
reactors facilitate a hybrid between fixed and moving bed, which
allows chemical reactions at the surface of magnetic beads where
catalysts and enzymes can be immobilized (Zong et al., 2013).

MAGNETIC MATERIAL

Magnetic material is an essential ingredient in the separation
process. Magnetic separation has benefited especially from robust
development in the medical technology sector (e.g., in drug
delivery) as well as from the developments of multifunctional
magnetic materials. Iron oxide nanoparticles are generally
recognized as safe (GRAS) and have been approved by the US
Food and Drug Administration (FDA) for in vivo applications
(Thanh, 2012; Pusnik et al., 2016). Furthermore, iron oxides
are allowed as color and food additives according to the FDA.
There are multiple studies on the toxicity and possible health
effects of iron oxide nanoparticles: On the one hand, iron
oxide nanoparticles are able to penetrate cells and produce
reactive oxygen species (ROS) which can cause cell damage
(Soenen et al, 2011; Liu et al., 2013). On the other hand,
multiple studies do not indicate health effects of iron oxide
nanoparticles (Szalay et al., 2012). This controversy and thus the
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TABLE 1 | Summary of magnetic separation strategies for biotechnological downstream processing.

Separation principle Advantages Disadvantages

Applications References

Magnetic collection Fast, high throughput,

process control steps

Magnetic flocculation Fast, filtration

Magnetic flotation Fast, separation, recovery
blockage

Magnetic

sedimentation

Separation, low loss of MP,
characterization

Magnetic sorting Different shapes, sizes or

magnetizations

Magnetic stabilized bed Continuous, homogeneous

Recovery of MPs, multiple

Inclusion of impurities,
recovery, polymerbeads

Aeration limitation, foaming,

Small scale, low density beads,
energy (Centrifuge)

Slow, small scale, expensive

Pressure drop, reactor size,
bed field circulation, diffusion

Target purification Safarik et al., 2001; Brown et al.,

(HGMS, OGMS) 2013; Fraga Garcia et al., 2015;
Muiller et al., 2015; Schwaminger
etal.,, 2019a

Harvest Svoboda, 1982; Wang et al.,
2014

Purification, harvest
(GAMS, GASE)

Magnetic centrifuge

Li et al., 2013, 2014; Dong et al.,
2015; Liu et al., 2016

Scherer et al., 2002; Berret et al.,
2007; Lindner and Nirschl, 2014;
Mykhaylyk et al., 2015

Miltenyi and Schmitz, 2000; Chen
et al., 2017; Zhang et al., 2017;
Solsona et al., 2018

Albert and Tien, 1985;
Rosensweig and Ciprios, 1991;
Zong et al., 2013

Cell sorting

Processing (MSBR)

The advantages and the disadvantages of magnetic separation strategies are shown. The separator setups where these strategies can be applied are displayed.

potential toxicity of iron oxide nanomaterials need to be further
investigated and evaluated in order to ensure safe handling
of nanomaterials for applications such as magnetic separation
(Auffan et al., 2009; Valdiglesias et al., 2015). The synthesis of
different magnetic particles, especially at the nano level, as well as
a broad number of magnetic particle functionalization strategies,
have been presented by numerous reviews (Bergemann et al,
1999; Berensmeier, 2006; Lu et al., 2007; Laurent et al., 2008;
Philippova et al., 2011; Buck and Schaak, 2013; Conde et al.,
2014; Xiao et al,, 2016; Ge et al., 2017). The synthesis method
influences both the particle core and its surface properties
(Laurent et al., 2008; Shavel and Liz-Marzan, 2009; Roth et al.,
2015). For iron oxides alone, multiple strategies ranging from
co-precipitation to hydrothermal synthesis and from milling
to biological synthesis are known (Laurent et al., 2008; Ali
et al., 2016). Superparamagnetic nanoparticles can be used for
separation processes as-synthesized or embedded in polymer
matrices, often leading to microcarriers (Philippova et al., 2011).
These microcarriers (Table 2) represent the most commonly used
and commercially available particles for magnetic separation
applications (Berensmeier, 2006; Borlido et al., 2013; Fields
et al., 2016). Nanoparticles have an advantage over microparticle
beads and chromatography resins as there is no mass transfer
limitation for protein diffusion in the separation process, which
is important in terms of capacity, purity, level of contamination
and processing time. Non-embedded magnetic nanoparticles,
such as bare iron oxide nanoparticles, have a great potential
for separation processes due to their low production costs, the
abundance of precursors, and their high density. On the other
hand, magnetic microbeads are easier to handle in separation
processes as they are less prone to magnetic aggregation
effects. Thus, the larger size facilitates a better ratio between
magnetic force and Stokess drag force leading to a better
severability in magnetic fields compared to colloidally stabilized
nanoparticles. The selection of the optimal magnetic material

depends strongly on the process strategy. Target biomaterial
and process conditions also play a crucial role in the choice
of the beads (see Figure 1). Depending on the prize and the
requirements of the target product, either low-cost crude bare
iron oxide nanoparticles or highly specific adsorbents, such as
protein A modified magnetic particles, need to be used for
purification processes (Holschuh and Schwiammle, 2005; Gomes
et al., 2018; Schwaminger et al, 2019a,b). Furthermore, the
conditions for binding and elution of the target protein must be
accurately chosen with regard to the beads chemistry and process
design. The functionalization of magnetic surfaces is a toolkit
which can be adapted to the properties of the target and the
selected switch conditions between adsorption and desorption. In
summary, depending on the application, the magnetic material,
the particle size, the stabilization and functionalization need to
be selected and combined (Figure 3).

HIGH-GRADIENT MAGNETIC SEPARATION
FOR BIOTECHNOLOGICAL PROTEIN AND
CELL RECOVERY

High-gradient magnetic separators present large magnetic flux
densities in the tesla range which allow for local gradients of
10%-10° T/m or higher (Svoboda and Fujita, 2003; Las Cuevas
et al,, 2008). They enable the capture of materials with weaker
magnetic moments from the flowing stream (Yavuz et al., 2009).
Thus, emerging magnetic technology led to the development
of different separation processes for biomolecules, especially
proteins, at the laboratory scale. Nevertheless, only the work of
a small number of research groups has been devoted to the larger
scale development of magnetic separation for the recovery of
proteins, other biomolecules and even cells (Hubbuch et al., 2001;
Hoffmann et al., 2002; Hubbuch and Thomas, 2002; Bucak et al.,
2003; Heebell-Nielsen et al., 2004b; Hoffmann and Franzreb,
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FIGURE 2 | Schemes of magnetic separator designs. A rotor-stator high-gradient magnetic separator (A) can be used for the purification of target proteins. Here, an
electro magnet is used to establish high magnetic field gradients between holey plates (rotor and stator plates). In a first step, the target material is adsorbed to the
magnetic particles and separated magnetically from the impurities in the separation chamber. In a second step, the magnetic particles are separated from the target
protein, which is eluted (Fraga Garcia et al., 2015; Schwaminger et al., 2019a). An open-gradient magnetic separator (OGMS) (B) in a form of a magnetic drum
separator (MDS) is illustrated. Magnetic beads are separated from impurities with a magnetic drum and recovered with a scraper blade (Dong et al., 2015). In a
magnetic filtration set-up (C), magnetizable wires, meshes, or bundles are placed in a magnetic field. Magnetic particles bind to these magnetizable matrices leading
to a magnetizable filter cake, which improves the magnetic filter performance (Schwaminger et al., 2019b). During a gas-assisted magnetic separation (GAMS)
process (D), a gas is bubbled through the reactor leading to the flotation of magnetic particles and attached target molecules, which can be collected with a magnet
(Liet al., 2013). A magnetically-stabilized moving bed reactor (MSBR) is based on a rotating magnetic field around the reactor, which allows a fluidization of magnetic
beads while they behave like a fixed bed in flow direction (E) (Zong et al., 2013). A magnetic decanter (F) allows the continuous transport of magnetic particles with
the magnetized screw while impurities are not affected by the magnetic field and thus separated from the magnetic material (Lindner and Nirschl, 2014). A magnetic
centrifuge (G) allows a fast separation due to the density difference and the magnetization of magnetic particles (Lindner and Nirschl, 2014).

