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Magnetic Micro-/Nanopropellers
for Biomedicine
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Johannes Sachs, and Peer Fischer

16.1 Introduction

The motion of micro- and nano-objects in a fluid is, in the most general case,
described by the Navier-Stokes equation. However, biomedical applications benefit
from propellers that are so small that the mass (inertia) becomes negligible in fluid
media. In this case, the Navier-Stokes equation can be approximated with the Stokes
equation, which is simpler and shows no explicit time dependence. Therefore, the
propulsion behavior of externally powered micro- and nanopropellers, which are
proposed to perform biomedical tasks such as targeted drug delivery or minimally
invasive surgery in fluids and soft tissues, is determined by the Stokes equation. A
common measure of the applicability of this approximation is the Reynolds (Re)
number [1]:

inertial forces
Re=——— (16.1)

viscous forces
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If the inertial forces are small, which is the case for microswimmers and nanoro-
bots, viscous fluid forces are dominant. This is the regime of low Reynolds numbers
(Re < 1), where reciprocal movements cannot propel a swimmer. This complicates
the number of effective propulsion mechanisms at low Re, a fact that is captured by
the “scallop theorem” of Purcell [2]. A scallop that opens and closes its arms peri-
odically cannot swim. It does not matter how fast or slow the scallop opens or closes
its arms, as at the end of the opening and closing cycle, which is reciprocal, it expe-
riences no net displacement. Thus, in Newtonian (incompressible) fluids, like water
or glycerol, biological and artificial microswimmers (that are not pulled by an exter-
nal force or torque) require more sophisticated propulsion strategies.

One possibility to overcome the problem of time-reversibility is demonstrated by
flagellated bacteria that spin their flagella in a corkscrew-like stroke in order to
swim. Here the continuous rotation is non-reciprocal, because of the chiral sym-
metry of the flagella. The propeller effect describes the translation of a helix due to
rotation-translation coupling [3]. It is an efficient method for propulsion especially
for very small microswimmers. The handedness of the (chiral) corkscrew and its
rotation sense fixes the direction of the movement, e.g., a right-handed screw moves
forward upon a clockwise rotation and backwards upon a counter-clockwise rota-
tion. In contrast, the left-handed mirror-image structure will translate in the oppo-
site direction.

It is also possible to build artificial corkscrew-shaped propellers that mimic this
propulsion strategy. These have been experimentally demonstrated by utilizing rigid
micro-screws that where actuated by means of an external magnetic field that is
rotating (Fig. 16.1) [4-6]. The rotation of the propeller by an external torque (as
opposed to the inherent internal motion provided by the bacterium) is also advanta-
geous for actuation. The slender body of the corkscrew means that the structure can
be used to efficiently navigate complex biofluids. Rotating magnetic fields can also
be more easily established over larger volumes and at greater distance than mag-
netic gradient fields. The latter can only be used to pull a magnetic object, whereas
the unidirectional motion of a screw-propeller ensures high maneuverability and
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Fig. 16.1 Aurtificial micro-/nanopropellers (b) mimic bacteria flagella (a) to rotate and propel at
small scale in fluids for biomedical applications
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controllability, which is a highly desirable feature for externally powered biomedi-
cal devices.

In this book chapter, we review recent advances concerning artificial micro- and
nanopropellers that are powered by magnetic fields and that can navigate through
biological fluids and tissues for potential biomedical applications. Specifically, the
chapter is organized as follows: In Sect. 16.2 we review the symmetry requirements
for propulsion at low Re numbers by rotation-translation coupling; in Sect. 16.3 we
describe the fabrication of micro-/nano-helices using physical vapor deposition; in
Sect. 16.4 we review schemes to wirelessly actuate micro- and nanopropellers with
magnetic fields. In Sect. 16.5 we discuss materials and, in particular, recent achieve-
ments in realizing propellers that are biocompatible, which is important for bio-
medical applications.

16.2 Theory of Micro-propulsion by
Rotation-Translation Coupling

The propulsion force of the micro-/nanopropellers in fluids is generated by the cou-
pling of the rotation to the translation of a helical shape. The rotation of the struc-
tures is generally driven by an external rotating magnetic field. We assume there is
no field gradient and that no other external forces are present. The solution to the
Stokes equation in low Re hydrodynamics reduces to two coupled equations [1]:

(16.2)

where U is the translational velocity vector and Q the rotational (angular) velocity
of the object, whereas L is the torque exerted on the object by the external field. The
coupling mobility tensor C and the rotation resistance tensor B relate the external
torque to the objects’ translational and rotational motion. Further, the equations
show that, in general, the object’s rotational motion is coupled to its translation, i.e.,
a translating body will always rotate and a rotating body will always translate, if the
corresponding tensors are nonzero.

