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Abstract

Targeted therapeutic delivery employs various technologies to enable precise delivery of therapeutic agents (drugs or
cells) to specific areas within the human body. Compared with traditional drug administration routes, targeted
therapeutic delivery has higher efficacy and reduced medication dosage and side effects. Soft microscale robotics have
demonstrated great potential to precisely deliver drugs to the targeted region for performing designated therapeutic
tasks. Microrobots can be actuated by various stimuli, such as heat, light, chemicals, acoustic waves, electric fields,
and magnetic fields. Magnetic manipulation is well-suited for biomedical applications, as magnetic fields can safely
permeate through organisms in a wide range of frequencies and amplitudes. Therefore, magnetic actuation is one of
the most investigated and promising approaches for driving microrobots for targeted therapeutic delivery
applications. To realize safe and minimally invasive therapies, biocompatibility and biodegradability are essential for
these microrobots, which eliminates any post-treatment endoscopic or surgical removals. In this review, recent
research efforts in the area of biodegradable magnetic microrobots used for targeted therapeutic delivery are
summarized in terms of their materials, structure designs, and fabrication methods. In the end, remaining challenges
and future prospects are discussed.
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1 Introduction

Therapeutic delivery applies various methods and technologies to enable the delivery of therapeutic agents (drugs
or cells) to specific areas within the human body. In traditional drug delivery systems such as enteral routes (oral,
rectal, sublingual) and parenteral routes (intravenous, intramuscular, subcutaneous, intraarterial) [1], the medication
is distributed throughout the body via blood circulation. For most therapeutic agents, only a small portion of the
medication reaches the area to be affected [2]. Therapeutic cells can also be transplanted to restore or repair damaged
biological tissues, also known as tissue engineering. Traditional tissue engineering relies on injection to introduce cells
into the body, either into the systemic circulation or directly into the tissue of interest. These methods have shown
limited clinical success due to the restricted distribution of the transplanted cells after their introduction into the body
[3]. Targeted therapeutic delivery seeks to concentrate the medication or cells in the tissues of interest while reducing
the concentration in other areas. Advantages of targeted drug delivery include higher efficacy and reduced medication
dosage and side effects.

Targeted therapeutic delivery can be achieved by microscale soft robotics. They can precisely deliver drugs to the
targeted region and perform designated therapeutic tasks with minimal incisions. Microrobots can be actuated by
various stimuli, such as heat [4], light [5,6], chemicals [7,8], acoustic waves [9], electric fields [10,11], and magnetic
fields [12]. Among all these types of microrobots, magnetic microrobots have drawn the widest attention due to the
fact that they can be propelled precisely and wirelessly in vivo using magnetic fields. Magnetic fields are capable of
penetrating most materials and are nearly harmless to human beings [13]. The untethered microrobots can be precisely
navigated to hard-to-reach, confined, and delicate inner body sites for various minimally invasive biomedical
operations, such as targeted drug delivery [14-18] and cell delivery [19-22]. To ensure safe therapeutic delivery,
biocompatibility and biodegradability are essential to the safe deployment of microrobots and noncytotoxic
degradation in the human body.

Over the past decade, there has been intense interest in the study of biodegradable magnetic microrobots used to
deliver therapeutic agents to targeted areas. This review summarizes the research efforts that have utilized magnetic
microrobots for therapeutic delivery applications. Section 2 lists the biodegradable materials commonly used in the
fabrication of magnetic microrobots, including polymers and bio-template materials. Note that we focus only on the
base structure materials, while interested readers can find more information about the motion-driven functional
materials (i.e., magnetic nanoparticles) in references [23-27]. Section 3 focuses on the bioinspired designs and
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locomotion mechanisms of magnetic microrobots. Section 4 discusses the commonly used fabrication methods,
including two-photon polymerization (2PP), self-assembly synthesis (SAS), bio-templated synthesis (BTS), glancing
angle deposition (GLAD), and template-assisted electrochemical deposition (TAED). Section 5 summarizes the
existing challenges and future prospects, and Section 6 concludes the article.