2004a,b; Moeser et al., 2004; Kampeis et al., 2009, 2011, 2013; In the life sciences, high-gradient magnetic separation
Lindner and Nirschl, 2014; Nirschl and Keller, 2014; Fraga Garcia ~ (HGMS) is “the integrated process consisting of coupling a
et al., 2015; Roth et al., 2016; Gomes et al., 2018; Schwaminger  batch-binding step to magnetic adsorbent handling (i.e., capture,
etal., 2019a,b). washing, and elution) with a high-gradient magnetic filter”
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TABLE 2 | Selection of commercially available magnetic beads for biotechnological purification and medical applications.

Product Size (uwm) Surface groups Materials Application Manufacturer
Dynabeads 1-4.4 Carboxyl, streptavidin, antibodies, ION + PS shell Purification, analysis Invitrogen
antigens, DNA/RNA
SIMAG 0.5-1 OH, COOH, SOgH, POgH2, NH», ION + SiOx Purification, analysis Chemicell GmbH
DEAE, PEI, C1, C2, C8, C18, Protein
A, streptavidin, heparin
SPHERO 1-120 Amino, carboxyl, diethylamino, ION + PS shell Purification, analysis Spherotech, inc.
dimethylamino, hydroxyethyl
Pure proteome 0.3-10 Carboxyl, streptavidin, protein, ION + Polymer Purification, sorting Emd millipore
N-hydroxy-succinimide (NHS)
Pierce beads 1-10 Streptavidin, protein, NHS, ION + polymer Purification, analysis Thermo scientific
antibodies, glutathione
Sera-mag 1 Carboxyl, streptavidin, neutravidin, ION + PS shell Purification GE lifescience
oligo amine, protein
Biomag 1.5 Carboxyl, streptavidin, amine, ION + SiOx Purification, medical Polysciences, inc.
antigen, antibody
GenoPrep Hydroxyl ION + SiOx Purification GenoVision
MagaZorb 1-10 Hydroxyl ION + Cellulose Purification Cortex biochem
MagneSil 5-8.5 Hydroxyl ION + SiOx Purification Promega
MagPrep 1 Hydroxyl ION + SiOx Purification Merck
MagSi 1-5 Hydroxyl Purification MagneMedics
MGP Hydroxyl ION + Pore free glass Purification Roche Diagnostics
shell
M-PVA 0.5-8 PVA ION + PVA Purification Chemagen
Sicastar 1-6 Maleic acid, Protein A + G, Carboxyl, ION + PS-maleic acid Purification Micromod
Streptavidin, IDA/NTA copolymer
BcMag 1,5 Hydroxyl ION + SiOx Purification Bioclone
BioMag 1 Hydroxyl ION + SiOx Purification Bangs Lab
wWMACS 0.05 Hydroxyl ION + Dextran Purification Miltenyi
MPG 5 Hydroxyl ION + Boro-silicate Purification PureBiotech
glass
Nucleo-Adembeads 0.1-0.5 Hydroxyl ION + Polymer Purification Ademtech
Scigen M 3.5 Hydroxyl ION + Cellulose Purification Vector Lab
Feridex Combidex 0.015-0.2 Hydroxyl ION + Dextran Medical Guerbet
Resovist Supravist 0.02, 0.06 Hydroxyl ION + Carboxydextran Medical Schering
Clariscan Abdoscan 0.02,3.5 Hydroxyl, Sulphonated styrene ION + PEGStarch + Medical GE-Healthcare
SOz-PS-DVB
VSOP-C184 0.007 Carboxyl ION + Citrate Medical Ferropharm

(Schultz et al., 2007). Hubbuch and colleagues observe that high-
gradient magnetic fishing (HGMF) is the more complete name
for the process (Hubbuch et al., 2001); however, HGMS is more
commonly used in the literature. The last 20 years have seen
a small revolution in HGMS for biotechnological applications.
Overviews of process designs, device types and development as
well as methods to determine processing relevant parameters
have been presented (Franzreb et al., 2006; Schultz et al., 2007).
We have gathered recently published articles focusing on the
main challenges of magnetic separation in biotechnology and
food technology and focus here on the studies that go beyond
the laboratory scale (see Table 3). We want to emphasize the
importance of binding and elution conditions in dependence
of target molecules, purity, purification factor, yield, surface
modification, and separator design. The equilibration times for

binding and elution of the target molecule extensively contribute
to the whole processing time with up to 2h (Brechmann
et al., 2019; Schwaminger et al., 2019a,b). Not only the time
but the use of hazardous elution buffers such as imidazole
and high concentration of elution buffers depict an ecological
and economical challenge to magnetic separation processes
(Schwaminger et al., 2019a).

Some fully automated HGMS models (Hubbuch et al., 2001;
Hoffmann et al., 2002; Heeboll-Nielsen et al., 2004a; Hoffmann
and Franzreb, 2004a,b; Meyer et al., 2005) and a series of patents
from Franzreb and colleagues initiated a new era in high-gradient
magnetic separation for large scale life science applications. In
2006 the so-called rotor stator separator was invented (Franzreb
et al.,, 2004; Franzreb and Reichert, 2006). This model has the
significant advantage of leading to substantially more efficient
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FIGURE 3 | Toolkit for the selection of suitable magnetic beads according to the application. The choice of crude metal or ceramic particle and the strategy of
stabilizing and functionalizing the magnetic particles play a decisive role for their application in bioseparation processes.
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elution, washing and particle recovery steps. Thus, rotor-stator
type separators can be used to upscale magnetic separation
processes beyond conventional magnetic bead applications.
Based on the rotor stator design (Franzreb and Reichert, 2006),
some separator prototypes were built in collaboration with
Steinert GmbH and Abbis GmbH. The prototype as well as the
HGMS processing steps have been precisely described (Brown
et al., 2013). A HGMS model has recently been adapted in
collaboration with the Andritz KMPT GmbH to be cGMP
compliant (Ebeler et al., 2018).

One interesting feature of the rotor stator separator is the
simple design of multicyclic processes, which leads to higher
overall yields, making it the better choice for high-value target
biomolecules. Schultz et al. and Meyer et al. had previously
presented multicycle protein recovery with other separators,
but the challenges of resuspending particles, problems due to
backmixing and incomplete flushing still remained (Meyer et al.,
2005; Schultz et al., 2007). Miiller and collaborators run a process
with a rotor stator HGMS over 60 cycles with a very low loss
of binding capacity (<10%) in the first 12 cycles; in one batch
process, the authors achieve an average purification factor as high
as 4,900 (Miiller et al., 2011).

Pharmaceutically relevant proteins have been captured with
magnetic separators by Holschuh and Schwiammle (2005). They
purified antibodies with protein A-modified magnetic beads
on a 100L scale of cell culture supernatant. Recently, similar
processing approaches have been improved and adapted for the
rotor stator system (Miiller et al.,, 2015; Gomes et al., 2018).

These works make clear the relevance of HGMS for direct
capture of biotargets at larger scales. Gomes et al. provide
work on polyclonal antibody recovery from an unfiltered rabbit
antiserum feedstock with a HGMS at a mini-pilot scale. They
use 0.8 wm functionalized particles to recover antibodies from
an initial antibody concentration of 2.5 g/L in the feed with
a final total yield of ~72% in 0.5h in a 3-fold purified form
(Gomes et al., 2018). Miiller purifies the glycoprotein equine
chorionic gonadotropin (eCG) from up to 20 L horse serum and
achieves concentration factors of ~7 in a multicyclic process with
the rotor stator HGMS (Miiller et al., 2015). In a recent study,
Brechmann et al. demonstrate the purification of monoclonal
antibodies from 26L CHO cell supernatant with a HGMS
and obtain the same purity as for a chromatography process
(Brechmann et al., 2019).