The exact form of the tensors B and C is determined by the geometry of the pro-
pellers’ body, i.e., its symmetry. For example, a sphere, is an object with highest
symmetry with three mutually perpendicular planes of mirror symmetry, has C =0
[1]. Consequently, a sphere cannot be propulsive by means of rotation-translation
coupling at low Re. In contrast, a nonzero coupling tensor (C # 0) is found for a
chiral corkscrew shape. Thus, and because of the inspiration from biology, most
experiments with artificial micro- and nanopropellers consider shapes with helical
and thus chiral geometries in order to generate propulsion by means of an external
rotating field. Chiral corkscrew shapes have been found to be optimal for propulsion
[7]. It is generally assumed that chirality (handedness) is essential for efficient pro-
pulsion by means of an external rotating field and rotation-translation coupling.
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This raises the question if chirality is strictly required for rotation-translation
coupling or if a shape that is not chiral (achiral objects that possess mirror-image
symmetry) can also translate when they are rotated by an applied magnetic field.
This is not a purely academic question, as it is easier to synthesize or fabricate
objects with high symmetry. Hence it is interesting to ask if such objects can also
propel when magnetized and spun by a magnetic torque.

To shed light on this question, the fundamental symmetries that underlie rotation-
translation coupling at low Re have recently been analyzed [8, 9]. Explicitly solving
Eq. 16.2 for a magnetized and arbitrary shaped object [8, 9] that is subject to a rotat-
ing external field reveals that even objects that do not possess a chiral shape can
propel at low Re. For instance, an achiral V-shaped body, which exhibits two mutu-
ally perpendicular planes of mirror symmetry, was shown to be able to propel under
certain conditions. The V-shaped object was demonstrated to be propulsive as long
as it does not rotate around one of its principal axes of rotation. However, theory and
experiments proved that the orientation of the dipole moment with respect to the
body of the V-shape plays a crucial role whether the V-shape can be propelled or not
[9]. In the symmetry analysis, especially when determining if the object is chiral, it
is essential that both the geometric shape and the object’s magnetic dipole moment
are considered [9]. If the symmetries of the whole object (shape and dipole) are
considered, it is possible to correctly predict whether or not the object is propulsive
and in this case if unidirectional or bidirectional propulsion will occur. The latter
case means that the object has equal probability to move forward or backward, i.e.,
the rotation sense of the external field does not fix the propulsion direction. Note,
however, that even the V-shape with its high geometrical symmetry can be designed
to yield unidirectional propulsion if the V-shape is magnetized in a particular direc-
tion [9].

The mathematical definition of chirality is parity (spatial inversion), and hence,
the V-shaped object’s overall chirality is determined by executing the parity opera-
tor on both, the geometric shape and the dipole moment. Interestingly, in case of
unidirectional propulsion, the object is necessarily chiral due to the orientation of
the magnetic dipole moment it carries. On the other hand, one can design a magne-
tized chiral V-shaped object, which is non-propulsive upon rotation as is shown in
Fig. 16.2. Therefore, chirality is certainly not a prerequisite for efficient propulsion
via rotation-translation coupling, and in addition, parity alone does not fully explain
the propulsion of such propellers. Instead, it becomes necessary to consider charge
conjugation. Consequently, applying parity in conjunction with charge conjugation
symmetry to a magnetized object is sufficient to fully predict whether the object will
propel in a rotating magnetic field.

In practice, and in particular with a view of biomedical applications, magnetic
fields applied to magnetized micro- and nanopropellers are used for externally
driven propulsion, because it is easier to realize large torques. However, actuation of
a V-shape by an external electric field is also possible and has recently been experi-
mentally realized. Remarkably, because in this case the V-shape carries an electric
dipole moment, and not a magnetic moment, its symmetry becomes achiral, and it
therefore constitutes the first demonstration of an achiral propeller that propels by
rotation-translation coupling at in a fluid at low Re [9].
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Fig. 16.2 Parity and charge conjugation symmetry need to be both taken into account to give a
comprehensive prediction of low Re propulsion. (a) Three V-shaped objects that carry a magnetic
dipole moment with different orientations (shown as the red arrows) with respect to the body
shape. All three objects are parity-odd and therefore chiral but exhibit different propulsion gaits;
(b) Experimental data show the propulsion gaits corresponding to the designs in a, including uni-
and bidirectional, as well as a non-propulsive V-shaped object. (Reproduced with permission [61].
2020, University of Stuttgart)

It should be mentioned that not only rotating but also precessing external fields,
i.e., the external field vector rotates on a cone due to a superposition of an in-plane
rotating field with a constant component orthogonal to it, can be used to propel
highly symmetric V-shaped objects. In this case, also propellers, which are non-
propulsive in a rotating field, can exhibit unidirectional motion [10]. Extending the
types of applied magnetic fields from purely rotational to precessing fields and at
the same time to consider additional geometrical shapes promises to extend the
design space of propulsive micro- and nanorobots for biomedicine.

Irrespective of the body shape or its symmetry, the velocity of external field-
driven propellers always depends on the external field’s rotation speed [6, 8, 9].
Beyond a certain rotation frequency, at the step-out frequency, the micro- or nano-
propellers can no longer follow the external field any more. Therefore, they will not
maintain a constant angular synchronous velocity for frequencies larger than the
step-out frequency. Instead, an asynchronous slip-motion will occur, and the pro-
pulsion velocity will drop to zero. The step-out frequency depends on several
parameters, e.g. the strength of the magnetic dipole moment, the amplitude of the
external magnetic field, and the viscosity of the fluid.