2 Biodegradable Materials

The materials used in the fabrication of magnetic microrobots play a critical role in the fabrication process and
subsequent applications. In addition to the materials having to be compatible with the manufacturing methods, they
also need to be highly biocompatible and biodegradable. The biocompatibility of magnetic microrobots means they
can be deployed into the human body without producing adverse effects [28]. Additionally, magnetic microrobots
should be biodegradable, which generally refers to the capability of their constructing materials to be degraded by
hydrolytic, enzymatic, metabolic, or other biological reactions in the human body without producing cytotoxic
byproducts [29-31]. So far, commonly used biodegradable materials in the fabrication of magnetic microrobots include
polymers and bio-template materials, whose biodegradation mechanism can be found in references [32,33].
2.1 Polymers

Fabrication of magnetic microrobots usually involves building a three-dimensional (3D) microstructure using a
base material, thereafter magnetic nanoparticles and drugs are decorated onto the surface of the robot. When selecting
an appropriate base material, several properties of the material need to be carefully considered, such as mechanical
properties, biocompatibility, and biodegradability. Currently, the most widely used biodegradable base materials in
the fabrication of magnetic microrobots are polymers, such as low molecular weight acrylates, including poly(ethylene
glycol) diacrylate (PEGDA) and pentaerythritol triacrylate (PETA) [34-36]. Although their biodegradability has been
proved in alkaline conditions, previous evidence has shown substantial cytotoxicity of acrylate monomers and
polyacrylic acids resulting from degradation, which are difficult to extract from the human body [37]. Recently, gelatin
methacrylate (GelMA) [22,38-41] based magnetic microrobots fabricated by 2PP have gained increasing attention,
due to their lower cytotoxicity. Moreover, GeIMA can be selectively degraded by collagenase, which is secreted by
macrophages, monocytes, synovial cells, and epithelial cells [42]. Other commonly used polymers include hyaluronic
acidmethacryloyl (HAMA) [39], polylactic-co-glycolic acid (PLGA) [43-45], polycaprolactone (PCL) [46,47],
poly(ethylene glycol) (PEG) [48], N-isopropylacrylamide (NIPAM) [49], and sodium alginate [50]. Table 1 lists the
commonly used polymers that have been reported in the fabrication of biodegradable magnetic microrobots.
Additional biodegradable materials commonly used in the fabrication of soft robotics can be found in references [12]
and [51].

2.2 Bio-template materials

In this paper, bio-template materials are defined as living materials, including cells, bacteria, and fungi, that are
directly used as templates to build magnetic microrobots. The importance of bio-template materials is underscored by
their similarities to tissues, ensuring compatibility with the human body. Utilizing them in microrobot fabrication
brings several advantages, such as easy fabrication procedure, high compatibility, and biodegradability. For instance,
mouse macrophage cells exhibit minimal biocompatibility and biodegradation issues and possess innate tumor-
infiltration characteristics [ 13]. Spirulina platensis (S. platensis) has an inherent helical shape, anti-viral, antibacterial,
anti-tumoral, and autofluorescence properties, and its biological composition is naturally degradable [18,52-55].
Serratia marcescens (S. marcescens) bacteria can be easily cultivated and adhere well to microstructure surfaces,
facilitating its integration into bio-hybrid microsystems [56]. Ganoderma lucidum spores offer biodegradability, and
possess large hollow cavity and a rough, porous surface that is ideal for drug delivery purposes [57]. However, precise
steering control of these heterogeneous systems is still a challenge due to their poor mechanical properties and strong
stochastic behaviors during the navigation process. Moreover, a lot of microorganisms cannot be directly applied in
in vivo applications without genetic modifications [56]. Table 1 lists the bio-template materials that have been reported
in the fabrication of magnetic microrobots.



Table 1 Biodegradable materials used in the fabrication of magnetic microrobots

Young’s
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Category Material modulus Biocompatibility = Biodegradability = Fabrication method readiness References
Poly(ethylene
glycol)diacrylate 11-64.4 KPa Good Good 2PP In vitro [34-36,58]
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template Serratia marcescens
materials Unknown Unknown Excellent BTS In vitro [56]
(S. Marcescens)
Ganoderma lucidum .
Unknown Unknown Excellent BTS In vitro [57]
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3 Bioinspired Designs and Locomotion Mechanisms
3.1 Bioinspired designs

Besides sphere-shaped [70] (Fig.1 (g)) and rod-shaped [71] (Fig.1 (h)) magnetic microrobots, bioinspired designs
are widely adopted in the development of microscale robotics, which offer better controllability and higher propulsive
efficiency [46]. These biomimetic microrobots leverage the advantages of natural mechanical intelligence to achieve
highly efficient locomotion with a simple structure, such as bacteria flagella, cilia, fish, scallops, etc. Since the 18th
century, biologists have recognized that flagella might be the major propulsion mechanism for a number of
microorganisms. However, it was not until the late 19th century that scientists confirmed that the primary means of
motion generation in actively propelling microorganisms is through flagella or cilia [72]. The majority of currently
reported magnetic microrobots are developed based on these propulsion mechanisms due to the simple structure with
efficient locomotion. In addition to the locomotion of microorganisms, the swimming mechanisms of small animals,
such as fish and scallops, have also been explored and applied in microrobot propulsion.

