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Magnetic Bio-Hybrid Micro Actuators

David Quashie Jr2b, Prateek Benhal ®, Zhi Chen¢, Zihan Wang¢, Xueliang Mu¢, Xiaoxia Song¢, Teng
Jiang®, Yukun Zhong¢, U Kei Cheang® and, Jamel Ali®

Over the past two decades, there has been a growing body of work on wireless devices that can operate on the length
scales of biological cells and even smaller. A class of these devices receiving increasing attention are referred to as bio-
hybrid actuators: tools that integrate biological cells or subcellular parts with synthetic or inorganic components. These
devices are commonly controlled through magnetic manipulation as magnetic fields and gradients can be generated with a
high level of control. Recent work has demonstrated that magnetic bio-hybrid actuators can address common challenges
in small scale fabrication, control, and localization. Additionally, it is becoming apparent that these magnetically driven
bio-hybrid devices can display high efficiency and, in many cases, have the potential for self-repair and even self-
replication. Combining these properties with magnetically driven forces and torques, which can be transmitted over
significant distances, can be highly controlled, and are biologically safe, give magnetic bio-hybrid actuators significant
advantages over other classes of small scale actuators. In this review, we describe the theory and mechanisms required for
magnetic actuation, classify bio-hybrid actuators by their diverse organic components, and discuss their current
limitations. Insight into the future of coupling cells and cell-derived components with magnetic materials to fabricate

multi-functional

1. Introduction

In the past decade, there have been several remarkable
developments in increasingly small wireless actuation systems
for various biological and biomedical applications. Due to the
length scale at which they operate, the physical forces which
govern these devices are vastly different than macroscopic
machines. Environmental parameters such as temperature?,
pressure?, and fluid properties® often also play more critical
roles in the ability of these devices to function versus
macroscale devices. In particular, surface forces dramatically
impact these machines as these forces dominate over inertial
forces®. To operate at small scales, devices must account for
the surface forces which resist actuator motion, and several
methods have been developed to overcome these resistive
forces®. These actuation methods often take inspiration from
nature, which has become adept at small-scale actuation. In
particular, microorganisms which through evolution have
developed intricate and sophisticated molecular machines and
stimuli-responsive macromolecules, have inspired the design
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of synthetic nano and micro-scale wirelessly controlled
devices® 7. Two major categories of artificial devices that have
utilized these mechanisms are chiral swimmers, which mimic
the propulsion of flagellated prokaryotes,
swimmers, which mimic the propulsion of many eukaryotes.
However, while there has been significant progress in
synthesizing small-scale synthetic machines®, it is still
challenging to produce actuators of similar complexity and
functionality as those displayed by natural molecular motors.
Alternatively, many groups are developing living actuators
using wild type® or engineered cells'® 11; however, these cells
are devoid of synthetic components, limiting their ability to be
controlled externally with precision. Thus, to overcome the
challenges of entirely artificial and completely biological
systems, there is a growing class of hybrid devices that mimic
the design of biological systems and incorporate organic
components for actuation, sensing, and transport.

Bio-hybrid actuators integrate biological cells or subcellular
parts with synthetic or inorganic components. Small-scale bio-
hybrid devices harness the synergy of synthetic and natural
materials for performing useful controlled tasks that can be
difficult to achieve using purely biological or purely abiotic
materials alone. As with all actuators, these require a suitable
actuation mechanism for operation. To design these systems,
the three main criteria of consideration are (1) ease of
fabrication, as these devices often are designed to operate in
swarms?'?; (2) controllability, which must overcome small-scale
physics!3; and (3) localization, real-time tracking of robots!4.
These design criteria have been used to develop a wide range
of hybrid actuators with varied applications ranging from
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localized delivery of biomedical therapeutics’®>!’ to
remediation of toxic environmental chemicals'® and microscale
fabrication?.

Bio-hybrid actuators most often take the form of
miniaturized vehicles, which require energy for propulsion by
converting exogenous (e.g., magnetic?®, acoustic??, optical??) or
endogenous (e.g., chemical®®> 2%) energy into mechanical
work?>-27, Here we focus on magnetic control as it is the most
common method for manipulating actuators. Magnetic control
offers efficient transfer of wireless energy, low hardware cost,
the ability to penetrate non-magnetic or weakly magnetic
materials, and can be precisely controlled?® 2°, Furthermore,
weak rotating and oscillatory magnetic fields have been
demonstrated to manipulate devices in a manner that mimics
the propulsive motion of flagellated organisms3°. As magnetic
fields are biologically compatible3!, a growing trend is the use
of magnetic control in combination with other control
modalities, which can be further facilitated due to the hybrid
material properties. Recent examples are multimodal control
of micro enzyme motors, which are guided over long rages
using magnetic forces, and operated at small scales using
enzymatic activity3?. This example shows the potential of
magnetic bio-hybrid actuators for advanced applications,
despite being a subset of the larger field of small-scale
magnetic actuators.

Recent advances in functional magnetic bio-hybrid devices
have illustrated the ability of microactuators to be used for
multiple tasks (e.g., transport and sensing) while also being
controlled using simultaneous signal inputs from external and
internal energy sources. As these devices can possess various
organic structures, it is convenient to categorize bio-hybrid
devices by the type of biological material they utilize: those
that incorporate whole living cells and others that integrate
cell components. Here we briefly review the primary
mechanism of magnetic actuation applied to small-scale
actuators and then provide an up-to-date account of magnetic
bio-hybrid actuators. Organized in terms of eukaryotic,
prokaryotic, protein, and nucleic acids-based actuators, we
highlight recently reported devices, emphasizing the unique
hybrid material nature of these devices that enable their use
for specific applications. Current limitations and potential
directions for the development of future bio-hybrid actuators
are also discussed.

2. Theory and mechanism of magnetic actuation

Magnetic actuation is widely used to wirelessly control and
propel magnetic microactuators for precisely targeted
delivery. An actuator's inherent ability to be controlled by a
magnetic field stems from the choice of material used.
Materials with various types of magnetism, such as
ferromagnetism and paramagnetism, are widely used because
they contain randomly oriented unpaired electrons that can be
rearranged to give them a magnetic dipole moment. However,
the material chosen when designing hybrid actuators depends
on whether the magnetic particles have high magnetic
moments, allowing objects to be controlled by an external
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field in biomedical and environmental applications. As a result,
ferromagnetic materials, specifically superparamagnetic
materials, are used because their susceptibility to applied
magnetic fields generates sufficient force for actuation.
Furthermore, because of its small size, aggregation caused by
dipole-dipole interactions is reduced3® and magnetic
anisotropic is increased3*. On the other hand, the magnetic
susceptibility of paramagnetic material is positive and
extremely small, resulting in a low force and torque response
to a magnetic field. In an applied magnetic field a magnet_i)c
bio-hybrid micro actuator experiences a magnetic force (F)
and torque (T) when exposed to an externally generated
magnetic field3>38. The magnetic force and torque experienced
by a magnetic actuator can be mathematically expressed as:

F= f(pV(T7lo . §) + %(E . V) E) dV  Equation 1

T= J(m x §) dV  Equation 2
magnetization, T—ﬁo is the initial
magnetization, p and V are the density and volume of the
magnetic particle @spectively, V is the field gradient, X is the
iusceptibility, and B is the magnetic flux deﬂ)sity. In free space,
B can be expressed as the product of p, ﬁ), where g is the
magnetic permeability of free space and H is the magnetic
field strength.