The discussion in this section starts with the governing Stokes equation, which
does not have any explicit time dependence, and thus a reciprocal motion does not
lead to a net translation in Newtonian fluids. However, most biofluids are non-
Newtonian (e.g., the vitreous, mucus, blood, and so on), and in such fluids the time-
reversibility problem can also be overcome by exploiting the time-dependent
properties of the fluid itself, i.e., a scallop can even with reciprocal motion generate
a net translation in non-Newtonian media. For this, it has to open and close its arms
with varying speeds, as has been demonstrated with an artificial micro-scallop that
was actuated with an external oscillating magnetic field [11]. Utilizing the biofluids’
non-Newtonian rheology, i.e., its shear rate-dependent viscosity, allows the small
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robot to propel with a reciprocal motion. This significantly simplifies the robot
design and allows most actuators to be used for swimming in most biological fluids,
even though they are not propulsive in Newtonian fluids (water) due to the scallop
theorem. This may lead to new designs of simpler artificial microswimmers that are
especially designed to operate in biological media and tissues.

16.3 Fabrication of Micro- and Nanopropellers by Glancing
Angle Deposition (GLAD)

A few microfabrication techniques exist to fabricate micron-sized corkscrew shapes,
but we focus here on the technique known as glancing angle deposition (GLAD).
This technique can be used to fabricate the smallest propellers as well as the highest
number of propellers, and that allows a large number of materials to be used includ-
ing the strongest magnetic materials, which as we shall show are nevertheless bio-
compatible. The complex helix-shaped micro- and nanopropellers mentioned in the
previous section were all fabricated using GLAD. It is a physical vapor deposition
(PVD) method where a solid source material is heated in a crucible, either thermally
or by an electron beam, under high vacuum conditions until it starts to melt and
evaporate. Due to the low background pressure, the evaporant forms a directed flux
and coats a surface (substrate). The substrate, on which the propeller structures
grow, is tilted and held into this flux. Thus, the incident atoms and molecules adsorb
on the surface of the substrate. The micro- and nanopropellers are not grown under
normal incidence as is customary in PVD, but with oblique angle deposition (OAD),
a technique where the evaporant and the substrate are intentionally tilted with
respect to each other. Due to the tilt, the flux is shadowed, especially if there are any
seed particles, and columnar structures will grow. The tilt-angle is commonly
denoted as a, as shown in Fig. 16.3a. The GLAD technique adds another degree of
freedom by rotating the substrate during deposition around the surface normal. The
corresponding angle is denoted by ¢. Those two parameters can be either constant
or dynamically adjusted to grow complex and low-symmetry-shaped bodies on the
micro- and nanoscale. Usually « is constant and if ¢ is constant too, a tilted column
will form. If this process is repeated after the ¢ angle was changed by 180°, another
column tilted in the opposite direction grows on top, and hence results in the
V-shaped zig-zag structure as shown in Fig. 16.3b. Sometimes it is useful to have
columnar structures that form columns perpendicular to the substrate. This is pos-
sible if a constant o angle and a continuous and fast ¢ rotation is used during the
deposition process. An example of such pillar structures is shown in Fig. 16.3c. In
case the ¢ angle is varied continuously but with a slow rotation speed, a helical
corkscrew shape will form. Thus, the GLAD technique is useful for the fabrication
of complex three-dimensional micro- and nanostructures, sometimes also denoted
sculptured thin films (STF). During the deposition, multiple materials can be com-
bined or deposited sequentially, which results in a large number of possible shapes
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Fig. 16.3 Glancing angle deposition for the fabrication of micro-/nanopropellers. (a) Schematic
visualization of the deposition process and the shadow effect. (b) SEM of nano-zigzags with one
arm Ni and one arm SiO, grown on Au nanodots (scale bar 200 nm). (¢) TiO, pillars grown perpen-
dicular to the substrate on SiO, beads (scale bar 1 pm). (d) Chiral corkscrew-shaped SiO, struc-
tures grown on Au nanodots (scale bar 200 nm). ((b), (¢), and (d) are reproduced with permission
[61]. 2020, University of Stuttgart)

and structures. Typically 10°-10'° structures grow on a cm? of substrate area. The
entire growth process only takes a few hours.