Flagella represent one of the most commonly utilized locomotion mechanisms for magnetically actuated
microrobots. Flagellar propellers can be categorized into two types with slightly different propulsion mechanisms.
One straightforward approach to generate helical propulsion involves rotating a rigid helical “tail” with the assistance
of a rotary motor. In 1973, Berg successfully demonstrated that E. coli bacteria employ molecular motors to rotate
their helical flagella [73]. The swimming method of E. coli bacteria is termed “corkscrew” motion, which uses a
nonreciprocal motion to achieve a net displacement in low Reynolds number fluids [74]. This mechanism inspired
later scientists to develop various flagella-based microrobots. In 2007, Bell et al. [75] first introduced the helical
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Fig. 1 Bioinspired designs and locomotion mechanism of magnetic microrobots. (a) Helical artificial
bacterial flagellum propelled by rotating magnetic fields. Reproduced with permission. Copyright 2009
American Chemical Society [76]; (b) A micro-helical multifunctional magnetite microrobots for imaging-
guided therapy. Reproduced with permission. Copyright 2017 American Association for the Advancement
of Science [18]; (c) A magnetically powered flexible flagellum microrobot. Reproduced under the terms of
the cc-by license [87]; (d) A fish-like microrobot actuated under an on-off magnetic field. Scale bar: 800 nm.
Reproduced with permission. Copyright 2016 Wiley-VCH Verlag GmbH & Co [94]; (e) Ciliary microrobots
with nonreciprocal magnetic actuation. Scale bar: 100 pm. Reproduced under the terms of the cc-by license
[92]; () 3D model of the ‘micro-scallop’. Reproduced under the terms of the cc-by license [97]; (g) SEM
image of a porous spherical microrobot driven by magnetic field gradients. Reproduced with permission.
Copyright 2018 American Association for the Advancement of Science [19]; (h) SEM image of 1.5 ym x 400
nm striped metallic rod. Reproduced with permission. Copyright 2005 Wiley-VCH Verlag GmbH & Co [71].



microrobot that mimics Monotrichous bacterial propulsion with an artificial bacterial flagellum. The artificial bacterial
flagellum comprises a stiff InGaAs/GaAs helical tail connected to a soft magnetic metal “head” for the purpose of
actuation, as shown in Fig. 1(a) [76]. Subsequently, Zhang et al. [77] conducted additional characterizations and
studies of precise mation control of artificial bacterial flagellum-based microrobots. Different head shapes of helical
microrobots have also been widely studied, such as square shapes [78,79], circular shapes [75], spherical shapes [80],
and cylindrical array shapes [81,82]. Apart from a single artificial bacterial flagellum, microrobots with multiple
flagella [83,84] connected to a single magnetic head were also explored by researchers, which mimics the locomotion
of Lophotrichous or Amphitrichous bacteria. One advantage of multiple-flagellum propulsion is that it can provide
higher torque and fine-tuned control than a single flagellum. Compared with helical microrobots with a head,
microrobots without a head have simpler structures and are easier to fabricate, while they have similar swimming
performance [85]. To magnetize helical tail-only microrobots, the microrobots are coated with magnetic particles on
the surface or embedded inside the entire body, as shown in Fig. 1(b). Because of the single-helix structure, the
microrobot has the advantage of a small contact area with fluids, so it only requires a relatively low magnetic field
strength to propel in fluidic environments. In addition, these microrobots can swim inside a fibrous environment,
making them promising for in vivo applications. Recently, more research has adopted the helical tail-only structure as
the microrobot design with various novel functional and biodegradable materials. Moreover, the viscosity and
heterogeneity of a dynamic environment, such as blood, may increase operating resistance and reduce motion
efficiency. When encountering clots in high-viscosity fluids or becoming trapped by viscous materials, hollow single-
helix microrobots could be actuated to create a passage, disperse agglomerates, or eliminate adhesive substances. To
address these issues, solid double-helix microrobots with a drill-like head that can maintain motion stability and
manipulation efficiency were explored [86], but the research to optimize these novel structures is still at an early stage.