-
where M is the internal
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Figure 1: Classification of magnetic microactuators. (a) Biological material used in
the fabrication of bio-hybrid magnetic actuators. (b) Distribution of bio-hybrid
magnetic actuators categorized based on their biological appendage, found using
databases such as ‘Engineering Village’ and ‘Web of Science’

The torque and force produced by an external magnetic
field with no inertial effects and time dependencies_}has a
linear @Iationship with the actuator’s angular velocity 2 and

speed U and is defi ﬁ byﬁ metrical mobility matrix*, as
shown mTU_Q T T T Equation 3.

Ul_[M N|[F .

51 I8N ollF Equation 3

where M, N and 0 represent a 3x3 symmetrical matrix and is
time-dependent on the actuator’s geometry. Bente et al.
explained that if the shape of a magnetic actuator is
asymmetrical, then the rotational motion of the propulsion
system generates a force to push or translate the actuator
forward3?. The orientation of a magnetic moment can also be
used to achieve a degree of asymmetry on a 3D actuator with

This journal is © The Royal Society of Chemistry 20xx
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one or two planes of symmetry*® 41, This magnetic moment
orientation shows that the force and torque associated with
the mobility matrix induce controlled motion on the actuators.
To this extent, electromagnetic coils provide controllable
magnetic actuation to steer magnetic materials to the desired
locations*2.

The two classic coils are based on Maxwell and Helmholtz
configurations*®> 4* due to their experimental design and
theoretical modeling simplicity. Helmholtz coils generate a
uniform  magnetic field with two identically sized
electromagnetic coils positioned at an equal distance to their
radius, whose strength depends on current input, the number
of wires turned, and the coil radii. A rotating magnetic field is
developed about the Cartesian coordinate axis by placing
three orthogonal pairs and using a sinusoidal current input.
Compared to Helmholtz coils, Maxwell coil configuration
produces a gradient when the electromagnetic coil pair carries

Table 1: Questions being addressed in microactuator fabrication, control, and localization

Nanoscale

current in opposite directions, and the spacing is increased by
a factor of V3. To apply these magnetic configurations to in
vivo applications, larger radii coils are required to operate and
steer the microactuators in comparison to in vitro applications.
As a result, more current is needed to produce the same
magnetic field.

In this regard, permanent magnets are looked at as the
alternative to generating the necessary magnetic fields?®.
Fountain et al. proposed using permanent rotating magnets via
a robotic controlled arm to propel helical swimmers#’. It was
determined that a diametrically magnetized magnet works
better than an axially magnetized cylindrical magnet as it
utilizes the volume of the magnet creating a stronger magnetic
field. The helical swimmers' actuation was limited by the
attractive forces produced by the magnet and its one degree
of freedom propulsion.

Fabrication

Control

Localization

How can micro actuators be designed to
increase their propulsive efficiency and
speed*®?

How can microrobot swarms be deployed with high
precision control*?

How can micro actuators be localized
in real-time in vivo4?

How to allow the interaction between the
actuator and the local environment so
that the actuator processes information
and starts to learn®0?

How can the actuators be controlled such that they
can be collected and reused>'?

How can payloads be released at
precise locations®??

How can microrobots be made such that
they are biocompatible and do not elicit
immune responses®® 54?

How can microrobots be controlled to intelligently
respond to a range of stimuli (i.e., actuate, percept,
respond, and assess>?

How to enhance/ switch propulsion
modes in different terrains>¢?

The axial configuration was also shown to actuate a swarm of
magnetic bio-hybrid swimmers in vivo®”. While permanent
magnets may seem to provide a solution for scaling magnetic
devices, they introduce many issues due to limited steering
and the inability to be switched off°®. Therefore, novel
mechanisms have been designed to control single or multiple
microactuators using electromagnetic coils. For example,
Chowdhury et al. developed a specialized substrate containing
micro coils to generate magnetic gradients to control
numerous robots simultaneously®®. Other electromagnetic
include

configurations closed-loop magnetic

navigation system, and Octomag®%-%2, which introduce higher

BigMag, a

degrees of freedom (>3). These electromagnetic systems can
also be combined with other actuation methods, such as
acoustic, leading to increased functionality®3.

3. Discussion

Bio-hybrid miniature actuators often utilize a magnetic
component, such as magnetic particles, to drive directed
motion in response to magnetic signals. This integration relies
on the proposed application which affects the actuator’s size®*.

This journal is © The Royal Society of Chemistry 20xx

Decreasing an actuator’s size results in complex assembly
techniques as well as limits the amount of integrated magnetic
materials. Alapan et al. recently discussed bio-hybrid actuator
scaling limitations, such as alteration of physical and chemical
properties of the components affecting the fabrication
strategies. also discussed current
fabrication and control strategies for bio-hybrid actuators?®.

Further, Alapan et al.

In this article, we have classified magnetic actuators based
on their proposed applications, fabrication methods, and
integrated biological component (eukaryotic, prokaryotic,
nucleic acid, and protein functionalization (see Figure 1a)).
Statistics were collected from the ‘Web of Science’ and
‘Engineering Village’ databases to evaluate the number of
peer-reviewed publication citations for over three decades
(1990 — 2021) to evaluate the scope and growth of various
magnetic hybrid actuators. We used various keyword searches
that describe each actuator type (e.g., magnetic DNA origami,
magnetically actuated bacteria, etc.). As shown in Figure 1b,
the magnetic  bio-hybrid
publications have been biased toward eukaryotic actuators

accumulated peer-reviewed

attributed to their large size, non-hazardous properties, and
accessibility, followed by prokaryotic actuators. There is also a

J. Name., 2013, 00, 1-3 | 3
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growing field of protein and nucleic bio-hybrid actuators,
which are operated by magnetic stimulation.
Magnetically controlled manipulation of micron-sized bio-

hybrid

(eukaryotic

and prokaryotic)

actuators is less

challenging than their smaller nano and molecular scale
counterparts®8. Using eukaryotic and prokaryotic actuators are

st margins
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favored because the magnetic actuation force is proportional
to the cell volume