Another important breakthrough on liter scale HGMS has
recently been achieved using magnetic nanoparticles (instead of
microparticles) for protein recovery (Fraga Garcia et al,, 2015). A
mass as high as 100 g of coated nanoparticles has been applied
successfully to recover 12 g His-GFP per hour from 2.4L cell
lysate. Until that moment, many researchers had argued that
HGMS was not suitable for the separation of very small magnetic
particles (<100 nm) (Kim et al., 2009), although the early work of
Hatton’s group had already demonstrated the suitability of coated
nanoparticles in mL-scale processes (Bucak et al., 2003; Moeser
et al., 2004). Two new works (Schwaminger et al, 2019a,b)
provide evidence of the possibilities of HGMS using a material
that is technically and industrially very interesting: low-cost bare
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TABLE 3 | Summary of high gradient magnetic downstream processes at larger scales published since 2000.

HGMS Magnetic carrier Broth characteristics Target biomaterial Feedstock P Y CF PF Further References
volume/processing comments
NdFeB magnet, 0.2T, 2L Chitosan beads (47 pm, Bovine trypsin 0L Safarik et al., 2001
65 pum)
Electro, 0.4T Bacitracin-linked beads ~ Cell-free Bacillus clausii ~ Savinase Enzyme activity Hubbuch et al.,
(0.5-1 um) broth 2001
Electro, 0.4 T, 15mL Benzamidine-linked Porcine pancreatin crude  Trypsin 0.4L, 1 g/Lbeadsin, 2 62% 3.5 Hubbuch and
beads g/L beads out Thomas, 2002
Electro, 0.4 T, 5mL Dextran beads Filtered extract of jack Concanavalin 125mL, 4 g/L carrier 99% 69% 3.8 Heebell-Nielsen
beans etal., 2004a
Electro, 0.4T, 5mL Cation-exchange beads  Clarified rennet bovine Lactoperoxidase, 380mL, 2.5 g/L carrier 92% 4.7 36 Heeball-Nielsen
whey lysozyme etal., 2004c
Electro, 0.4T, 5mL Cation-exchange beads ~ Crude bovine whey Lactoferrin, 6 g/L Fractionation (3 Heeball-Nielsen
lacto-peroxidase, 19G proteins) et al., 2004b
NdFeB magnet, 0.56 T, Cu-IDA beads Crude sweet whey Superoxide dismutase  52mL,7 g/L beads in, 21 86% 21 Meyer et al., 2005
4mL g/L beads out 0.15-0.6
g/L protein
NdFeB magnet, 0.32T, Epoxy-PVA beads Candida antarctica Lipase Multicyclic activity ~ Schultz et al.,
46 mL (1-2pm) 2007
NdFeB magnet, 0.32T, Functionalized beads Crude sweet whey Lactoferrin 2.2L, 5 g/L carrier in 47% 1.7 18.6 Multicyclic Meyer et al., 2007
182mL recovery
NdFeB magnet DEAP beads Clarified mare blood Equine chorionic 0.5L 5.4 975 Muller et al., 2011
serum gonadotropin
Electro, R-S, 0.28T, PAA beads (1.9 pm) Filtered cheese, bovine Lactoferrin, 10L (multiple cycles), 2L 81 % 2.3 73.4 Multicyclic Brown et al., 2013
160 mL whey lactoperoxidase per batch, 2,5 g/L carrier  (LPO) (LPO)  (LPO) recovery
Electro, R-S, 0.25T, Cu-EDTA nano particles  Unclarified E. coli lysate ~ His-GFP 2.4L, 1009 carrier, 22.3 96% 93% 0.3 2.5 12 g/h;22g/Lh  Fraga Garcia et al.,
980mL (22nm) g/L carrier in, 35 g/L 2015
carrier out, 8.5 g/L
His-GFP
Electro, R-S, 0.25T, DEAP beads Pre-purified mare blood Equine chorionic 20L, 609 carrier, 4.5 g/l 56% 6.7 2049 Multicyclic Mdller et al., 2015
980 mL serum gonadotropin carrier recovery
NdFeB magnet, 0.56 T, Hydrophobic beads Unclarified rabbit Polyclonal antibody 11.6mL, 25g/L1gG, 9.3 81% 72% 3 Gomes et al.,
4mL 0.8um) antiserum g/L lysate, 31.7 g/L carrier 2018
out
NdFeB magnet, 0.4 T, Bare FezO4 nano Clarified E. coli lysate Glu-GFP 1L,2g,2g/L carrier 0.31  68% 81% 21 Schwaminger
122mL particles (12 nm) g/L lysate et al., 2019b
Electro, R-S, 0.25T, Bare FezO4 nano Clarified E. coli lysate His-GFP 2L, 119, 5.5 g/L carrier, 91% 38% 2.5 Schwaminger
980 mL particles (12 nm) 1.5 g/L lysate et al., 2019a
Electro, R-S, 0.25T, Bare FezO4 nano S. ovalternus cultivation  S. ovalternus 5L, 0.3 g/L carrier, 0.6 g/L Fraga-Garcia
980mL particles (13 nm) microalgae cells cells etal, 2018
Electro, rod 1T Protein A agarose beads  CHO cell supernatant Monoclonal antibody 26 L clarified cell-free 86% Brechmann et al.,

(90 m)

harvest, 1.9 L bead for 5
g/L mAb

2019

Separator data, carrier type and diameter, conditions, target material, process scale, and performance indicators are shown. Generally, the magnetic flux densities correspond to the values in the air gap and the volumes to the void
values. Broth and target molecules data as well as the carrier data correspond to the ones in the process feed. In each case, the highest processing values were selected. Purity (P), yield (Y), purification factor (PF), and concentration
factor (CF) represent generally the total process results and combine several elution fractions.
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iron oxide nanoparticles. Both works demonstrate the advantages
of nanoparticle based liter-scale separation for achieving higher
capacities. Furthermore, Schwaminger et al. also reveal that
elution can be carried out without the need of hazardous and
expensive eluents as imidazole. This is an evidence for the broad
margin to enhancing results and moving toward more sustainable
processing forms, which is expected to be one of the future
focuses of downstream processing (Schwaminger et al., 2019a).

Another example of successful separation using bare iron
oxide nanoparticles in liter scale HGMS to recover whole cells
rather than proteins has also been published very recently
(Fraga-Garcia et al,, 2018), although the basis for magnetic
cell separation dates back to 1975 (Melville et al., 1975).The
advantages of faster processing and high recovery yields in
the case of cell separation were recognized several decades
ago (Kronick et al, 1978), although the magnetic material
was often used only to label the cells (Molday et al,
1977). More recent publications emphasize the larger scale
possibilities for cell purification (Hultgren et al., 2004) and the
relevance gained in the last two decades (Berger et al., 2001),
which is being extended to the field of biomass harvesting
(Hu and Hu, 2014; Fraga-Garcia et al., 2018).

APPLICATIONS AND PROSPECTS FOR
THE FOOD AND BEVERAGE INDUSTRY

Magnetic nanoparticles can be used in the food industry as well.
The removal of yeast in large fermentation processes for wine
and beer processing are of great interest. Magnetic removal of
yeast represents a cost-effective and simple process compared
to traditional techniques, where yeast is frozen and exploded
(Dauer and Dunlop, 1991; Berovic et al., 2014). Berovic et al.
demonstrated a magnetic yeast removal process, which reduces
the removal time from 60 days to 15 min while maintaining the
taste standard (Berovic et al., 2014). Not only the removal but the
entire fermentation process can be improved by immobilization
of yeast cells on magnetic nanoparticles (Genisheva et al,
2011). Furthermore, the removal of haze, turbidity proteins, and
unwanted flavors in wine is an interesting field of application
(Safarik et al., 2007; Mierczynska-Vasilev et al., 2017). Polymer
coatings on magnetic nanoparticles can be used specifically
to remove proteins from wines without affecting taste and
flavors (Mierczynska-Vasilev et al., 2017). Liang et al. have
shown the removal of the unwanted byproduct 3-Isobutyl-2-
methoxypyrazine using polymer-coated magnetic nanoparticles
(Liang et al., 2018). Aside from the refinement of alcoholic
beverages, immobilizing enzymes on magnetic nanoparticles can
be used in the food industry for clarification of fruit juices
(Mosafa et al., 2014).