The second type of locomotion mechanism is flexible flagella, exemplified in the case of spermatozoa, which
achieve propulsion through their flexible flagella’s planar waveform beating. Due to its simple structure, the flexible
flagellum can be easily fabricated using a flexible sheet or beam attached to a magnetic head. For example, a flexible
nanowire with a gold “head” and nickel “tail” linked by a partially dissolved and weakened silver bridge, can be driven
by a rotating magnetic field [87], as shown in Fig. 1(c). Pak et al. [88] also designed a similar microrobot using a
flexible nanowire with a nickel head and porous silver tail, which can be propelled under a combination of rotating
and gradient magnetic fields. It remains a challenge to fabricate a flexible yet stable structure at microscale. Dreyfus
et al. [89] presented another approach to form a flexible flagellum, which used self-assembled magnetic beads to
create a flexible tail attached to a blood cell. They found that disrupting the motion symmetry of the traveling wave
along the bead chain was achieved by attaching a payload to one end of the chain, which enables the transportation of
a single red blood cell.

Another microrobot locomotion mechanism is inspired by cilia, which has shorter, hair-like structures that cover
the outside of the cell body. Cilia are among the first natural filaments that have been extensively investigated [90].
They serve not only as a method for propelling microorganisms like the well-known paramecium, but also play a role
as stationary fluid transporters, such as aiding in the movement of mucus in our airways [91]. A single cilium exhibits
rhythmic beating in two stages: the effective stroke, which straightens and propels a large volume of fluid; and the
recovery stroke, which bends and pulls a smaller amount of fluid closer to the cell surface. When cilia are arranged in
an array, hydrodynamic interactions cause them to beat out-of-phase, resembling a wave-like motion known as a
metachronal wave. The motion generation mechanism of all these slender filaments relies on a combination of drag
imbalance acting on a cylindrical element and a nonreciprocal motion. One of the typical ciliary microrobots uses
slender beams or rods with etched cilia [92], as shown in Fig. 1(e). Magnetic nanowires, encompassing permanently
magnetic thin films, magnetized polymers, and smart material-based magnetized structures, constitute a primary
category of artificial cilia [93].

Besides the locomotion mechanisms of microorganisms, the swimming mechanism of small animals, such as fish,
has also inspired the design for microrobot propulsion. Fish generate thrust by using their bodies and fins to move
forward. To mimic fish swimming, magnetic microrobots use alternating magnetic fields to induce asymmetrical shape
deformations, thereby escaping Purcell’s “scallop theorem” [74]. For example, Li et al. [94] introduced a fish-like
nanoswimmer composed of a gold head segment, two nickel body segments, and a gold caudal fin segment, all
connected by three flexible porous silver hinges, as shown in Fig. 1(d). To simplify, two or more rigid segments
connected to each other by springs can also achieve undulating motion for magnetic microrobots [35]. For the fish-
like microrobot, flexible hinges or tails play a pivotal role in nanowires as they connect the segments and preserve the
microrobot's flexibility [95]. Additionally, research has shown that the fish-like microrobot requires a minimum of
three segments to move forward smoothly, with optimal performance achieved using four or five segments [96].

Biological microorganisms swim via flagella and cilia that perform nonreciprocal motion to achieve propulsion
at low Reynolds numbers in viscous fluids. This symmetry requirement arises from Purcell’s scallop theorem,



complicating the actuation schemes needed by microswimmers. However, most biological fluids are non-Newtonian,
where the scallop theorem is no longer applicable. It is possible to design microswimmers that move using reciprocal
periodic body-shape changes in non-Newtonian fluids. Qiu et al. [97] constructed a single-hinge microswimmer
designed to reciprocally open and close its shell body, mimicking scallop motion in non-Newtonian biological fluids,
as shown in Fig. 1(f). The opening angle of the micro-scallop robot correlates with the strength of the applied external
magnetic field. Despite being limited to reciprocal motion, the micro-scallop robot achieves propulsion in low
Reynolds number fluids by employing a time-asymmetric stroke pattern and leveraging the strain rate-dependent
viscosity of shear-thickening and shear-thinning fluids. This reciprocal swimming mechanism opens new possibilities
for designing microrobots that can be propelled using simple actuation schemes in non-Newtonian biofluids. Interested
readers can find more bioinspired microrobot designs in references [72,98] and their locomotion mechanisms in
references [99,100].