Table 2: Types of magnetic bio-hybrid actuators

Average
. . . . Average speed
Author Magnetic Material Organic Material (um/s) Speed (body Actuator
um/s length/s)
Fe304 nanoparticles, and
Guo et al.%® .p ) Red Blood cell membrane N/A N/A Rebuilt Red Blood Cells
polymeric materials
Double-helical Both synthetic and organic parts
Yasa et al.>* ) ) Macrophage 46.7 2.3 v ) ‘g ) P
microswimmer contribute to swimming
Al(NO3);+ 9H,0 Fe 150 (ZIF-8MEOH, 1.5 (ZIF-8MEOH,
Liu et al.*? 3 Kapok fibers ( ) ( ) O, bubbles
(NO3)3* 9H20 105 (ZIF-8DMF) 0.99 (ZIF-8DMF)
Magnetic particles iron 175.19 (tumblin ;
Sun et al.® g p. d Pine pollen ( i 9) 2.9 (tumbling) Magnetic particles iron oxide
oxide 108.25 (rolling) 1.8 (rolling)
Sun et al.¢ Nickel Coating Sunflower Pollen Grain 125 4.2 Nickel Coating
Xie et al.®” Iron Oxide nanoparticles Spirulina Platensis N/A N/A Spirulina Platensis
Yan et al.% Iron Oxide nanoparticles Spirulina Platensis N/A N/A Spirulina Platensis
51.89+1.67 (2D, 0.5 (2D
Yasa et al.®? Magnetic Spherical C. Reinhardtii Microalga (20) (20) C. Reinhardtii Microalga
135.92+4.82 (3D) 1.4(3D)
Santomauro et . . U . R
al 70 Terbium C. Reinhardtii Microalga 21747.1 2.2 C. Reinhardtii Microalga
Magdanz et X . . .
al 7t Iron Oxide Particles Bull Spermatozoa 30 1 Iron Oxide Particles
Xu et al.”? Tetrapod Sperm 41+10 2.1 Sperm
Magdanz et . . :
al.72 Iron Oxide Bovine Sperm 1 0.01 Iron Oxide
Magdanz et ) . . ; ;
al.73 Maghemite nanoparticles Bovine Sperm 6.844.1 0.2 Maghemite nanoparticles
Xuetal.”* Magnetic horned caps Sperm 76+17 (in blood) 1.5 Sperm
Electropolymerized
Stanton et al.’ poly E. Coli 541 0.5 E. Coli
Microtube
Silica coated iron oxide Staphviococcus Aureus E.
Zhang et al.”® nanoparticle in Poly Vinyl pay ’ N/A N/A Bacteria

Alcohol network

Coli

4| J. Name., 2012, 00, 1-3
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) ) Pt/Ps: 0.440.1 Pt/Ps: 0.2 )
Stanton et al.”” Janus Particles E. Coli . i E. Coli
Pt/Si02:0.7+0.2 Pt/Si02: 1.2
. . . . . Salmonella
Lietal.*® Iron Oxide Nanoparticles Salmonella Typhimurium 5.82 0.77 ) X
Typhimurium
Magnetospirillum Magnetospirillum
Lietal.”® Fe304 particles g p N/A N/A 9 p
Magneticum Magneticum
. i Red blood cell .
Alapan et al.”? Iron Oxide nanoparticles E Coli 10.2+3.5 2.0 E. Coli
. Coli

(see F= f(pv(mo : B) + i (B : V) B) av Equation 1);
decreasing the size of the actuator reduces the magnetic force
and torque generated on the actuator. Many of these reported
magnetically controlled miniature actuators are designed to be
used in the human body one day. Hence, the voyage of these
magnetic actuators is primarily employed in vitro, aiding in
answering fundamental questions for a successful journey in
various applications. Some of the critical challenges for a
successful journey are summarized in Table 1.

The diverse scope and transformative potential of bio-
hybrid magnetic robots have caused experts from different
fields to solve the problems (fabrication, control, and
localization) listed in Table 1.

3.1. Eukaryotic based actuators

Eukaryotic cells consist of a well-defined nucleus and other
organelles, such as mitochondria, ribosomes, and proteins.
Living cells from protozoa and fungi®® to plants®? 51 66, 81 gnd
animals’® have been used to fabricate bio-hybrid eukaryotic
actuators. Micromotors based on eukaryotes have distinctive
advantages due to their relative size, ranging from 10-100 um,
and inherent biochemically driven motion. This innate self-
actuation mechanism can significantly attenuate effective
external control, as cell-driven processes are challenging to
manipulate over short time scales. However, controlling the
motion/actuation of these eukaryotic cells and the ability to
steer them in fluidic microenvironments will be essential in the
future use of these systems as tools for exploring eukaryotic
cell biology and for illuminating the intricacies of self-
assembled living systems.

The aforementioned applications are performed using an
external magnetic field and require magnetic material for
actuation. Most microorganisms in nature consist of a certain
level of magnetic material. For example, in many cells, the
protein ferritin is responsible for reversible formation and
dissolution of magnetic iron oxide and its storage®?. Although
magnetic iron oxides are often present in living organisms,
they usually exist in trace amounts and thus have inadequate
volumes for magnetic field actuation. To accommodate
effective magnetic control, eukaryotic be
functionalized to be sufficiently magnetic. Thereby sufficient
magnetic force and torque can then be applied to these
organisms to steer them wirelessly to a location of interest in
vitro and in vivo. For this purpose, researchers have looked
towards genetically modifying and controlling the formation of
ferritin in these cells to augment them with desired
functionality. To this extent, Kim et al. genetically modified

cells must

This journal is © The Royal Society of Chemistry 20xx

mammalian cells through the ectopic creation of the protein
human ferritin heavy chains (hFTH1), driving increased uptake
of iron ions, resulting in the cell displaying superparamagnetic
behavior'l. When a magnetic field was applied to these cells
containing superparamagnetic particles, the cells experienced
transitional motion. The cells achieved velocities up to 30 um/s
and could be separated efficiently from complex mixtures.
Kim’s research paved the way to genetically modify eukaryotic
cells to aid in practical cell separation studies for advanced
diagnostics and cell-based therapies?®.

Recently in 2019, through localized cellular heating of
magnetic material, Ito et al. magnetically remote-controlled
transgene expression in mammalian cells (Human cervical
carcinoma Hela and Human hepatoblastoma HepG2 cells)®3.
Magnetic cells were generated by engineering cells with a
ferritin gene and tagging cells with magnetite nanoparticles.
With exposure to an alternating magnetic field, transgene
expression was induced in the cell, demonstrating a novel
approach to controlling the appearance of therapeutic genes
in cell-based regenerative medicine. While genetically
engineered cells can improve the actuator's response to
magnetic fields, there is an alternative manufacturing method
that can produce similar results. This method involves
attaching synthetic magnetic particles to eukaryotes through
layer coating or internalization without modifying the
organism's genetics. The microrobots made as a result are
referred to as magnetic hybrid eukaryotic actuators.