To further facilitate the shadow-effect pre-patterned substrates are used, which
already have well-structured nucleation seed patterns. A common procedure is to
create a monolayer of closed-packed silica beads with sizes between 0.1 pm and
5 pm on a silicon substrate [12]. The seed particles can be deposited on an entire
wafer using the Langmuir-Blodgett method [6]. For this purpose, nanoparticles,
such as silica beads, are first gently pipetted onto a water surface and then trans-
ferred to the wafer by dip coating. The vertical columnar structures seen in Fig. 16.3c
were grown on top of a monolayer of Langmuir-Blodgett-deposited SiO, beads.
Another method for pre-patterning the GLAD substrate is to use Block-Copolymer-
Micelle-Nanolithography [13], a method that coats a wafer with a (non-closed-
packed) hexagonal monolayer of ~10 nm gold nanoparticles. This method has been
used to pattern the substrate on which the zig-zags and helices in Fig. 16.3b, d were
grown. The pre-patterning improves the quality of the structures, as it prevents the
fusion of particles during the deposition. Depending on the materials that are used,
it is sometimes also advantageous to actively cool the substrate during evaporation,
which means the thermal energy of the incident atoms is reduced and hence their
ability to diffuse on the substrate after their adsorption. This can be an important
feature as the high surface mobility of the adatoms facilitates the growth of highly
symmetric (e.g., spherical) shapes rather than complex structures, such as heli-
ces [14].
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Another advantage of GLAD is the wide choice of possible evaporation materi-
als as well as the ability to alloy several elements by simultaneous evaporation of
two or more source materials. Micro- and nanopropellers typically comprise a mag-
netic head, grown with a fast ¢ rotation of, e.g., Co, Fe, or Ni (but also see Sect.
16.5 for a discussion of biocompatible materials), followed by a helical structure
made out of an oxide such as SiO, [6]. After the GLAD process, the propellers are
magnetized in a strong external magnetic field while still attached to the substrate.
For further applications, the individual structures are then transferred into solution
via ultrasonication to obtain colloidal suspensions of magnetic propellers.

16.4 Magnetic Actuation Systems

Micro-/nanopropellers cannot use traditional powering and actuation mechanisms
as in large-scale robotics, such as on-board batteries or electromagnetic motors, due
to their small size. Moreover, tethers for power transfer, such as wires or tubing,
would restrict the locomotion of small-scale robots; thus untethered power trans-
mission is needed for minimally invasive biomedical applications. Magnetic fields
are commonly used in the medical field for imaging as well as for wireless actuation
[15], due to its large biological tissue penetration depth, high controllability, and
reliability. The magnetic fields can exert relatively large forces and/or torques on
small-scale magnetic robots [16].
The magnetic torque 7, which is generated in a magnetic material is:

T=mxB (16.3)

where m is the magnetic moment and B is the external magnetic field vector. The
torque applied on the magnetic material/structure can cause translation, for instance,
via rotation of a micropropeller [17] or can induce an angular displacement of a
magnetic rod [18].

Magnetic fields have also been widely applied to the actuation of micro-/nanoro-
bots for potential biomedical applications both in vitro and in vivo [19-21], i.e.,
steering a micro-guidewire by a magnetic field gradient [22], propelling micro-/
nanopropellers in biological fluids by a rotating magnetic field [23-25], conducting
micro-rheological tests [18], and steering chemically powered micro-/nano-motors
in the intestine [26-28].

The generation and control of the magnetic field is achieved either by a specific
configuration of permanent magnets or by controlling the electric currents in elec-
tromagnetic coils. A few examples of magnetic actuation systems are summarized
in Table 16.1. In this section, we discuss some typical magnetic actuation systems.
These systems are often customized, and the details depend on the particular appli-
cation, i.e., the required field strength, the working volume, and the frequency range
in case of an oscillating field. The design of the magnetic actuation system therefore
needs to consider particular applications and operating conditions. Two main cate-
gories, i.e., permanent magnet systems and electromagnetic systems, are discussed
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Table 16.2 General comparison of magnetic actuation systems

T. Qiu et al.

Key parameters Permanent magnet systems | Electromagnetic systems
Field strength Strong Weak

Working space Large Small

Controllability (on/off) Low High

Driving frequency Low High

Active cooling system No Yes

Mechanical motion, noise, and Yes No

vibration

System total weight Low High

Cost Low High

in the following sections, respectively, and their advantages and disadvantages are
compared in Table 16.2.

16.4.1 Permanent Magnet Actuation Systems

The basic concept of an actuation system based on permanent magnets is that sev-
eral permanent magnets are distributed in space in a particular configuration to gen-
erate a superimposed magnetic field that is controllable in a defined volume.
Compared to electromagnetic setups (Table 16.2), permanent magnet-based sys-
tems often offer higher field strength in a larger working volume. Moreover, perma-
nent magnets do not require expensive ancillary equipment, such as electric
amplifiers or active cooling systems. They are also less bulky, lighter, and generally
cheaper. However, the trade-off is that the permanent magnet is always energized
and that mechanical driving systems are required, in order to change the field ampli-
tude or direction. Mechanically moving permanent magnets is also not suitable for
high-frequency actuation.

Combining several permanent magnets that can be manipulated individually in
their position and orientation provides a system with several degrees of freedom
(DOF). For example, superimposing magnetic fields from a pair of magnets at an
angle creates a small region of zero magnetic field strength, which can be used to
push magnetic particles away from the permanent magnet [29].