3.2 Locomotion mechanisms
The basic principle of magnetic actuation involves applying magnetic forces and/or torques to manipulate the

magnetized components of a microrobot. To propel a magnetic microrobot, magnetic force (Fn) and/or torque (Tm)

can be generated on the microrobot by applying an external magnetic field with a magnetic flux intensity of B, which

can be expressed as [101]:

T, = VM x B (1)
E, = V(M-V)B (2)
where V is the volume of the magnetic body, and M is magnetization.

Since the magnetization of the magnetic microrobot can be varied across its body geometry, materials, and applied
field, an average magnetization would be used by considering the total dipole moment of a magnetic body, which is
the product of the magnetic body volume and the average magnetization. According to Egs. (1) and (2), the magnetic
torque is proportional to the magnetic field, which acts to align the magnetization of an object with the field, and the
magnetic force is proportional to the gradient of the magnetic field, which is used to actuate the object in the field
towards a local maximum. Therefore, magnetic microrobots can be propelled through two primary mechanisms: (a)
being rotated by a torque and further propelled through a helical structure or (b) being pulled through a magnetic force.

In order to control magnetic microrobots effectively, magnetic actuation systems can generate various modes of
external magnetic fields to enable continuous actuation. Three typical modes of external magnetic fields include:

(1) Rotating magnetic fields: These fields involve the continuous rotation of the field vector around an axis, as
shown in Fig. 1 (left column). Rotating magnetic fields are often used to actuate helical microrobots and flagella-
based microrobots, causing them to rotate around their helical axis with motion occurring perpendicular to the
plane of rotation. Compared with microrobots actuated by other types of magnetic fields, microrobots driven by
rotating magnetic fields have excellent maneuverability and precise movement performance. According to
Huang’s [102] research on various artificial microrobots driven by rotating magnetic fields, helical
microswimmers were the fastest in high-viscosity fluids due to their dominant corkscrew motion, while flagellar
microswimmers exhibited the best motility in low-viscosity fluids. Additionally, larger bodies exhibit greater
motility in low-viscosity environments, whereas smaller bodies show higher motility in high-viscosity
environments. By leveraging the advantage of rotating magnetic field-driven locomotion, the microrobots can
achieve diverse mechanical tasks, such as cargo transport [103,104], assembling [105], etc. In addition, instead
of using individual microrobots, cooperative manipulation of microrobot swarms can be accomplished using
rotating magnetic fields [104,106]. Even though the rotating magnetic field is easy to generate in a small 3D
space, precision control is still challenging due to the nonlinear and distorted magnetic fields. The underlying
actuation mechanisms are still unclear, especially for microrobot swarms. In recent years, artificial intelligence
has been employed to improve motion control and expand the capabilities of the next-generation microrobots
[107]. Future research is expected to concentrate on enhancing magnetic control systems for efficient and precise
microrobot manipulation, as well as developing physical and mathematical models to comprehend the control
principles influencing their movement under different conditions.

(2) Periodic alternating magnetic fields: This category encompasses all temporal alternating magnetic fields apart
from rotating fields. These magnetic fields can vary in space (spatially) and/or time (temporally), enabling
microrobots to be actuated in different modes for different applications. Most microrobots driven by alternating
magnetic fields have a multi-joint or spring structure, which mimics the swimming mechanism of scallops [97]
or fish [94], as shown in Fig. 1 (middle two columns). When the magnetic field is active, the bodies are
magnetized, leading to mutual attraction. Upon deactivation of the magnetic field, the stored energy in the
restoring spring causes the bodies to separate. The on-off cycle of magnetic fields occurs rapidly, enhancing the
forward motion of these micro-actuators to be very fast. According to the reported research, Li’s fish-like



3)

4

microrobots can achieve a dimensionless maximum speed (body length / (max speed x frequency)) of 0.63 [94],
which is higher than most flagella-driven microrobots. In addition, flexible flagella-like swimmers can also be
propelled by field vectors moving up and down in the same plane instead of a magnetic field with temporal on-
off cycles [89]. By alternating the magnetic field’s direction and frequency, ciliary microrobots can also achieve
stroke motion in a fluidic environment with a low Reynolds number. They are powered by the net propulsive
force from the beating locomotion of cilia, and on—off fields with designated angles can precisely control their
position and orientation. Ghanbari et al. [93] proposed an artificial cilium that can reach a maximum speed of
4,500 um/s with an efficiency of 40%. Despite the efficiency demonstrated by numerous studies on alternating
magnetic field-driven microrobots in low Reynolds number fluids, challenges remain for their in vivo
applications, especially within flowing blood vessels. Moving forward, investigating the interaction between
microrobots and their surrounding fluids is crucial to enhancing motion capability and efficiency for in vivo
applications.