3.1.1. Hybrid Eukaryotic Actuators

Bio-hybrid systems are composed of cells and inorganic
appendages that enhance the device's functionality. Table 2
mammalian organisms used to
fabricate eukaryotic bio-hybrid microactuators.

summarizes the various

Plant & fungi-based actuators

Derivatives of cell-walled organisms such as plants and fungi
have been used to fabricate actuators because of their
renewability, low harvest cost, thermal stability, and diverse
structural morphology®* 85, For example, Liu et al.
manufactured a porous magnetic micromotor based on Kapok
fibers, hollow tubular structures®l. The motor’s manganese
dioxide coating allowed for hydrogen peroxide fuelled
actuation, while iron/aluminum metal oxides permitted
guidance by an external magnetic field to remove organic
pollutants from water. Similarly, Li et al. fabricated lotus
pollen, template-based, magnetically actuated robots by

J. Name., 2013, 00, 1-3 | 5
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coupling magnetic particles with a hydrogel layer, achieving
absorption and release of erythromycin®!. Here, trimanganese
tetraoxide served as a catalyst, allowing propulsion via oxygen
bubble generation, while cobalt ferrite allowed steering via an
external magnetic field.

Another plant-based actuator was recently reported by Sun
et al., who manufactured a pollen-based micromotor®. In the
pollen-based micromotor, magnetic particles and doxorubicin
(anti-cancer drug) were encapsulated into two hollow air sacs
of the pine pollen. Through magnetization, three swimming
modes were attained - rolling, tumbling, and spinning. The
complete controllability of the actuator was demonstrated
through path planning. This work demonstrated individual and
swarm plant-based actuators, which can precisely traverse
complex fluids, thereby demonstrating the potential as cargo
carriers in targeted release applications. Sun et al. also
fabricated a sunflower grain, nickel layer coated, magnetic
actuator (see Figure 2a), with two modes of swimming, rolling
(at the surface) and rotation (in bulk fluid)®. The actuator was
shown to autonomously pierce the cell membrane of cancer
cells to deliver therapeutics. Both Liu et al.>! and Li et al.8? used
artificial plant-based eukaryotic systems and magnetic control
for the detection of toxic bacteria and the purification of
contaminated water. Sun et al.*% ¢ fabricated actuators that
demonstrated various swimming modes aiding in the delivery
of drugs. Here, artificial intelligence and path planning were
also incorporated, achieving autonomous navigation, swarm
control, and obstacle avoidance in complex environments.

Besides plant components, fungi have the capabilities to
supply important organic features for eukaryotic actuators, as
demonstrated by Zhang et al., who designed a magnetic
actuator for detection, real-time tracking, and removal of
Clostridium difficile bacteria from clinical stool specimens®°, In
this work, Ganoderma lucidum spores were encapsulated by a
layer of magnetic iron nanoparticles, functionalized with 3-
mercaptopropionic acid (MPA), and finally actuated by a
rotating magnetic field. In addition to magnetic field control,
localization was improved with carbon nanodots, which gave
fluorescence properties to the spore actuator. Zhang et al.&
article explored magnetic control utilizing nanoparticle
fluorescence which meets the real-time localization and
stimuli-responsive challenges outlined in Table 1.

Figure 2: Eukaryote hybrid actuators. (a) Sunflower grain hybrid actuator magnetically
controlled to pierce the cell membrane to deliver drugs. Adapted with Permission®®.
Copyright 2020, Wiley. (b) Schematic diagram of the fabrication steps of the rebuilt red
blood cells as wells as images showing the RRBC functionalities, which include cargo
delivery, detoxification, and toxin senor and circulation, and oxygen transport. Adapted
with Permission®. Copyright 2020, ACS (c) lllustration of macrophage hybrid micro
actuator fabrication. Adapted with Permission>3. Copyright 2020, ACS.

6 | J. Name., 2012, 00, 1-3

Erythrocyte & leukocyte derived actuators

For biomedical applications, actuators made of materials
foreign to the body can elicit destructive immune responses
affecting therapeutic delivery®®. To overcome this issue blood
cells have been explored for developing bio-hybrid actuators.
These cells possess intrinsic biocompatibility, surface
immunosuppressive properties, deformability, cargo carrying
ability, and chemotactic responsiveness® 8. For instance, Wu
et al. demonstrated a multi cargo-carrying artificial red blood
cell (RBC), loaded with quantum dots, doxorubicin, and
magnetic nanoparticles8®. The ultrasound-powered, magnetic
guided RBC micromotor has been shown to retain its
propulsion properties and can be potentially used in
therapeutic and diagnostic applications. Later, Guo et al.
fabricated an artificially reconstructed red blood cell (RRBC)
that mimics mammalian RBCs' structural, mechanical, and
functional characteristics®®. The four-step process used during
manufacturing is shown in Figure 2b. The manufacturing
process involves a layer-by-layer infusion of polymer
decomposition of iron oxide nanoparticles. The RRBC’s were
magnetically steered to deliver cargo and target oxygen-
deficient regions in the human body, acting as a detoxification
and toxin sensor. Other biological cells found in the body have
also been used in the manufacturing of a hybrid magnetically
actuated micro actuator. For example, Yasa et al. investigated
the interaction between a magnetically controlled immunobot
actuator with macrophage cells®*. The immunobot was a 3D
printed helical micromotor made of nickel, gold, and
polyethylene glycol (PEG) coating. Phagocytosis of the
actuators was then performed by the macrophage cells, which
exhibited different forms of motility such as rolling, crawling,
and rowing. More recently, Nguyen et al. constructed a
multifunctional micromotor using macrophages isolated from
mice>3. These micromotors retain the chemotactic ability of
the macrophage and contain responsive agents allowing
steering through the use of magnetic fields and drug release in
response to near infrared (NIR) laser irradiation (Figure 2c).
Wu et al.88, Guo et al.%%, Yasa et al.>%, and Nguyen et al.>3 work
has shown that artificially implanted magnetic actuators can
be used to transport, control, and influence eukaryotic cell
behavior and immune response for biomedical applications.