Still another large area of interest for magnetic separation
processes is the dairy industry. Several approaches for the
separation and purification of whey proteins such as bovine
serum albumin, lysozyme, lactoferrin, lactoperoxidase, o-
lactoalbumin, and B-lactoglobulin exist at the laboratory scale
and have been reviewed by Nicolds et al. (2019). While many
studies look quite promising, we would like to highlight

the processing scales beyond the milliliter scale. For the
purification of whey, Heebell-Nielsen et al. were among the first
to introduce high-gradient magnetic fishing (Heeboll-Nielsen
et al, 2004b). They were able to capture lysozyme as well
as lactoperoxidase with magnetic cation-exchange beads from
375 to 174mL of whey, respectively (Heeboll-Nielsen et al.,
2004c). Further investigations of magnetic processing of whey
were conducted by Meyer et al. (2005, 2007). They purified
superoxide dismutase from ~50mL of whey by HGMF with
metal ion coordinated magnetic beads (Meyer et al., 2005).
Furthermore, larger amounts of whey were introduced for the
purification of the protein lactoferrin. Here, 2,200 mL of whey
were processed with HGMF to purify 111 mg lactoferrin with
polyglutaraldehyde coated silanized magnetic beads. A further
processing step was the separation of lactoferrin from crude
whey in a five cycle process with 2 L of whey feedstock batches
(Brown et al., 2013). Similar magnetic separation approaches
on the edge of food- and biotechnology are the purification of
lectins from legume extracts and lysozyme from hen egg white
(Heeboll-Nielsen et al., 2004a; Eichholz et al., 2011).

CONCLUSION AND OUTLOOK

This review provides an insight into industrially relevant
magnetic bioseparation processes. Moreover, we list all relevant
factors to be taken into account for designing a magnetic
separation process. We want to emphasize the still unexploited
potential of magnetic separation techniques, which could
be applied in industrial downstream processing for the
pharmaceutical, nutritional, and medicinal sectors, among
others. Magnetic separation might aid in overcoming the major
challenges in downstream processing: (1) more sustainable
bioprocessing and environmentally friendly elution media in
the recovery steps; (2) reduced water volumes to enhance
concentration factors and decrease water consumption. Magnetic
separation can be implemented as a direct capture and
concentration step from crude cell broths. Additional techniques
might be necessary to further polish proteins and improve
the purity of pharmaceutical target products. However, the
target requirements, the magnetic adsorbents, the processing
conditions, and the separator design affect each other.

Most investigations on the enhancement of chromatography
materials as well as magnetic beads seek only to improve
the binding behavior. Hence, a better understanding of the
adsorption mechanisms but more importantly of the desorption
steps is necessary. While there is a great acceptance for
chromatography in industrial downstream processes, magnetic
separation needs to be established as an alternative. Here,
regulations from the FDA for iron oxides as food additives and
their use in medical applications will ease the acceptance for
industrial bioseparation processes as well. The most important
factor may be to encourage the design and engineering of
improved systems for different biotechnological goals. At the
moment, choosing a device for magnetic based separation of
biomolecules is difficult. More effort must be devoted to the
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development of modern apparatuses by learning from cutting-
edge technologies to apply less conservative but more dynamic
industrial approaches. This might be the greatest challenge for
establishing magnetic separation as an industrial alternative to
conventional purification methods in the first and middle stages
of downstream processing applications.

Magnetic separation systems are robust and the running
costs are low. The change from magnetic microbeads, which
are commonly used in magnetic separation processes, to
nanoparticles with an even higher specific surface area and lower
production costs might pave the way for even more propitious
processing strategies. Moreover, the setup designs, which can
be quite simple, lead to processing with low complexity. These
advantages should lead to innovative, industrially appealing
processes for large scale downstream processing in the future.
Magnetic separation can also entail greater productivity and
lower product prices for target molecules, thereby extending the
number of products of biotechnological origin. In conclusion we

REFERENCES

Ahoranta, M., Lehtonen, J., and Mikkonen, R. (2002). Open gradient magnetic
separation utilizing NbTi, Nb3Sn and Bi-2223 materials. Supercond. Sci.
Technol. 15, 1421-1426. doi: 10.1088/0953-2048/15/10/310

Albert, R. V., and Tien, C. (1985). Particle collection in magnetically stabilized
fluidized filters. AIChE J. 31, 288-295. doi: 10.1002/aic.690310216

Ali, A, Zafar, H., Zia, M., Ul Hagq, I, Phull, A. R,, Ali, J. S,, et al. (2016). Synthesis,
characterization, applications, and challenges of iron oxide nanoparticles.
Nanotechnol. Sci. Appl. 9, 49-67. doi: 10.2147/NSA.S99986

Auffan, M., Rose, J., Bottero, J.-Y., Lowry, G. V., Jolivet, J.-P., and Wiesner,
M. R. (2009). Towards a definition of inorganic nanoparticles from an
environmental, health and safety perspective. Nat. Nanotechnol. 4, 634-641.
doi: 10.1038/nnano.2009.242

Becker, J. S., Thomas, O. R. T., and Franzreb, M. (2009). Protein separation
with magnetic adsorbents in micellar aqueous two-phase systems. Sep. Purif.
Technol. 65, 46-53. doi: 10.1016/j.seppur.2008.05.017

Berensmeier, S. (2006). Magnetic particles for the separation and
purification of nucleic acids. Appl. Microbiol. Biotechnol. 73, 495-504.
doi: 10.1007/500253-006-0675-0

Bergemann, C., Miiller-Schulte, D., Oster, J., Brassard, L., and Liibbe, A.S. (1999).
Magnetic ion- exchange nano- and microparticles for medical, biochemical
and molecular biological applications. J. Magn. Magn. Mater. 194, 45-52.
doi: 10.1016/S0304-8853(98)00554-X

Berger, M., Castelino, J., Huang, R., Shah, M., and Austin, R. H. (2001). Design
of a microfabricated magnetic cell separator. Electrophoresis 22, 3883-3892.
doi: 10.1002/1522-2683(200110)22:18&It;3883::AID-ELPS3883&gt;3.0.CO;2-4

Berovic, M., Berlot, M., Kralj, S., and Makovec, D. (2014). A new method for the
rapid separation of magnetized yeast in sparkling wine. Biochem. Eng. ]. 88,
77-84. doi: 10.1016/j.bej.2014.03.014

Berret, J.-F., Sandre, O., and Mauger, A. (2007). Size distribution of
superparamagnetic particles determined by magnetic sedimentation. Langmuir
23,2993-2999. doi: 10.1021/1a061958w

Borlido, L., Azevedo, A. M., Roque, A. C. A,, and Aires-Barros, M. R. (2013).
Magnetic separations in biotechnology. Biotechnol. Adv. 31, 1374-1385.
doi: 10.1016/j.biotechadv.2013.05.009

Brechmann, N. A,, Eriksson, P.-O., Eriksson, K., Oscarsson, S., Buijs, J., Shokri,
A, et al. (2019). Pilot-scale process for magnetic bead purification of antibodies
directly from non-clarified CHO cell culture. Biotechnol. Prog. 35:e2775.
doi: 10.1002/btpr.2775

Brown, G. N., Miiller, C., Theodosiou, E., Franzreb, M., and Thomas, O. R. T.
(2013). Multi-cycle recovery of lactoferrin and lactoperoxidase from crude
whey using fimbriated high-capacity magnetic cation exchangers and a novel
“rotor-stator” high-gradient magnetic separator. Biotechnol. Bioeng. 110,
1714-1725. doi: 10.1002/bit.24842

would like to encourage more research and technical processing
using magnetic forces, particularly for other life science fields
such as the food and beverage sector.

AUTHOR CONTRIBUTIONS

SS and PF-G planned and designed the manuscript. SS, PF-G, and
ME collected and reviewed the literature. SB and TB discussed the
manuscript. The manuscript was written through contributions
of all authors. All authors have given approval to the final version
of the manuscript.