To generate a time-varying magnetic field, a mechanical drive system is needed
to rotate or translate the permanent magnets. As the permanent magnets cannot be
“turned off” and since the magnetic attraction force between two magnets is
inversely proportional to the distance square, the attractive force pulling a magnetic
object toward the magnet can lead to very strong forces at short distance and can be
a cause for safety concerns. A safer design does not rely on translation of magnets,
but instead utilizes the rotation of the permanent magnets around a fixed support
axis. Different approaches are listed in Table 16.1 and can be categorized according
to three basic criteria:
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1. The magnets are connected by a synchronizing mechanical drive mechanism
(e.g., via a belt or gears) and are driven by one electrical motor (Fig. 16.4a) [18,
30]. Jeong et al. presented a magnetic actuation system using the synchronized
rotation of four permanent magnets [18] (Fig. 16.4a). The magnets are firstly
positioned in a desired direction and then connected using a timing belt-pulley to
achieve a rotating magnetic field that is homogeneous at the center and that
showed a strength of 105 mT. This system was designed for biomedical applica-
tions, with ample of space in between the magnets and access ports in all direc-
tions to accommodate medical imaging equipment, such as X-ray, ultrasound,
and fluorescent imagers. These were used to localize the robots in the specimen.
Although the system has only 1-DOF rotation, the addition of two sets of mag-
nets provides two additional DOF, making the setup comparable to a 3-axis
Helmbholtz coil system.

2. Each magnet is individually driven and rotated by an electrical motor (Fig. 16.4b)
[31, 32]. A permanent magnet system which has 5-DOF was reported by Ryan
et al. using eight independent rotating magnets attached to eight servo motors.
This system could generate a magnetic field of 30 mT and a magnetic gradient of
0.83 T » m~! and no constraints on the direction of the magnetic fields [31]. This
kind of system with multiple motors allows individual rotation of each magnet,
which allows for the control of the magnetic gradient and the field direction [31,
32]. However, it requires several strong motors (that match the strong magnetic
torque between the permanent magnets), and it requires a synchronized control
of each of them.

3. The combination of a set of fixed magnets and a set of rotatable magnets
(Fig. 16.4c) [33]. Baun et al. reported a system that is composed of an inner ring
with 16 magnets and an outer ring with 8 magnets that can achieve a field strength
of 100 mT and a gradient of 0.3 T « m~' [33]. The magnets on the system are
coaxially assembled along a specific direction to generate a dipolar magnetic
field, a quadrupolar magnetic field, and the combination of both magnetic fields
which defines the magnetic gradient to manipulate objects placed in the working
volume. The movement direction is controlled by rotation of the outer ring
(quadrupole). If particles are not placed in the center, they move slowly toward
the rim due to the magnetic gradient.

16.4.2 Electromagnetic Actuation System

Many types of electromagnetic systems have been proposed and are commonly
used to manipulate small-scale robots. Basically, magnetic fields are generated by
controlling the electric current applied to a coil or to a pair of coils. One of the
advantages of electromagnets is that the strength of the magnetic field is controlla-
ble even at high frequency.
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Fig. 16.4 Permanent magnet actuation systems. (a) Synchronized magnet rotating system; (b)
Independent controllable magnet system; (¢) Three cylinder Halbach system. (Reproduced with
permission. (a) [18] 2019, IEEE; (b) [31] 2019, IEEE; (¢) [33] 2017, Elsevier)

One of the commonly used types of electromagnetic actuation systems is a
Helmbholtz coil geometry. The Helmholtz coil is comprised of a set of identical coils
aligned coaxially where the distance between the two coils equals the radius of coil.
This particular configuration ensures a relatively homogeneous magnetic field in the
central region between the two coils, which is beneficial for the study of micro-/
nanopropellers that are actuated by a rotating magnetic field. This gradient-free sys-
tem permits the study of magnetic torque-driven micro- and nanorobots. Assembling
three pairs of (Helmholtz) coils (Fig. 16.5a) along three orthogonal directions can
be used to generate relatively homogeneous fields that can point in any arbitrary
direction. Wu et al. used a system of three pairs of coils that were arranged in an
almost Helmholtz-like geometry to control the propulsion of helical magnetic
micropropellers to move in the porcine vitreous to reach the optic disc region on the
retina [25].

Electromagnetic actuation systems have also been widely used to generate gradi-
ent fields [23, 34-36]. For example, Kratochvil et al. demonstrated 5-DOF (3 trans-
lation, 2 rotation) electromagnetic actuation system, named OctoMag (Fig. 16.5¢)
[34]. This system consists of eight electromagnetic coils and generates magnetic
field strength of 50 mT in a working space of 4 cm®. The magnetic field strength was
strengthened by soft magnetic cores inside the coils. The OctoMag successfully
demonstrated that the robot’s movement could be controlled in a fluidic tank, and it
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Fig. 16.5 Electromagnetic actuation systems. (a) A 3-axis Helmholtz coil with the cooling sys-
tem; (b) A clinical-scale high-power system; (¢) OctoMag system with 5-DOF; (d) The fringe field
of an MRI scanner is used as the gradient field for magnetic manipulation. (Reproduced with per-
mission. (b) [38] 2018, PLOS ONE; (c) [34] 2010, IEEE; (d) [22] 2019, Science Robotics)