Microorganism-Based Eukaryotic Actuators

This journal is © The Royal Society of Chemistry 20xx
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Eukaryotic actuators can also be fabricated through the integration
of whole microorganisms with magnetic components. This is
fabrication strategy can be advantageous as the living actuator
incorporates the organism’s innate propulsion mechanisms and
physical properties. To illustrate this, Yasa et al. and
Santomauro et al. have created a microactuator powered by
unicellular freshwater microalgae called Chlamydomonas
reinhandtii®® 7°. Yasa et al. used polyelectrolyte-functionalized
magnetic spherical cargos attached to the surface of
microalgae that allowed the hybrid actuator to be magnetically
steered®®. On the other hand, Santomauro et al. used
microalgae incorporated with terbium as a bio-cyborg
actuator’®. Terbium enables the organism to be controlled and
localized through permanent magnetic fields. Additionally,
terbium did not affect the velocity of the microalgae cyborg
actuator. Another actuator integrating the entire
microorganism was shown by Yan et al.,, who fabricated
Spirulina microalgae coated with magnetite, allowing in vivo
fluorescence imaging and remote diagnostic sensing®’. To
demonstrate its effectiveness, a swarm was also shown to be
tracked in a rodent’s stomach, guided by an external magnetic
field. Yan et al. further explored the ability to functionalize the
Spirulina cells to transport and release molecular cargoes by
exploiting the cell’s dehydration and rehydration capabilities®.
The Spirulina actuator could be used to deliver molecular
agents to the gastrointestinal tract through its low magnetic
field. Later, Xie et al. imaged and tracked a swarm of Spirulina,
actuated with electromagnetic coils, designed with an off-on
fluorescence diagnosis enhanced by a polydopamine (PDA)
coating®’. These investigations show that cyborg actuators can
retain their intrinsic functionalities while guided by an external
magnetic field.

Sperm cells serve as another type of microorganism that
can be utilized to create a bio-hybrid eukaryotic actuator.
Interest in sperm robots has been accentuated because of
their potential uses in treating reproductive tract infections
and their potential use in the enhancement of non-motile
sperms. For example, Xu et al. designed a tetrapod coupled
with bovine sperm cells that can be magnetically guided and
released when the four fins are pressed on (see Figure 3a)°2.
These hybrid sperm actuators laden with doxorubicin were
steered using a magnetic field towards Hela cancer cells.
Doxorubicin was released upon impact, penetrating the
cancerous cells. After 8 hours, a significant reduction in the
cancer cells was noticed. Later, Xu et al. demonstrated a sperm
micro actuator fabricated with a streamlined horned cap that
can actively swim against flowing blood and deliver heparin,
actuated by a permanent magnet (Figure 3b)74.

The eukaryotic flagella actuators investigated previously
relied on the motility of the sperm. Considering motility as one
of the parameters during actuator designs, non-motile sperm
is also being explored. For example, Magdanz et al. fabricated
a hybrid actuator using iron oxide nanoparticles that bought
motility to a non-motile sperm’2. Magdanz et al. have also
recently developed an IRON-sperm by exploiting the difference
in charges of bovine sperm cells and rice grain-shaped
maghemite nanoparticles’. This coupling increased the

This journal is © The Royal Society of Chemistry 20xx
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echogenicity of the actuator, allowing swarms to be localized
using ultrasound imaging. The embedded magnetic particles
allowed controllability, helical propulsion, and complex
maneuvers by an external magnetic field. In addition, drug
loading was achieved by incubating doxorubicin-hydrochloride,
which demonstrated its potential for biomedical applications.
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Figure 3: Eukaryotic flagella actuators (a) Transport of drug loaded hybrid sperm
actuators to Hela cancer cell. Adapted with Permission®2. Copyright 2017, ACS, (b)
Schematic of the streamlined-horned caps hybrid sperm micromotors in blood.
Adapted with Permission’4. Copyright 2020, ACS.

Table 2 also includes a list of different flagella micro/nano
actuators. These investigations with eukaryotic flagella
actuators paved the way for further research into the use of
magnetic actuation for advance targeted therapeutics.

3.2. Prokaryotic based actuators

Prokaryotes are unicellular microorganisms that form two of
the three domains of life - bacteria and archaea. While both
types of prokaryote are ubiquitous in nature, bacteria have
been by far the most investigated in part to their dominant
abundance in nature and their role in human health. Some
bacteria have also demonstrated up to six modes of motion®?,
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Figure 4: Magnetotactic bacteria actuators. (a) Model of the iron reaction pathway for
the bio-mineralization of the magnetosomes and its chain assembly. Adapted with
Permission®. Copyright 2008 ACS. (b) Process of embedding iron oxide particles onto
the surface of magnetotactic bacteria to enhance the actuator’s magnetic response.
Adapted with Permission’®. Copyright 2019, Wiley. (c) TEM images of modified E. Coli
(cultured with iron) expressing mineralized mCherry-ferritin. (d) A zoomed-in image of
the ferritin formed in the cytosol of modified E. Coli. Adapted with Permissiongl.v
Copyright 2020, ACS.
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of which swimming motility using bacterial flagella is the
minimum requirement for designing prokaryotic actuators.
These parameters add to the favourability of bacteria in
biomedical applications and environmental monitoring.
Therefore, researchers are investigating various methods for
incorporating magnetic properties into the bacteria to be
controlled by an external magnetic field, ultimately leading to
prokaryotic flagella actuators.

A unique species of bacteria exist that creates enough
ferritin to control it by an external magnetic field known as
magnetotactic bacteria (MTB)%°. These naturally occurring
organisms contain magnetosomes, intracellular iron-rich
granules, which get synthesized naturally in the body (see
Figure 4a), enabling the bacteria to align with an external
magnetic field. Bacteria that are non-magnetic can be
genetically modified with magnetic properties, which can be
used in addition to MTB to design magnetic actuators®l.
Alternatively, non-magnetic bacteria, when functionalized with
synthetic magnetic particles, attain controllability through
magnetic fields. Here these bacterial magnetic devices are
termed hybrid prokaryotic actuators.

3.2.1. Hybrid prokaryotic based actuators
MTB-based actuators

Magnetotactic bacteria have served as a platform for many
researchers to explore prokaryotic actuation. For example, Li
et al. navigated magnetotactic bacteria Magnetospirillum
Magneticum (AMB-1) in complex fluid environments to deliver
drugs while tracked in real-time’8. In addition to the internally
present magnetosomes, Fes0, magnetic nanoparticles were
attached to the surface of the AMB-1 swimmers through
electrostatic interactions, enhancing the controllability of the
hybrid actuator using an external magnetic field Figure 4b.
Stanton et al. also used a magnetotactic bacteria
Magnetospirillum  Gryphiswaldense (MSR-1) to design
controllable microactuators®2. The bacteria, MSR-1, were then
integrated with drug-loaded mesoporous silica microtubes and
used to penetrate a biofilm made of E. Coli. These
microactuators were used in delivering and releasing drugs
triggered by the biochemical properties of the biofilm.