ACKNOWLEDGMENTS

We appreciate support from the German Research
Foundation (DFG) and the Technical University of
Munich (TUM) in the framework of the Open-Access
Publishing Program.

Bucak, S., Jones, D. A., Laibinis, P. E., and Hatton, T. A. (2003). Protein
separations using colloidal magnetic nanoparticles. Biotechnol. Prog. 19,
477-484. doi: 10.1021/bp0200853

Buck, M. R, and Schaak, R. E. (2013). Emerging strategies for the total
synthesis of inorganic nanostructures. Angew. Chem. Int. Ed. 52, 6154-6178.
doi: 10.1002/anie.201207240

Carta, G., and Jungbauer, A. (2010). Protein Chromatography: Process Development
and Scale-Up. Weinheim: Wiley-VCH Verlag GmbH and Co. KGaA.
doi: 10.1002/9783527630158

Charles, S. W. (1990). Alignment of biological assemblies using
magnetic fluids — A review. J. Magn. Magn. Mater. 85, 277-284.
doi: 10.1016/0304-8853(90)90066-Y

Chen, Q., Di, L., Zielinski, J., Kozubowski, L., Lin, J., Wang, M., et al. (2017).
Yeast cell fractionation by morphology in dilute ferrofluids. Biomicrofluidics
11, 64102. doi: 10.1063/1.5006445

Conde, J., Dias, J. T., Grazd, V., Moros, M., Baptista, P. V., and de La
Fuente, J. M. (2014). Revisiting 30 years of biofunctionalization and surface
chemistry of inorganic nanoparticles for nanomedicine. Front. Chem. 2:48.
doi: 10.3389/fchem.2014.00048

Dauer, R. R, and Dunlop, E. H. (1991). High gradient magnetic separation of yeast.
Biotechnol. Bioeng. 37, 1021-1028. doi: 10.1002/bit.260371106

Ditsch, A., Lindenmann, S., Laibinis, P. E., Wang, D. I. C., and Hatton, T. A. (2005).
High-gradient magnetic separation of magnetic nanoclusters. Ind. Eng. Chem.
Res. 44, 6824-6836. doi: 10.1021/ie048841s

Dong, T., Yang, L., Zhu, M., Liu, Z., Sun, X,, Yu, J,, et al. (2015). Removal of
cadmium(II) from wastewater with gas-assisted magnetic separation. Chem.
Eng. ]. 280, 426-432. doi: 10.1016/j.cej.2015.05.066

Ebeler, M., Pilgram, F., Wolz, K., Grim, G., and Franzreb, M. (2018). Magnetic
separation on a new level: characterization and performance prediction of a
c¢GMP compliant “Rotor-Stator” high- gradient magnetic separator. Biotechnol.
J. 13:1700448. doi: 10.1002/biot.201700448

Egesa, D., Chuck, C. J., and Plucinski, P. (2017). Multifunctional role
of magnetic nanoparticles in efficient microalgae separation and
catalytic hydrothermal liquefaction. ACS Sust. Chem. Eng. 6, 991-999.
doi: 10.1021/acssuschemeng.7b03328

Eichholz, C., Silvestre, M., Franzreb, M., and Nirschl, H. (2011). Recovery of
lysozyme from hen egg white by selective magnetic cake filtration. Eng. Life
Sci. 11, 75-83. doi: 10.1002/elsc.201000121

Eskandarpour, A., Iwai, K, and Asai, S. (2009). Superconducting
magnetic  filter:  Performance,  recovery, and  design.  IEEE
Trans.  Appl.  Supercond. 19, 84-95. doi:  10.1109/TASC.2009.
2014567

Fields, C., Li, P., O’'Mahony, J. J., and Lee, G. U. (2016). Advances in affinity ligand-
functionalized nanomaterials for biomagnetic separation. Biotechnol. Bioeng.
113, 11-25. doi: 10.1002/bit.25665

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

September 2019 | Volume 7 | Article 233


https://doi.org/10.1088/0953-2048/15/10/310
https://doi.org/10.1002/aic.690310216
https://doi.org/10.2147/NSA.S99986
https://doi.org/10.1038/nnano.2009.242
https://doi.org/10.1016/j.seppur.2008.05.017
https://doi.org/10.1007/s00253-006-0675-0
https://doi.org/10.1016/S0304-8853(98)00554-X
https://doi.org/10.1002/1522-2683(200110)22:18&lt
https://doi.org/10.1016/j.bej.2014.03.014
https://doi.org/10.1021/la061958w
https://doi.org/10.1016/j.biotechadv.2013.05.009
https://doi.org/10.1002/btpr.2775
https://doi.org/10.1002/bit.24842
https://doi.org/10.1021/bp0200853
https://doi.org/10.1002/anie.201207240
https://doi.org/10.1002/9783527630158
https://doi.org/10.1016/0304-8853(90)90066-Y
https://doi.org/10.1063/1.5006445
https://doi.org/10.3389/fchem.2014.00048
https://doi.org/10.1002/bit.260371106
https://doi.org/10.1021/ie048841s
https://doi.org/10.1016/j.cej.2015.05.066
https://doi.org/10.1002/biot.201700448
https://doi.org/10.1021/acssuschemeng.7b03328
https://doi.org/10.1002/elsc.201000121
https://doi.org/10.1109/TASC.2009.2014567
https://doi.org/10.1002/bit.25665
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Schwaminger et al.

Magnetic Separation in Bioprocessing

Fraga Garcia, P., Brammen, M., Wolf, M., Reinlein, S., Freiherr von Roman, M.,
and Berensmeier, S. (2015). High-gradient magnetic separation for technical
scale protein recovery using low cost magnetic nanoparticles. Sep. Purif.
Technol. 150, 29-36. doi: 10.1016/j.seppur.2015.06.024

Fraga-Garcia, P., Kubbutat, P., Brammen, M., Schwaminger, S., and Berensmeier,
S. (2018). Bare iron oxide nanoparticles for magnetic harvesting of microalgae:
from interaction behavior to process realization. Nanomaterials 8:E292.
doi: 10.3390/nan08050292

Franzreb, M., Holl, W., and Hoffmann, C. (2004). High Gradient Magnetic
Separator. Washington, DC: U.S. Patent and Trademark Office.

Franzreb, M., and Reichert, C. (2006). High Gradient Magnetic Separator. Munich:
Deutsches Patent- und Markenamt.

Franzreb, M., Siemann-Herzberg, M., Hobley, T. J., and Thomas, O. R. T. (2006).
Protein purification using magnetic adsorbent particles. Appl. Microbiol.
Biotechnol. 70, 505-516. doi: 10.1007/s00253-006-0344-3

Ge, W., Encinas, A., Araujo, E., and Song, S. (2017). Magnetic matrices used in high
gradient magnetic separation (HGMS): a review. Results Phys. 7, 4278-4286.
doi: 10.1016/j.rinp.2017.10.055

Genisheva, Z., Mussatto, S. I, Oliveira, J. M., and Teixeira, J. A. (2011). Evaluating
the potential of wine-making residues and corn cobs as support materials
for cell immobilization for ethanol production. Ind. Crops Prod. 34, 979-985.
doi: 10.1016/j.indcrop.2011.03.006

Gomes, C. S., Fashina, A., Ferndndez-Castané, A., Overton, T. W., Hobley,
T. J., Theodosiou, E., et al. (2018). Magnetic hydrophobic-charge induction
adsorbents for the recovery of immunoglobulins from antiserum feedstocks by
high-gradient magnetic fishing. J. Chem. Technol. Biotechnol. 93, 1901-1915.
doi: 10.1002/jctb.5599

Gomez-Pastora, J., Bringas, E., and Ortiz, I. (2014). Recent progress and
future challenges on the use of high performance magnetic nano-
adsorbents in environmental applications. Chem. Eng. ]. 256, 187-204.
doi: 10.1016/j.cej.2014.06.119