also showed that it could be used to steer a needle tip to puncture tissue [37]. To
extend these electromagnetic systems to accommodate a full human body, however,
causes numerous engineering challenges. Rahmer et al. designed a clinical-scale
magnetic field generator using 18 copper coils which have cylindrical soft magnetic
iron-silicon cores to increase the field flux (Fig. 16.5b) [38]. The magnetic field
strength from 30 to 90 mT at a frequency up to 10 Hz were applied for the experi-
ment. The working space where the magnetic field is still homogeneous was reported
to be spherical volume with a diameter of 200 mm. The resulting magnetic field was
used to move a millimeter-scale helical robot to penetrate into a fillet of pork com-
posed of muscle and connective tissue [38]. However, the system equipped with
100 kW cooling capacity uses more than 110 A per stack [38]. An alternate approach
was presented by Azizi et al. who utilized the fringe fields of a superconducting
magnetic resonance imaging (MRI) machine (Fig. 16.5¢). A robotic arm was used
to position a bed in the fringe field to navigate a guidewire in the blood vessels. The
magnetic fringe field gradient (larger than 2 T « m~!) from the MRI scanner exerted
a large pulling force to steer the tip of the micro-guidewire in the neck and brain
arteries of a swine [22]. However, objects placed in the vicinity of an MRI magnet
also compromise the quality of the field homogeneity necessary for nuclear mag-
netic imaging.
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It is clear that electromagnetic actuation systems outperform permanent magnet
systems in aspects of controllability and whenever time-varying fields are needed.
They are in general also safer to operate. However, electromagnetic coils require
cooling systems and expensive power supplies and are thus bulky and expensive.
Regardless, whether electromagnetic or permanent magnets are used, the magnetic
field strength always decays quickly over distance, which means it is difficult to
realize high field strengths, which determines the magnetic driving force/torque on
the robots, over a large volume (e.g., as is needed if it is to accommodate a human).
Previous studies have shown that actuation based on homogeneous rotating mag-
netic fields scale better than gradient fields for a given distance [19]. Given the
constraints in the magnet system, it is advantageous to optimize the micro-/nano-
propeller design (helical geometry) and the magnetic materials, to increase the effi-
ciency of converting the external driving magnetic field to actual locomotion inside
biological fluids and tissues.

16.5 Biocompatible Magnetic Materials for Micro-/
Nanorobots

Section 16.2 demonstrates the crucial role magnetic materials play in the maneuver-
ability, reliability, and performance of magnetic propellers. Yet, as is to be expected
in such a relatively young field, the fabrication and types of materials used for dif-
ferent propellers vary widely. While some materials can simply be deposited in a
physical vapor deposition (PVD) chamber (e.g., Ni), others require more compli-
cated solution processing or annealing steps (Zn,Fe; _,O,) [39]. In recent years, the
use of nanopropellers has progressed from the first proof-of-concepts studies [4, 5]
to the propulsion through biological media [24, 25, 40] as well as biomedical appli-
cations [41, 42]. This led to a closer inspection of the materials used in micro-/
nanorobots [39, 43].

The following section will provide a few criteria which are helpful in evaluating
the properties of magnetic materials and to judge their suitability toward specific,
especially biomedical, applications. An overview of commonly used materials is
provided. FePt in the L1, phase is identified as a particularly promising material for
biomedical micro-/nanodevices.

16.5.1 Criteria for Magnetic Materials
Biocompatibility
Biocompatibility describes the absence of adverse biological effects (death, toxic-

ity, oxidative stress) caused by the presence of a certain chemical or nanostructure.
Determining cell viability is a common cell culture technique that can easily be
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adopted for a rapid in vitro measure of biocompatibility. There are many types of
ready-to-use commercial cell death assays. These are typically simple colorimetric
assays, which are, for instance, based on calcein AM, a cell membrane permeable
compound that is metabolized into a dye by live cells, and the ethidium homodimer-
1, a membrane impermeable dye that only penetrates dead cells [44]. This in turn
means that these dyes provide characteristic fluorescent readouts for dead versus
live cells and hence biocompatibility that can be analyzed in a fluorescence micro-
scope or via flow cytometry measurements. Assays like these can readily be per-
formed in vitro with low cost. Compared to cell death assays, in vivo toxicity tests
are as complicated, as they are varied due to the often complex interrelations
between different cell types and organs. Regardless, in vivo biocompatibility testing
is ultimately required for biomedical micro-/nanorobots to ascertain their long-term
pharmacokinetics [42].

Magnetic Properties: Coercivity

The coercivity He describes the magnetic field necessary to re-magnetize a ferro-
magnetic material. The working principle of helical nanorobots, as depicted in
Fig. 16.1, however, relies on reorienting a magnetized section thereby transferring
torque T — without re-magnetizing the robot. For this, low ~2 to 100 mT rotating
fields are used. Soft magnetic materials that have coercivities in the ~mT range are
thus unsuitable as magnetic materials for nanopropellers. This, conversely, justifies
the use of high coercivity (~T) materials — hard magnets — in nanopropeller applica-
tions, to avoid re-magnetization while allowing for the application of high mag-
netic fields.