Genetically modified prokaryotic actuators
Most bacterial species are non-magnetic and must be
augmented with magnetic material to allow for magnetic
functionality. One approach is genetic engineering, as shown
by Aubry et al., who modified E. Coli to express mCherry
ferritin and named the modified bacteria MagEcoli (Figure
4c&d)°L. The iron stored in the cytosol of the bacteria resulted
in paramagnetic behavior when exposed to an external
magnetic field. By modifying the surface properties of the
MagEcoli, the researchers were able to apply their MagEcoli to
trap, and transport targeted bacteria using a magnetic force.

Non-magnetic prokaryotic actuators

8| J. Name., 2012, 00, 1-3

Bacteria  with internalized or genetically induced
magnetosomes formations are well suited for the creation of
hybrid magnetically steered actuators. However, the
alternative method is to attach magnetic material to the
surface of the bacteria. By connecting multiple bacteria to
superparamagnetic beads, Carlsen et al. showed that weak
magnetic fields could be used to fabricate and guide the hybrid
actuators, achieving average speeds of 1.2 body length per
second using Serratia marcescens3°. Further research into
controllability determined that a single-celled hybrid actuator
results in a more predictable motion compared to the
stochastic movement of utilizing multiple bacteria. Using a
single-celled actuator, Li et al. proposed a hybrid bacteria-bot
actuated in large blood vessels by an electromagnet and in
small vessels by bacterial-driven motion®¢. By attaching
magnetic microparticles to the bacteria, this group has shown
that using an external magnetic field can enhance the
actuation capability allowing the actuator to operate in
different hydrodynamic environments. Another similar bio-
hybrid actuator was shown by Stanton et al., who created a
bacterial Janus particle by taking advantage of the cell
adhesion capabilities of the bacteria’s basal body to a variety
of metals’””. The Janus particle consisted of polystyrene or
silicon dioxide particles capped separately with platinum, iron,
gold, or titanium. Of all the metal coatings, the bacteria
exhibited a high adherence to the platinum-coated
hemisphere. The hydrophobic nature of the platinum-coated
Janus particle and contact angle plays a key role during
bacterial adhesion. A hydrophobic material provides significant
surface energy for bacterial attachment®3; however, despite
polystyrene’s high surface energy determined by a contact
angle greater than 100°, bacteria did not attach to its
surface’”. Furthermore, the authors attached the bacteria to
iron-coated Janus particles achieving magnetic guidance.
Stanton et al. also demonstrated the first hybrid prokaryotic
actuator that utilizes a microtube functionalized with magnetic
properties’>. The microtube included an inner layer of
bacteria-attracting polydopamine and a bacterial kill trigger to
stop bacteria from swimming on demand. The work
demonstrated this new generation of biocompatible
prokaryotic micromotors' potential tools for minimally invasive
medical applications.

Magnetically guided prokaryotic actuators have also been
harnessed to deliver antibiotics. For example, Zhang et al.
encapsulated the antibiotic vancomycin into a polymer matrix,
which was later internalized by two strains of bacteria (refer to
Table 2)7¢. Here the antibiotic was loaded into poly-vinyl
alcohol (PVA), which was then used to coat iron oxide
nanoparticles. The particles were then internalized by the
bacteria enabling magnetic control. The small size of the
bacteria limited the number of antibiotics delivered by
magnetic actuation. For this purpose, investigators integrated
the ability of prokaryotic cells’ high maneuverability with
eukaryotic cells' large loading capacity. A hybrid system
coupling prokaryotic and eukaryotic cells were explored by
Alapan et al., who designed an erythrocyte-based bacterial
actuator, achieving higher load-carrying capacity

This journal is © The Royal Society of Chemistry 20xx
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biocompatibility and biodegradability’®. First, the erythrocytes
were loaded with small molecule therapeutics and
superparamagnetic iron oxide nanoparticles. Motile E. Coli was
then attached to the surface of red blood cells using biotin-
avidin-biotin binding complexes, providing strong non-covalent
bonding. The hybrid swimmer was then actuated by the
bacteria and guided by an external magnetic field. Finally,
optical stimulation was used to add additional functionality
leading to cell death. These investigations demonstrated a
myriad of hybrid bacteria actuator designs ranging from
combining prokaryotes with eukaryotic cells to Janus magnetic
particles, allowing the actuator to be potentially applied in
various applications, including environmental monitoring and
biomedicine.

It is also important to note that the living cells of hybrid
prokaryotic actuators can often retain their chemotactic
behavior, which can be exploited for cancer therapy®*. Over
long distances, magnetic fields can be used to guide these
hybrid actuators to specific regions. Then, across short
distances, the bacteriabots can rapidly utilize self-generated
bacterial motion to navigate to local targets using chemotanxis.
This control strategy can be further enhanced through the use
of genetic modification, where the bacteria’s virulence or
desired characteristics can be adjusted. The tunability of
bacteria, along with the ease at which they can be integrated
with magnetic particles and other natural or synthetic
components, provides evidence as to why prokaryotic
actuators are highly desirable for small-scale applications.

3.3. Nucleic Acid and Protein-based actuators

In nature, nucleic acids often act as
supramolecular life, driving
biochemical reactions, transporting molecular payloads, and
serving as information carriers for cellular tasks. By combining
these large molecules with magnetic structures, advanced
multifunctional materials have been reported with many

potential applications.

and proteins

machines essential for all

3.3.1. Protein-based actuators
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Figure 5: Magnetic protein actuators (a) Actuator fabricated by integrating
superparamagnetic iron oxide nanoparticles into a protein matrix. Adapted with
Permission®. Copyright 2019, Springer Nature. (b) Dimensions of human serum
albumin (HSA) microtube actuator fabricated using wet templating synthesis. The
actuator was propelled through a platinum reaction with hydrogen peroxide. Adapted
with Permission®2, Copyright 2017, John Wiley and Sons. (c) Magnetic targeting pro-
coagulant protein intravenously administered at the tail and directed by a permanent
magnet to the tumor site. Adapted with Permission!®. Copyright 2019, Taylor &
Francis Group.