Gomez-Pastora, J., Xue, X., Karampelas, I. H., Bringas, E., Furlani, E. P., and
Ortiz, I. (2017). Analysis of separators for magnetic beads recovery: from
large systems to multifunctional microdevices. Sep. Purif. Technol. 172, 16-31.
doi: 10.1016/j.seppur.2016.07.050

Heeboll-Nielsen, A., Dalkiaer, M., Hubbuch, J. J., and Thomas, O. R. T. (2004a).
Superparamagnetic adsorbents for high-gradient magnetic fishing of lectins out
of legume extracts. Biotechnol. Bioeng. 87, 311-323. doi: 10.1002/bit.20116

Heeboll-Nielsen, A., Justesen, S. F. L., Hobley, T. J., and Thomas, O. R. T. (2004c).
Superparamagnetic cation-exchange adsorbents for bioproduct recovery from
crude process liquors by high-gradient magnetic fishing. Sep. Sci. Technol. 39,
2891-2914. doi: 10.1081/SS-200028791

Heeboll-Nielsen, A., Justesen, S. F. L., and Thomas, O. R. T. (2004b). Fractionation
of whey proteins with high-capacity superparamagnetic ion-exchangers. J.
Biotechnol. 113, 247-262. doi: 10.1016/j.jbiotec.2004.06.008

Hoffmann, C., and Franzreb, M. (2004a). A novel repulsive-mode high gradient
magnetic separator. Part I. Design and experimental results. IEEE Trans. Magn.
40, 456-461. doi: 10.1109/TMAG.2004.824124

Hoffmann, C., and Franzreb, M. (2004b). A novel repulsive-mode high-gradient
magnetic separator. Part II. Separation model. IEEE Trans. Magn. 40, 462-468.
doi: 10.1109/TMAG.2004.824121

Hoffmann, C., Franzreb, M., and Holl, W. H. (2002). A novel high-gradient
magnetic separator (HGMS) design for biotech applications. IEEE Trans. Appl.
Supercond. 12, 963-966. doi: 10.1109/TASC.2002.1018560

Holschuh, K., and Schwimmle, A. (2005). Preparative purification of antibodies
with protein A—an alternative to conventional chromatography. J. Magn.
Magn. Mater. 293, 345-348. doi: 10.1016/j.jmmm.2005.02.050

Hu, S.--H., and Hu, S.-C. (2014). Kinetics of ionic dyes adsorption with
magnetic-modified sewage sludge. Environ. Prog. Sust. Energy 33, 905-912.
doi: 10.1002/ep.11872

Hubbuch, J. J., Matthiesen, D. B., Hobley, T. J., and Thomas, O. R. (2001).
High gradient magnetic separation versus expanded bed adsorption: a first
principle comparison. Bioseparation 10, 99-112. doi: 10.1023/A:10120349
23621

Hubbuch, J. J., and Thomas, O. R. (2002). High-gradient magnetic affinity
separation of trypsin from porcine pancreatin. Biotechnol. Bioeng. 79, 301-313.
doi: 10.1002/bit.10285

Hultgren, A., Tanase, M., Chen, C. S., and Reich, D. H. (2004). High-yield cell
separations using magnetic nanowires. IEEE Trans. Magn. 40, 2988-2990.
doi: 10.1109/TMAG.2004.830406

Kampeis, P., Bewer, M., and Rogin, S. (2009). Einsatz von Magnetfiltern
in der Bioverfahrenstechnik Teil 1: Vergleich verschiedener Verfahren
zum Rickspiilen der Magnetfilter. Chem. Ing. Tech. 81, 275-281.
doi: 10.1002/cite.200800121

Kampeis, P., Feind, D., and Liebland, M. (2013). Device for Separating Magnetic
or Magnetizable Microparticles From a Suspension by Means of High Gradient
Magnetic Separation. Munich: Européisches Patentamt.

Kampeis, P., Lieblang, M., and Krause, H.-J. (2011). Einsatz von Magnetfiltern in
der Bioverfahrenstechnik. Teil 3 - Neues Messverfahren zur Quantifizierung
von Magnetbeads in stromenden Suspensionen. Chem. Ing. Tech. 83, 851-857.
doi: 10.1002/cite.201000191

Kim, S., Okimoto, Y., Murase, S., Noguchi, S., and Okada, H. (2009).
Characteristics of magnetic separation for magnetic particle and ion by
magnetic chromatography with novel magnetic column. IEEE Trans. Appl.
Supercond. 19, 2152-2156. doi: 10.1109/TASC.2009.2019143

Kronick, P., Campbell, G., and Joseph, K. (1978). Magnetic microspheres prepared
by redox polymerization used in a cell separation based on gangliosides. Science
200, 1074-1076. doi: 10.1126/science.653356

Kiister, F. W. (1902). Elektromagnetische Aufbereitung. Z. Anorg. Chem. 33, 377.
doi: 10.1002/zaac.19030330157

Las Cuevas, G., de, Faraudo, J., and Camacho, J. (2008). Low-gradient
magnetophoresis through field-induced reversible aggregation. J. Phys. Chem.
C 112, 945-950. doi: 10.1021/jp0755286

Laurent, S., Forge, D., Port, M., Roch, A., Robic, C., Vander Elst, L., et al. (2008).
Magnetic iron oxide nanoparticles: synthesis, stabilization, vectorization,
physicochemical characterizations, and biological applications. Chem. Rev. 108,
2064-2110. doi: 10.1021/cr068445e

Li, W,, Yang, L., Liu, H., Li, X,, Liu, Z., Wang, F., et al. (2014). Rapid and large-scale
separation of magnetic nanoparticles by low-field permanent magnet with gas
assistance. AIChE J. 60, 3101-3106. doi: 10.1002/aic.14533

Li, W,, Yang, L., Wang, F., Zhou, H., Xing, H., Li, X,, et al. (2013). Gas-assisted
superparamagnetic extraction for potential large-scale separation of proteins.
Ind. Eng. Chem. Res. 52, 4290-4296. doi: 10.1021/ie3031696

Liang, C., Ristic, R., Jiranek, V., and Jeffery, D. W. (2018). Chemical
and sensory evaluation of magnetic polymers as a remedial treatment
for elevated concentrations of 3-isobutyl-2- methoxypyrazine in cabernet
sauvignon grape must and wine. J. Agric. Food Chem. 66, 7121-7130.
doi: 10.1021/acs.jafc.8b01397

Lindner, J., and Nirschl, H. (2014). A hybrid method for combining high-gradient
magnetic separation and centrifugation for a continuous process. Sep. Purif.
Technol. 131, 27-34. doi: 10.1016/j.seppur.2014.04.019

Liu, G, Gao, J., Ai, H.,, and Chen, X. (2013). Applications and potential
toxicity of magnetic iron oxide nanoparticles. Small 9, 1533-1545.
doi: 10.1002/smll.201201531

Liu, Z., Yang, L., Dong, T. Li, W., Sun, X, Zhu, M., et al. (2016). Gas-
assisted magnetic separation for the purification of proteins in batch systems.
Particuology 24, 170-176. doi: 10.1016/j.partic.2014.12.015

Lu, A.-H., Salabas, E. L., and Schiith, F. (2007). Magnetic nanoparticles: Synthesis,
protection, functionalization, and application. Angew. Chem. Int. Ed. 46,
1222-1244. doi: 10.1002/anie.200602866

Melville, D., Paul, F., and Roath, S. (1975). Direct magnetic separation of red cells
from whole blood. Nature 255:706. doi: 10.1038/255706a0

Meyer, A., Berensmeier, S., and Franzreb, M. (2007). Direct capture of lactoferrin
from whey using magnetic micro-ion exchangers in combination with
high-gradient magnetic separation. React. Funct. Polym. 67, 1577-1588.
doi: 10.1016/j.reactfunctpolym.2007.07.038

Meyer, A., Hansen, D. B., Gomes, C. S., Hobley, T. J., Thomas, O. R., and
Franzreb, M. (2005). Demonstration of a strategy for product purification
by high-gradient magnetic fishing: recovery of superoxide dismutase from
unconditioned whey. Biotechnol. Prog. 21, 244-254. doi: 10.1021/bp049656¢