Magnetic Properties: Remanence

The magnetic remanence My describes the residual magnetization in a ferromag-
netic material in the absence of an external magnetic field. As Eq. 16.3 illustrates,
the magnetic moment of a propeller determines the torque that can be applied to the
robot. While keeping the driving magnetic field strength the same, a higher mag-
netic remanence allows for a higher torque, or inversely a smaller magnetic field
strength B can achieve the same torque. The former could lead to higher propulsion
velocities and the latter to a simplification of the magnetic setup.

Biodegradability

The biodegradability characterizes a materials’ property to be digested via biologi-
cal processes or decomposition in biological media such as blood or cell media.
Biodegradation is a common feature of many macroscopic biomedical tools such as
degradable sutures made from polylactic acid (PLA) and/or polyglycolic acid [45].
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A major advantage of magnetic materials based on iron, for instance, is that they
decompose easily inside the body. Their biocompatibility and rapid clearance are
two major reasons why iron oxides have enjoyed increased popularity over the last
years [46]. However, not every biodegradable material is necessarily biocompatible.
In the case of nickel or cobalt, the products of the metals’ dissociation are highly
toxic toward cellular functions, making these materials rather undesirable for bio-
medical applications [47, 48].

The biodegradability of an entire microswimmer has been realized in coating
helically shaped microorganisms (Spirulina) with biodegradable iron oxide nanopar-
ticles [49-51]. Similarly, biodegradable polymers have been used to fabricate iron-
oxide-containing artificial soft microswimmers by a number of methods [51-54].
The difficulty in all of these studies is that the magnetic loading is limited and the
magnetic strength of the nanoparticles is also low, which results in weak magnetic
moments and thus small torques. In contrast, FePt is a harder magnet with a far
higher magnetization [43].

3D Nanostructuring

Section 16.2 introduces GLAD as a promising method of generating three-
dimensional nanoswimmers. As discussed in the previous subsection, other meth-
ods such as 2-Photon polymerization are also capable of producing similar, if bigger,
structures. The method of fabrication limits which materials can be used. For
instance, the hard magnet NdFeB cannot be evaporated using an electron beam or
thermal evaporation making it unsuitable for fabrication via GLAD. 2-Photon
polymerization, while suitable for the fabrication of some biodegradable polymeric
propellers, can only accommodate a relatively small loading of magnetic powders,
such as FeO, nanoparticles. Two photon polymerization cannot process more favor-
able metals with high magnetic remanence and coercivity. These typically have to
be added in a subsequent processing step [55]. Direct incorporation of strong bio-
compatible magnetic materials is, however, possible with GLAD.

16.5.2 Magnetic Materials for Biomedical Applications

Nickel is cheap and has excellent deposition characteristics in PVD and has thus in
the past been a material of choice for many early nanoswimmer applications [25,
55]. However, similarly to cobalt, it is not ideal for biomedical applications since it
shows toxicity and is chemically unstable in biological media [48].

Iron, on the other hand, is similarly inexpensive and can also be nanostructured
via GLAD [25]. Its corrosion and degradation products are biocompatible and iron
typically exhibits a high saturation magnetization of 1.6 T. The remanent magneti-
zation of pure iron is usually less impressive at the nanoscale (40 emu/cm?), and
crucially iron’s coercive field of ~0.2 mT is low when compared to other hard
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magnets like NdFeB’s 1.2 T [56, 57]. Iron oxides are typically soft magnets and are
thus not ideal materials in order to realize large forces and torques. Additionally,
FeOj species are difficult to nanostructure via PVD since carefully controlled post-
processing steps are usually required to obtain the correct phase [58].

Combinations of multiple magnetic materials are also possible, at the expense of
a more involved fabrication process, as demonstrated by Venugopalan et al. Here Fe
is first deposited via GLAD or PVD, and solution processed annealed zinc ferrite
coatings are subsequently incorporated. This process yields multimodal non-
agglomerating nanopropellers that could double as magnetic hyperthermia
agents [39].

Finally, NdFeB is probably one of the most widely used hard magnets. Since
NdFeB is not stable in moisture, it typically has to be coated with a protective layer.
In addition, NdFeB cannot easily be nanostructured using physical vapor deposi-
tion. However, there is an attractive processable, biocompatible hard magnet that is
suitable for nanopropeller fabrication: iron platinum (FePt).