Nanoscale

Numerous proteins and protein complexes act as biomolecular
machines synthesized by cells. These ubiquitous natural
actuators have the properties of self-replication and have high
operating efficiency. Protein’s active properties have led to
their use in various multi-degree-of-freedom nanodevices,
which have received extensive attention. Molecular machines
have been extensively investigated, with myosins®, kinesins®®
97 and dyneins®® being the most well understood. These
molecular motors convert the chemical energy present in a
fluidic environment (e.g. ions and adenosine triphosphate
(ATP)) into nanoscale linear, oscillatory, or rotary mechanical
motion, often through minute changes in protein structure.
Recently, research in protein bio-hybrid actuators has
been expanding due to novel propulsion and power-like
mechanisms being used in fabrication. In 2019, Pena-
Francesch et al. fabricated one such novel magnetic protein-
based nanomotors by integrating a protein matrix from squid
ring teeth onto superparamagnetic iron oxide nanoparticles
(Figure 5a)%°. The magnetically controlled protein motor
showed higher performance and efficiency than others that
employ Marangoni forces for propulsion. The reconfigurable
nature of protein actuators was revealed by Ali et al., who
fabricated a protein actuator allowing morphological changes
of its geometry in response to environmental stimulil®. The
flagellin protein from Salmonella Typhimurium bacteria was
depolymerized and repolymerized to create functionalized
flagella filaments. It was then attached to a superparamagnetic
nanoparticle, finally actuated by a rotational magnetic field.
Kurinomaru et al. designed another reconfigurable protein
actuator consisting of serum albumin and magnetic
nanoparticles to capture and release cells'®l. This robot was
manipulated using the weak fields of a permanent magnet to
deliver several intact cells to the desired target on a matrix and
in an enclosed space. Kobayakawa et al. also used human
serum albumin to create a microtube actuator propelled by
oxygen bubbles due to the reaction between platinum
nanoparticles and hydrogen peroxide (H,0,)'2. The tubular
robot demonstrates the ability to add motility to a protein-
laden polycarbonate membrane, enhancing the removal of
cyanine dye and bacteria (Figure 5b). The first construction of
a magnetic targeting pro-coagulant protein for embolic
therapy of solid tumors was shown by Zou et al.l%3. The
fabrication involved the surface modification of Fe30,4
nanoparticles via silanization to facilitate the binding of O-
carboxymethyl chitosan and the fusion protein tTF-EG3287
(Figure 5c). Extensive thrombosis was induced in the tumor
vessels by attracting the hybrid actuators to the solid tumors
using a permanent magnet. A permanent magnet!®* also
achieved the actuation of a virus-based bio-hybrid robot. Then,
viral particles were additionally functionalized to release Killer
red enabling photodynamic therapy under light irradiation.
With protein’s ability to self fold into complex hierarchical
nanostructures, exist in harsh environments, and be coupled
with magnetic actuation for steering, there is a growing
interest in the fabrication of these hybrid protein actuators.
Therefore, magnetic protein-driven robots have inherent
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biocompatibility and self-propulsion capabilities and have
broad application prospects in biomedical treatment via
targeted delivery.

3.3.2.

Another class of protein actuators is enzyme-powered micro/
nanomotors, which have become increasingly more prominent
in fabricating microactuators due to their biocompatibility and
versatility. Through the catalytic action of an enzyme,
conventional fuels, including H,0,%05 106 yreasel07-110, and
glucose!!!, can be decomposed, providing energy for the
actuation of these motors. Combining these natural catalysts
with magnetic materials embedded in small-scale structures
allows for remote guidance when exposed to external fields.
For example, Ma et al. proposed a magnetically bio-catalytic

Enzyme powered actuators
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Figure 6: Enzyme-powered actuators; (a) A magnetically bio-catalytic Janus motor
coated with catalase. Adapted with Permission32. Copyright 2015, RSC. (b) Schematic
illustration of a Janus Au/magnetic microparticles (MMPs) micromotor with
multilayers of biotinylated ureases. Adapted with Permission!’®. Copyright 2020,
ACS. (c) Enzyme-powered micromotors functionalized with a FRET-labelled triplex
DNA nano-switch for pH sensing. Adapted with Permission!?’. Copyright 2018, ACS.
(d) Schematic diagram of enzyme-powered mesoporous silica nanomotors’
intracellular payload delivery. Adapted with Permission8.Copyright 2019, ACS.

Janus motor conjugated with catalase and coated with a
metallic nickel (Ni) layer32. The catalase triggered the
decomposition of H,0, to produce driving force by bubble
propulsion, while the Ni layer facilitated the controllable
motion of motors (Figure 6a). To further enhance the
propulsion of enzyme-powered motor, Luo et al. reported a
Janus  Au/magnetic  microparticles (MMPs)  motor!10,
Multilayers of biotinylated ureases were asymmetrically
immobilized on the micromotor through streptavidin and
boosted the decomposition of urea, thus improving the
swimming ability of micromotors. Due to the magnetic
property of MMPs, the micromotors can perform fast
magnetic separation and controllable motion direction under
the external magnetic field (Figure 6b). In addition, enzyme-
powered micro and nano scale motors have enormous
application value in the biomedical scenario. In 2019, Patino et
al. introduced a combination of FRET labelled three-strand
DNA nano-switch and urease driven mesoporous silica-based
micromotors!®’. Here, this device traversed the surrounding
microenvironment through pH changes on urea decomposition

10 | J. Name., 2012, 00, 1-3

(Figure 6¢). In the same year, the same group also reported an
enzyme-powered nanomotor with pH-triggered drug release
caused by the dethreading of the supramolecular nano-valves
(see Figure 6d)1°, In short, enzyme-powered motors can be
considered a promising tool in various biomedical applications
due to their biological origin, catalytic propulsion, and ability
to be integrated with magnetic components.

3.3.3. Nucleic acid-based actuators

Protein and nucleic acid actuators are of growing interest
(Refer to data trend from Figure 1b) to researchers because of
their built-in biocompatibility, reconfigurable prospective, and
modification potential. However, these natural actuators
require a different mode of control to remove positional
uncertainty in their spatiotemporal operation effectively. The
integration of these macromolecules with magnetic materials
makes it possible to design motion control systems with
greater functionality.

DNA structures formed through folding or ‘origami’ based
processes have become one of the most promising nano
actuators. The advantage of DNA origami is that this technique
can be designed to include complex structures and
mechanisms, such as a cavity that can be open or closed to
transport payloads. DNA origami structures are also chemically
modifiable and can be functionalized with specific molecules
to meet different biomedical needs. For example, Li et al.
studied the mouse model of breast cancer by combining the
DNA nano actuator carrying thrombin with tumor-related
endothelial cells!'2, The shape of the nanoactuator was
modified to an open folded state with the thrombin exposed
explicitly to the tumor site; this helped inhibit tumor growth
and induce tumor necrosis. Real-time control of the movement
of DNA nano actuators to the target site will further improve
the precision of treatment in the biomedical field. At present,
the methods of driving DNA nano actuators include the
insertion of chains, photoexcitation, electric fields, and
magnetic fields.