Magnetic field gradients: In this mode, the robot aligns itself with the direction of the magnetic field and moves
along the field gradient, as shown in Fig.1 (right column), which may not necessarily coincide with the orientation
of the field. The microrobots driven by magnetic field gradients are normally designed with simple symmetric
structures [19], such as spherical (Fig. 1 (g)) and cylindrical structures (Fig. 1 (h)), facilitating ease of
miniaturization and low manufacturing cost. One consideration is that these simple structures experience little
surface friction [108], therefore enabling higher motion efficiency. The elliptical body is close to the minimum
drag shape at low Reynolds numbers [109,110]. Compared with microrobots actuated by other types of magnetic
fields, the microrobots driven by magnetic field gradients are more sensitive to the magnitude of the field gradient.
While a large magnetic field gradient can propel microrobots at high speeds, their mobility will be greatly reduced
by a small field gradient. Due to the simple driving mode, most field gradient-driven microrobots are used for
cargo transport and drug delivery within a 1D or 2D magnetic gradient system [111]. In addition to controlling
individual microrobots, magnetic field gradients can also be harnessed for the manipulation of microrobot swarms
[112]. While most microrobots are driven by 1D or 2D magnetic gradients, utilizing a 3D magnetic gradient
enables more complex and precise locomotion in 3D spaces. This advancement is particularly beneficial for in
vivo medical applications, such as the navigation of intraocular microrobots [113]. One advanced 3D
electromagnetic system is the OctoMag configuration, which utilizes eight magnets to provide precise navigation
with up to five degrees of freedom (5-DOF, 3-DOF position and 2-DOF orientation) and even 6-DOF [113-115].
However, full pose control, including both position and orientation, is still challenging currently for untethered
magnetic devices, limiting the adoption of magnetically driven microrobots for non-invasive medical
applications.

Fabrication Methods

In this section, we summarized the five most commonly used techniques in fabricating magnetic microrobots or

nanorobots, which include two-photon polymerization (2PP), self-assembly synthesis (SAS), bio-templated synthesis
(BTS), glancing angle deposition (GLAD), and template-assisted electrochemical deposition (TAED). A comparison
of these five techniques is presented in Table 2. Interested readers may refer to the references for other fabrication
methods, such as electrospinning [116-118] and photolithography [78,102,119].
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Fig. 2 Schematic of using 2PP to fabricate magnetic
microrobots. (a) 2PP is used to print GelMA helical
microstructures; (b) The printed structures are
decorated with magnetic nanoparticles by incubating in
a water suspension of FesO4 nanoparticles. Reproduced
with permission. Copyright 2018 WILEY-VCH Verlag
GmbH & Co [41].

4.1 Two-photon polymerization (2PP)
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To date, photopolymerization-based 3D printing, especially 2PP [86,120], is the most widely used method for
fabricating helical magnetic microrobots. 2PP, also known as direct laser writing, is a photopolymerization process
based on the simultaneous absorption of two photons in a photocurable material. Compared with one-photon
absorption, two-photon absorption can significantly reduce the absorption cross-section, thus offering the highest
resolution currently available in 3D printing (~100 nm) [121]. As shown in Fig. 2, the typical fabrication procedure
involves photopolymerization of photocurable hydrogels to create the microrobot structure, then magnetic particles
and medications are decorated on the outside surface of the microstructure by incubating in an aqueous suspension of
magnetite nanoparticles [38]. This fabrication method relies on photopolymerization, which largely limits the
applicable materials to photocurable hydrogels, such as GeIMA [38-41,86], PEGDA [34,36], and methacrylamide
chitosan (ChMA) [122]. Moreover, drugs and cells are usually coated onto the outside surface of the microrobot. This
not only limits the amount of therapeutic agents that the microrobot can carry, but also inevitably causes drug loss
before they reach the desired location.