Mierczynska-Vasilev, A., Boyer, P., Vasilev, K, and Smith, P. A. (2017).
A novel technology for the rapid, selective, magnetic removal of
pathogenesis-related proteins from wines. Food Chem. 232, 508-514.
doi: 10.1016/j.foodchem.2017.04.050

Miltenyi, S., and Schmitz, J. (2000). “High gradient magnetic cell sorting,” in
Flow Cytometry and Cell Sorting, ed A. Radbruch (Berlin: Springer), 218-247.
doi: 10.1007/978-3-662-04129-1_20

Moeser, G. D., Roach, K. A., Green, W. H., Alan Hatton, T., and Laibinis, P. E.
(2004). High - gradient magnetic separation of coated magnetic nanoparticles.
AIChE J. 50, 2835-2848. doi: 10.1002/aic.10270

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

September 2019 | Volume 7 | Article 233


https://doi.org/10.1016/j.seppur.2015.06.024
https://doi.org/10.3390/nano8050292
https://doi.org/10.1007/s00253-006-0344-3
https://doi.org/10.1016/j.rinp.2017.10.055
https://doi.org/10.1016/j.indcrop.2011.03.006
https://doi.org/10.1002/jctb.5599
https://doi.org/10.1016/j.cej.2014.06.119
https://doi.org/10.1016/j.seppur.2016.07.050
https://doi.org/10.1002/bit.20116
https://doi.org/10.1081/SS-200028791
https://doi.org/10.1016/j.jbiotec.2004.06.008
https://doi.org/10.1109/TMAG.2004.824124
https://doi.org/10.1109/TMAG.2004.824121
https://doi.org/10.1109/TASC.2002.1018560
https://doi.org/10.1016/j.jmmm.2005.02.050
https://doi.org/10.1002/ep.11872
https://doi.org/10.1023/A:1012034923621
https://doi.org/10.1002/bit.10285
https://doi.org/10.1109/TMAG.2004.830406
https://doi.org/10.1002/cite.200800121
https://doi.org/10.1002/cite.201000191
https://doi.org/10.1109/TASC.2009.2019143
https://doi.org/10.1126/science.653356
https://doi.org/10.1002/zaac.19030330157
https://doi.org/10.1021/jp0755286
https://doi.org/10.1021/cr068445e
https://doi.org/10.1002/aic.14533
https://doi.org/10.1021/ie3031696
https://doi.org/10.1021/acs.jafc.8b01397
https://doi.org/10.1016/j.seppur.2014.04.019
https://doi.org/10.1002/smll.201201531
https://doi.org/10.1016/j.partic.2014.12.015
https://doi.org/10.1002/anie.200602866
https://doi.org/10.1038/255706a0
https://doi.org/10.1016/j.reactfunctpolym.2007.07.038
https://doi.org/10.1021/bp049656c
https://doi.org/10.1016/j.foodchem.2017.04.050
https://doi.org/10.1007/978-3-662-04129-1_20
https://doi.org/10.1002/aic.10270
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Schwaminger et al.

Magnetic Separation in Bioprocessing

Moffat, G., Williams, R. A., Webb, C., and Stirling, R. (1994). Selective separations
in environmental and industrial processes using magnetic carrier technology.
Miner. Eng. 7, 1039-1056. doi: 10.1016/0892-6875(94)90032-9

Molday, R. S., Yen, S. P., and Rembaum, A. (1977). Application of magnetic
microspheres in labelling and separation of cells. Nature 268, 437-438.
doi: 10.1038/268437a0

Mosafa, L., Shahedi, M., and Moghadam, M. (2014). Magnetite nanoparticles
immobilized pectinase: preparation, application
for the fruit juices clarification. J. Chin. 329-336.
doi: 10.1002/jccs.201300347

Miiller, C., Heidenreich, E., Franzreb, M., and Frankenfeld, K. (2015).
Purification of equine chorionic gonadotropin (eCG) using magnetic ion
exchange adsorbents in combination with high- gradient magnetic separation.
Biotechnol. Prog. 31, 78-89. doi: 10.1002/btpr.2007

Miiller, C., Preusser-Kunze, A., Wagner, K, and Franzreb, M. (2011).
Gonadotropin purification from horse serum applying magnetic beads.
Biotechnol. J. 6,392-395. doi: 10.1002/biot.201000380

Mykhaylyk, O., Lerche, D., Vlaskou, D., Schoemig, V., Detloff, T., Krause, D.,
etal. (2015). Magnetophoretic velocity determined by space- and time-resolved
extinction profiles. IEEE Magn. Lett. 6, 1-4. doi: 10.1109/LMAG.2015.2474306

Nicolds, P., Ferreira, M. L., and Lassalle, V. (2019). A review of magnetic separation
of whey proteins and potential application to whey proteins recovery, isolation
and utilization. J. Food Eng. 246, 7-15. doi: 10.1016/j.jfoodeng.2018.10.021

Nirschl, H., and Keller, K. (2014). Upscaling of Bio-Nano-Processes: Selective

characterization and
Chem. Soc. 61,

Bioseparation by Magnetic Particles. Berlin;Heidelberg: s.l. Springer
Berlin Heidelberg.
Ohara, T., Kumakura, H., and Wada, H. (2001). Magnetic separation

using  superconducting  magnets. C  357-360, 1272-1280.
doi: 10.1016/50921-4534(01)00530-5

Paulus, A., Fischer, I., Hobley, T. J., and Franzreb, M. (2014). Use of continuous
magnetic extraction for removal of feedstock contaminants in flow-through
mode. Sep. Purif. Technol. 127, 174-180. doi: 10.1016/j.seppur.2014.02.041

Philippova, O., Barabanova, A., Molchanov, V., and Khokhlov, A. (2011). Magnetic
polymer beads: recent trends and developments in synthetic design and
applications. Eur. Polym. J. 47, 542-559. doi: 10.1016/j.eurpolym;j.2010.11.006

Pusnik, K., Peterlin, M., Cigi¢, I. K., Marolt, G., Kogej, K., Mertelj, A,
et al. (2016). Adsorption of amino acids, aspartic acid, and lysine
onto iron-oxide nanoparticles. J. Phys. Chem. C 120, 14372-14381.
doi: 10.1021/acs.jpcc.6b03180

Robinson, P. J., Dunnill, P, and Lilly, M. D. (1973). The properties of magnetic
supports in relation to immobilized enzyme reactors. Biotechnol. Bioeng. 15,
603-606. doi: 10.1002/bit.260150318

Rosensweig, R. E., and Ciprios, G. (1991). Magnetic liquid stabilization of
fluidization in a bed of nonmagnetic spheres. Powder Technol. 64, 115-123.
doi: 10.1016/0032-5910(91)80011-7

Roth, H.-C., Prams, A., Lutz, M., Ritscher, J., Raab, M., and Berensmeier,
S. (2016). A high-gradient magnetic separator for highly viscous process
liquors in industrial biotechnology. Chem. Eng. Technol. 39, 469-476.
doi: 10.1002/ceat.201500398

Roth, H.-C., Schwaminger, S. P., Schindler, M., Wagner, F. E., and
Berensmeier, S. (2015). Influencing factors in the Co-precipitation process of
superparamagnetic iron oxide nano particles: a model based study. J. Magn.
Magn. Mater. 377, 81-89. doi: 10.1016/j.jmmm.2014.10.074

Safarik, I, Ptackovd, L., and Safarikovd, M. (2001). Large-scale separation
of magnetic bioaffinity adsorbents. Biotechnol. Lett. 23, 1953-1956.
doi: 10.1023/A:1013742002533

Safarik, I., Rego, L. F. T., Borovska, M., Mosiniewicz-Szablewska, E., Weyda, F.,
and Safarikova, M. (2007). New magnetically responsive yeast-based biosorbent
for the efficient removal of water- soluble dyes. Enzyme Microb. Technol. 40,
1551-1556. doi: 10.1016/j.enzmictec.2006.10.034

Scherer, F., Anton, M., Schillinger, U., Henke, J., Bergemann, C., Kriiger, A., et al.
(2002). Magnetofection: enhancing and targeting gene delivery by magnetic
force in vitro and in vivo. Gene Ther. 9, 102-109. doi: 10.1038/s.gt.3301624

Schultz, N., Syldatk, C., Franzreb, M., and Hobley, T. J. (2007). Integrated
processing and multiple re-use of immobilised lipase by magnetic separation
technology. J. Biotechnol. 132, 202-208. doi: 10.1016/j.jbiotec.2007.
05.029

Phys.