For actuation using magnetic fields, the size of the
magnetic particle is required to be larger than one micron13.
This condition is necessary as the forces and torque needed to
actuate DNA origamis are on the order of magnitude of
piconewtons!!4, and magnetic nanoparticles provide forces on
the femtonewton scale’s. In 2005, the first magnetic DNA
reported using
superparamagnetic particles!'®. The chemically bound particles
on DNA, move similarly to sperm in an oscillating magnetic
field. Maier et al. connected the tile tube to the DNA-modified
magnetic beads through biotin-streptavidin coupling to
generate DNA tile tube magnetic bead hybrids driven by a
uniform rotating magnetic field!?’. Shape controllable DNA
flagella expanded the function of biocompatible nanorobots
(see Figure 7a). Similar work was also performed by Harmatz
et al., who was able to precisely construct DNA-microsphere
hybrid actuators using a hybrid top-down and bottom-up
assembly!'8. The aforementioned design allowed interaction
between the DNA-microsphere actuator and its local

microrobot was micron-sized
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environment to be controlled using both a rotating and
oscillating magnetic field. Therefore, DNA appendages induce
actuation capabilities to microspheres by introducing flexibility
which breaks the cyclic swimming strokes.

In the recently reported work, Lauback et al. demonstrated
the control of DNA origami through external magnetic fields
(see Figure 7b)''°. Furthermore, the driving structure can be
synthesized by assembling using three types of DNA units:
levers, rotors, and hinges. Through biotin-streptavidin, the axis
or edge is anchored on the base platform to become the free-
moving part of the system, and the free end is connected with
magnetic particles. Finally, Tang et al. developed a DNA soft
robot based on DNA hydrogel material*??. The soft robot has
both super soft and super elastic mechanical properties and
can deliver cells to the confined space under the driving of
magnetic navigation. More importantly, DNA hydrogel has a
three-dimensional porous structure and excellent
biocompatibility. It can be used as a three-dimensional
material for cell culture and deliver cells to confined space
under magnetic navigation without affecting cell activity. The
DNA soft robot is expected to be used in diagnosis and
treatment, implantable medical equipment, minimally invasive
surgery, and other relevant biomedical-related fields.

The hybridization between magnetic particles and DNA was
used to construct a biosensor that had improved signal

(@

(b) DNA lever system DNA rotor system

e @ =

~
7 acradend o 9  Aitached nmiddle”
/ surtace 10 DA, patiorm

\ b} /et surnce i
\ - \
\ / \ 7
N
& \ﬁ(—//

——>

Figure 7: Magnetic propulsion of DNA nano actuators (a) Structure and directed
motion of DNA-flagellated magnetic bead hybrids. Adapted with Permission!'’.
Copyright 2016, ACS. (b) Employing external magnetic fields to control DNA origami
movement. Adapted with Permission*®. Copyright 2018, Springer Nature.

amplification, processivity and can be used for sensitive and
label-free cancer detection'?!. The magnetic nanoparticle
provided a 3D surface for the DNA conjugated gold
nanoparticles to roll, releasing
nanoclusters in the presence of target DNA. This work

large amounts of gold

demonstrates the methods used to create machines that can
respond to a stimulus, as mentioned in Table 1.

4. Current challenges and outlook

This journal is © The Royal Society of Chemistry 20xx
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Here we discussed the latest development in a new class of
small-scale actuator that combine cells and sub cellular
components with magnetic materials. Categorizing these bio-
hybrid actuators based on their biological appendage, we
highlight their ability to address current challenges in
fabrication, control, and localization. Actuators that utilize
eukaryotic components achieve diverse structural and
mechanical characteristics and can possess relatively large
storage capacity. Additionally, actuators incorporating
prokaryotes can benefit from cancer-targeting chemotactic
behavior and high propulsion speeds. Integrating proteins and
nucleic acid into magnetic actuators allows morphological
toughness, catalytic  propulsion, and programmable
biomarkers. The biological appendage chosen for a magnetic
bio-hybrid actuator determines the ability to be utilized for a
specific task. Recent achievements of these tiny devices
demonstrate the potential of magnetic bio-hybrid actuators
for future environmental and biomedical applications.

Despite recent advances, most experiments are still
performed in vitro, not capturing the heterogeneous
microenvironment of tissues, cells, and other complex
structures. In these environments, if a device is too small,
controlled magnetic actuation can be complex, and if it is too
large, it can be cleared by the body’s defense systems. Also,
rigid swimmers can become entangled, preventing actuators
from reaching intended targets. Solutions are provided in
designing magnetic bio-hybrid actuators that can acquire
different gaits or undergo polymorphic transformations
through multi-stimuli response mechanisms. Actuators
responsive to multiple stimuli can be directed though external
and internal energy sources, including chemical and optical'?*
124 The former is usually inherent to the biological component
of the actuator. The latter is currently the most used actuating
technique after magnetic manipulation and offers high
temporal resolution for precise control of multiple
actuators'??125,  Non-ionizing irradiation also allows for
controlling complex tasks such as release and binding cargo?®
and increasing metabolic activity??’. To this extent, artificial
intelligence is currently being explored for identifying design
criteria and optimizing the ‘physical intelligence!?® of hybrid
systems in dynamic heterogonous environments.

Moving towards in vivo investigations necessitates
capturing the complex microenvironment and precisely
localizing the position of micromotors within the human body
in real-time. For localization, fluorescence can be used with
bio-hybrid actuators to enable live imaging. Fluorescent dyes
or quantum dots can be added to organisms or particles that
do not significantly autofluorescence®” 7. 79, This has made
fluorescence imaging an appealing approach for biomedical
applications®; however, its penetration depth is limited.
Ultrasound??®-131 positron emission tomography (PET),
computed tomography (CT), multispectral optoacoustic
tomography'32, and magnetic resonance imaging (MRI)>’ are
other imaging methods that have been used to overcome the
penetration depth limitation. Ultrasound is helpful for
guidance and deep tissue penetration; however, the
microrobot should be larger than the sonographic detection
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limit, and bubbles are usually required to improve contrast.
Similarly, PET and CT have been used to improve contrast, but
ionizing radiation and radioactive energy can be detrimental to
practical long-term in vivo localization. MRI imaging has
demonstrated its versatility for imaging and actuating
magnetic microrobots with sub-millimeter scale spatial and
temporal resolution. Magnetic particle imaging, a new imaging
technique that uses superparamagnetic iron oxide tracers to
capture informative 3D images, has recently shown promise
for in vivo applications!33. Its ability to localize and control
swarms also reduces the complexity of the previously
mentioned image modalities'34. Finally, one common aspect
among the imaging methods mentioned is the high
concentration of actuators needed to improve contrast for
localization. As a result, control strategies directed at
manipulating swarms of magnetic bio-hybrid actuators will
also need to be considered for the targeted applications*® 57
135.

The use of micro and nanoscale wireless actuators for
routine clinical procedures is still in the distant future,
however, we foresee that future developments in bio-hybrid
microrobotic systems will bridge the gap to realizing the long-
sought ‘fantastic voyage.’
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