4.2 Self-assembly synthesis (SAS)

A common type of magnetic microrobot has a spherical structure. The locomotion of spherical magnetic
microrobots either relies on rotation on a surface [46,123], or direct magnetic attraction [43,48]. Due to the simple
structure, they can be fabricated by a relatively simple self-assembly synthesis method. Generally, hydrogel is used as
the base material, then magnetic nanoparticles and therapeutic agents are encapsulated into the base material through
emulsion, stirring, sonication, etc. Fig. 3 shows the fabrication process of a water-immiscible (MAWI) coacervate
magnetic microrobot derived from the supramolecular interaction-driven self-assembly of inorganic-organic hybrid
core-shell nanoparticles [48]. It starts with a core-shell nanostructure that has a superparamagnetic iron oxide
nanoparticle (SPION) core and PEG shell, and then WAWI coacervates are assembled through water dialysis. The
self-assembly synthesis method is simpler and more cost-effective than other fabrication methods, which is suitable
for mass production. Other than that, a unique characteristic of magnetic microrobots fabricated by this method is that
the therapy agents are encapsulated in the structural material, so the drug release rate can be controlled as the shell
material degrades. For instance, Pacheco et al. [46] fabricated magnetic microrobots with enzymatically encoded drug
release. The microrobot is chemically programmed in such a way that the polymer layer is degraded by the enzymatic
activity of lipase, which is overexpressed in pancreatic cancer cells. This causes degradation of the microrobot’s
polymer layer, thus destructing the robot and releasing the anticancer drug in a controlled manner.
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Fig. 3 Inorganic—-organic hybrid core-shell nanoparticles
assembled into the magnetically actuatable and water-
immiscible (MAWI) coacervate via fluid—fluid phase
separation. Reproduced with permission. Copyright
2023 American Chemical Society [48].

4.3 Bio-templated synthesis (BTS)
Microorganisms such as microalga and bacteria have evolved billions of years and possess diverse microstructures
and biological properties. Engineering microorganisms as templates to build magnetic microrobots seems a very



promising option [124,125]. The magnetization of biological entities with certain specifications could allow the
fabrication of magnetic microrobots that incorporate the morphological and functional features of a biological matrix.
The fabricated bio-templated microrobots are composed of degradable biomaterials and magnetic functional particles.
Furthermore, the inherited functionalities could be tailored for specific applications. One representative is S. platensis,
which has an inherent helical structure that can be directly used for corkscrew navigation. Yan et al. [18,54] and Xie
et al. [53] have done some pioneering research work in this area. As shown in Fig. 4, a hollow helical microswimmer
possessing an outer shell aggregated by mesoporous spindle-like magnetite nanoparticles and a helical-shaped inner
cavity was fabricated. The fabrication is a cost-effective mass-production process of bio-templated synthesis using the
helical microorganism S. platensis. Specifically, magnetite precursors are first deposited on the surface of S. platensis
through a magnetite precursor solution (FeCl,—FeCls), followed by annealing treatment and reduction processing to
remove the S. platensis core and eventually obtain nanostructured porous hollow magnetic microhelices. A similar
method has also proved feasible for magnetizing other microalgae species, for example, Tetraselmis subcordiformis
and Chlamydomonas reinhardtii [18]. The innate properties of these microalgae allowed in vivo fluorescence imaging
without any surface modifications. Another representative work was done by Yasa et al. [126]. They reported a
biocompatible biohybrid microswimmer powered by a unicellular freshwater green microalga, Chlamydomonas
reinhardtii. Polyelectrolyte-functionalized magnetic spherical cargoes were attached to the surface of the microalgae
via noncovalent interactions. As a proof-of-concept demonstration, fluorescent isothiocyanate-dextran molecules were
effectively delivered to mammalian cells using the biohybrid algal microswimmers. Other than microalga, macrophage
cells [13] and Serratia marcescens bacteria cells [56] have also been used as building templates for magnetic
microrobots. Using microorganisms as the building templates for magnetic microrobots is still an evolving area.
Several essential aspects remain to be explored in future work, especially navigation capability, therapeutic agent
loading and release, and potential host responses in in vivo testing.
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Fig. 4 Schematic of using S. platensis as bio-templates to
fabricate helical magnetic microrobots. Reproduced with
permission. Copyright 2015 WILEY-VCH Verlag GmbH &
Co [54].