Schwaminger, S. P., Blank-Shim, S. A., Scheifele, I, Pipich, V., Fraga-
Garcia, P., and Berensmeier, S. (2019a). Design of interactions between
nanomaterials and proteins: a highly affine peptide tag to bare iron oxide
nanoparticles for magnetic protein separation. Biotechnol. ]. 14:e1800055.
doi: 10.1002/biot.201800055

Schwaminger, S. P., Fraga-Garcfa, P., Blank-Shim, S. A., Straub, T., Haslbeck,
M., Muraca, F., et al. (2019b). Magnetic one-step purification of his-
tagged protein by bare iron oxide nanoparticles. ACS Omega 4, 3790-3799.
doi: 10.1021/acsomega.8b03348

Shavel, A., and Liz-Marzan, L. M. (2009). Shape control of iron oxide nanoparticles.
Phys. Chem. Chem. Phys. 11, 3762-3766. doi: 10.1039/b822733k

Soenen, S. J., Himmelreich, U., Nuytten, N., and Cuyper, M., de (2011). Cytotoxic
effects of iron oxide nanoparticles and implications for safety in cell labelling.
Biomaterials 32, 195-205. doi: 10.1016/j.biomaterials.2010.08.075

Solsona, M., Nieuwelink, A.-E., Meirer, F., Abelmann, L., Odijk, M., Olthuis, W.,
etal. (2018). Magnetophoretic sorting of single catalyst particles. Angew. Chem.
Int. Ed. 57, 10589-10594. doi: 10.1002/anie.201804942

Svoboda, J. (1982). Magnetic flocculation and treatment of fine weakly magnetic
minerals. [EEE Trans. Magn. 18, 796-801. doi: 10.1109/TMAG.1982.1061815

Svoboda, J., and Fujita, T. (2003). Recent developments in magnetic
methods  of material  separation.  Miner. Eng. 16, 785-792.
doi: 10.1016/50892-6875(03)00212-7

Szalay, B., Tétrai, E., Nyiro, G., Vezér, T., and Dura, G. (2012). Potential toxic effects
of iron oxide nanoparticles in in vivo and in vitro experiments. J. Appl. Toxicol.
32, 446-453. doi: 10.1002/jat.1779

Thanh, N. T. K. (2012). Magnetic Nanoparticles: From Fabrication to Clinical
Applications. Boca Raton, Florida: CRC Press. doi: 10.1201/b11760

Valdiglesias, V., Kilig, G., Costa, C., Ferndndez-Bertélez, N., Pasaro, E., Teixeira, J.
P., et al. (2015). Effects of iron oxide nanoparticles: cytotoxicity, genotoxicity,
developmental toxicity, and neurotoxicity. Environ. Mol. Mutagen. 56,
125-148. doi: 10.1002/em.21909

Wang, S.-K., Wang, F.,, Hu, Y.-R,, Stiles, A. R., Guo, C,, and Liu, C.-Z. (2014).
Magnetic flocculant for high efficiency harvesting of microalgal cells. ACS Appl.
Mater. Interfaces 6, 109-115. doi: 10.1021/am404764n

Whitesides, G. M., Kazlauskas, R. ], and Josephson, L. (1983).
Magnetic separations in biotechnology. Trends Biotechnol. 1, 144-148.
doi: 10.1016/0167-7799(83)90005-7

Xiao, D., Lu, T., Zeng, R., and Bi, Y. (2016). Preparation and highlighted
applications of magnetic microparticles and nanoparticles: a review on recent
advances. Microchim Acta 183, 2655-2675. doi: 10.1007/s00604-016-1928-y

Yavuz, C. T., Mayo, J. T., Yu, W. W,, Prakash, A., Falkner, J. C,, Yean, S., et al.
(2006). Low-field magnetic separation of monodisperse Fe304 nanocrystals.
Science 314, 964-967. doi: 10.1126/science.1131475

Yavuz, C. T., Prakash, A., Mayo, J. T., and Colvin, V. L. (2009). Magnetic
separations: from steel plants to biotechnology. Chem. Eng. Sci. 64, 2510-2521.
doi: 10.1016/j.ces.2008.11.018

Zhang, Q., Yin, T., Xu, R,, Gao, W., Zhao, H., Shapter, J. G., et al. (2017). Large-
scale immuno- magnetic cell sorting of T cells based on a self-designed high-
throughput system for potential clinical application. Nanoscale 9, 13592-13599.
doi: 10.1039/C7NR04914E

Zhou, S., Garbett, E. S, and Boucher, R. F. (1996). Gravity-enhanced
magnetic (HGMS) coal cleaning. Ind. Eng. Chem. Res. 35, 4257-4263.
doi: 10.1021/ie950568u

Zong, B., Meng, X., Mu, X,, and Zhang, X. (2013). Magnetically stabilized bed
reactors. Chin. J. Catal. 34, 61-68. doi: 10.1016/S1872-2067(11)60476-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Schwaminger, Fraga-Garcia, Eigenfeld, Becker and Berensmeier.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

12

September 2019 | Volume 7 | Article 233


https://doi.org/10.1016/0892-6875(94)90032-9
https://doi.org/10.1038/268437a0
https://doi.org/10.1002/jccs.201300347
https://doi.org/10.1002/btpr.2007
https://doi.org/10.1002/biot.201000380
https://doi.org/10.1109/LMAG.2015.2474306
https://doi.org/10.1016/j.jfoodeng.2018.10.021
https://doi.org/10.1016/S0921-4534(01)00530-5
https://doi.org/10.1016/j.seppur.2014.02.041
https://doi.org/10.1016/j.eurpolymj.2010.11.006
https://doi.org/10.1021/acs.jpcc.6b03180
https://doi.org/10.1002/bit.260150318
https://doi.org/10.1016/0032-5910(91)80011-7
https://doi.org/10.1002/ceat.201500398
https://doi.org/10.1016/j.jmmm.2014.10.074
https://doi.org/10.1023/A:1013742002533
https://doi.org/10.1016/j.enzmictec.2006.10.034
https://doi.org/10.1038/sj.gt.3301624
https://doi.org/10.1016/j.jbiotec.2007.05.029
https://doi.org/10.1002/biot.201800055
https://doi.org/10.1021/acsomega.8b03348
https://doi.org/10.1039/b822733k
https://doi.org/10.1016/j.biomaterials.2010.08.075
https://doi.org/10.1002/anie.201804942
https://doi.org/10.1109/TMAG.1982.1061815
https://doi.org/10.1016/S0892-6875(03)00212-7
https://doi.org/10.1002/jat.1779
https://doi.org/10.1201/b11760
https://doi.org/10.1002/em.21909
https://doi.org/10.1021/am404764n
https://doi.org/10.1016/0167-7799(83)90005-7
https://doi.org/10.1007/s00604-016-1928-y
https://doi.org/10.1126/science.1131475
https://doi.org/10.1016/j.ces.2008.11.018
https://doi.org/10.1039/C7NR04914E
https://doi.org/10.1021/ie950568u
https://doi.org/10.1016/S1872-2067(11)60476-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Magnetic Separation in Bioprocessing Beyond the Analytical Scale: From Biotechnology to the Food Industry
	Introduction
	Advantages of Magnetic Separation
	Separation Strategy and Separator Design
	Magnetic Material
	High-Gradient Magnetic Separation for Biotechnological Protein and Cell Recovery
	Applications and Prospects for the Food and Beverage Industry
	Conclusion and Outlook
	Author Contributions
	Acknowledgments
	References