FePt a Strong Magnetic Material for Nanodevices

The L1, phase of iron platinum has recently come into focus as a promising material
for the construction of hard magnetic nanodevices due to a number of advantages
over NdFeB [59]. L1, describes the face-centered tetragonal phase of a ~50:50 iron/
platinum alloy where iron and platinum positions are arranged in an alternating
ABA fashion (Fig. 16.6 center) as opposed to a face-centered cubic phase. FePt has
the highest recorded magnetic energy products of up to ~70 MGOe — the maximum
magnetic energy storable in a material — and coercivities of up to 7 T that easily rival
those of other conventional, typically Nd- or Sm-based hard magnets [59]. What
makes this comparison especially interesting is the fact that FePt is completely rare-
earth free. Due to the addition of the platinum and its effect on the iron’s electronic
configuration, FePt also exhibits a significantly higher remanence than pure iron,
despite exhibiting a lower saturation magnetization of 3.1 pg (2.7 pB from Fe and
0.4 pg from Pt) [59]. While the merits of iron as a material for biomedical applica-
tions were already discussed, there is also precedence of platinum being used in this
capacity. In addition, FePt can be processed without the need for inert gases, and it
is unreactive and thus does not need to be coated with a protective layer [43, 59].
FePt is thus uniquely positioned to be a next-generation magnetic material for
micro- and nanorobotic devices. L10 FePt nanoparticles smaller than 10 nanome-
ters are considered as superparamagnetic contrast agents for MRI. It is not cytotoxic
and is therefore a prime candidate for applications in biomedical nano- and micro-
devices that can leverage these hard magnets’ unique combination of easy nano-
structuring, biocompatibility, and high magnetic moments [60].
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Fig.16.6 L1, FePt (crystal structure in center) as a novel material for biomedical microswimmers.
(a) The material can be 3D nanostructured via glancing angle deposition; (b) It is biocompatible
(pictured are the results of a CellROX assay for reactive oxygen species.) and (¢) It exhibits higher
magnetic coercivity and remanence than previous materials Ni and Fe. (d) FePt-based microswim-
mers enable targeted active gene delivery in A549 cells. (Reproduced with permission [43]. 2020,
Wiley VCH)

Fabrication and Characterization of FePt Nanopropellers

Using GLAD, nanopropellers that use FePt instead of the standard Ni or Fe can be
fabricated via a co-deposition of iron and platinum followed by an annealing step at
680 °C to obtain the correct phase, fct L1,. This phase transition can be observed
both via XRD and SQUID magnetometry. The latter further reveals that L1, FePt as
used in this shape exhibits a magnetic remanence of 333 emu/cm?, which rivals that
of microstructured NdFeB (400 emu/cm?). Compared to Fe-based propellers of
similar geometry, this is an eightfold increase in magnetic remanence [43].

Table 16.3 offers an overview of how nanostructured L1, FePt compares to other
magnetic materials. The increased magnetic moments are also reflected in the maxi-
mum propulsion speeds for these propellers which reach up to 13 body lengths per
second. Microswimmers’ typical propulsion behavior increasing speeds for higher
magnetic fields and frequencies is observed up to the respective step-out frequen-
cies, where the propeller cannot follow the magnetic field.

Biocompatibility Tests and Gene Delivery
Despite both major components in the microswimmers (FePt and SiO,) having indi-

vidually been deemed biocompatible, it is important to note that their combination
in the form of the microswimmer also shows no detectable toxicity. Upon
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Table 16.3 Comparison of magnetic materials for micro-/nanopropellers

Magnetic
Coercivity | remanence
Material Biocompatibility [T] [emu/cm?] 3D nanostructuring
Ni No [47, 48] 0.01 [43] 11 [43] PVD [41, 63]
Co No [47, 48] 0.09 [64] 0.2 [65] PVD [66]
Fe Yes (concentration- 0.028[43] 40 [43] PVD [63]
dependent) [67]
FePt Yes [43, 60] 1.3276 [43] | 333 [43] PVD [43]
(680 °C)
NdFeB - 1.2 (bulk) 400 [43] -
[57]
Fe;0, Yes [46] ~0 [68] ~0 [68] 2-Photon-
polymerization [52,
53]

incubation with multiple cell lines (HEK and A549), both the cell viability and reac-
tive oxygen species (ROS) assays confirmed that the FePt nanopropeller is fully
biocompatible [43].

This in turn allowed for their biomedical application to deliver green fluorescent
protein (GFP) encoding plasmids into A549 cells. FePt microswimmers enabled
both the passive transport of the plasmids into the cell’s cytoplasm, which after an
incubation time of 24 h started expressing GFP, and the active, i.e., targeted delivery.

16.6 Conclusion

In this chapter, we summarize some of the recent advances of magnetically driven
micro-/nanopropellers for biomedical applications. We emphasize the challenges
and new developments in the geometrical design, nano-fabrication, wireless actua-
tion, and the choice of biocompatible materials for these small-scale robots. Recent
advances have focused on motility studies in organ models in vitro or in ex vivo
animal organs. The next step is to test these micro-/nanorobotic systems in vivo and
to demonstrate a useful biomedical application. The constraints given by the rela-
tively low torques that can be realized in laboratory magnetic systems calls for
shape-optimized structures, with large magnetic moments that can also slip through
the complex matrices found in real tissues and organs. Nanopropellers are thus
promising for a truly minimally invasive nanomedicine of the future.
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