4.4 Glancing angle deposition (GLAD)

GLAD is a thin film deposition technique that is primarily based on the electron-beam evaporation process. In
traditional thin film deposition, a stream of vapor-phase atoms strikes a perpendicular substrate. In GLAD, the
substrate is tilted from the perpendicular direction of the vapor flux, so that the atoms strike the substrate obliquely.
Furthermore, the substrate can be rotated to control the growth of the deposited film [127,128]. GLAD has proven to
be an effective approach to mass produce nanoscale helical magnetic microrobots and nanorobots [129-132]. As
shown in Fig. 5, a silicon wafer is first covered with a seed layer, such as a monolayer of silica beads. The helical
structures are then grown on the seed layer using GLAD. Magnetization of the helical structures can be done
subsequently by coating a thin layer of ferromagnetic materials (e.g., cobalt, iron, nickel) through thermal evaporation
or sputter coating. The helical magnetic microrobots are then removed from the substrate by sonication. Ghosh et al.
[80] reported the fabrication of helical magnetic nanorobots using GLAD as well as the navigation of them to achieve
micrometer level precision using homogeneous magnetic fields. Kadiri et al. [129] fabricated Fe-Pt co-deposited
helical magnetic nanorobots that have high biocompatibility, and low cytotoxicity and magnetic remanence. The
magnetic nanorobots were successfully demonstrated for magnetic transfection in lung carcinoma cells. To overcome
the difficulty of navigation of magnetic micropropellers in mucin gels, Walker et al. [130] developed urease-
immobilized magnetic micropropellers by GLAD. The micropropeller was inspired by the bacterium Helicobacter
pylori that can penetrate through gastric mucus by producing the enzyme urease to locally change the pH and
consequently liquefy the mucus. Wu et al. [131] used GALD to fabricate magnetic micropropellers that could penetrate
the vitreous body of the eye and reach the retina. The micropropellers were functionalized with perfluorocarbon
coating that minimizes the interaction of the micropropellers with biopolymers. An obvious advantage of GLAD is
that it can mass produce nanoscale magnetic microrobots that are suitable for cell-level therapeutic and genetic



applications. However, only certain materials can be used by GLAD, such as metals and silica, some of which are not
biodegradable. Another major issue encountered by magnetic nanorobots fabricated by GLAD is thermal noise or
Brownian motion during navigation. Magnetic microrobots fabricated by GLAD typically have a length of around 1
um, while researchers have pointed out that magnetic robots must have a minimum length of 900 nm in water,
otherwise Brownian motion will dominate their navigation [132,133].
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Fig. 5 Fabrication of helical urease-immobilized magnetic
nanorobots using GLAD. (a) Schematic of the fabrication
process; (b) SEM image of a magnetic nanorobot, scale bar =
500 nm. Reproduced with permission. Copyright 2015
American Association for the Advancement of Science [130].

4.5 Template-assisted electrochemical deposition (TAED)

TAED is capable of fabricating various nanostructures by using a nanoscale template to confine the chemical or
physical reaction to a specific position. Park and his team [134] reported a Cu-Pd co-deposition method to fabricate
Pb nanosprings. The fabrication process starts with an anodic aluminum oxide (AAO) template with highly ordered
nanopores. The simultaneous electrochemical deposition of Cu and Pd leads to the growth of homogeneous Pd-Cu
nanorods. The surface of these nanorods exhibits a periodical distribution of Pb and Cu in a helical pattern, while the
core material is Cu. The AAO template and Cu can be selectively etched away in a sodium hydroxide solution and
nitric acid solution, respectively, resulting in Pb nanosprings. The magnetization of Pb nanosprings can be achieved
by coating a thin layer of Ni with vapor deposition. The diameter, length, and spiral pitch of the magnetic nanorobots
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Fig. 6 Fabrication of platelet-camouflaged magnetic nanorobots: (a)
Pd/Cu co-electrochemical deposition in a polycarbonate template;
(b) Etching of Cu and release of the helical Pd nanostructures; (c)
Deposition of Ni/Au bilayer on the Pd helical nanostructure; (d)
Collection of the helical nanostructures; (e) Modification of the bare
helical nanomotor surface with 3-mercaptopropionic acid (MPA); (f)
Fusion of platelet-membrane-derived vesicles to the MPA-modified
surface of the helical nanorobot. Reproduced with permission.
Copyright 2017 WILEY-VCH Verlag GmbH & Co [137].



can be readily changed by using a template with different pore sizes, electrodeposition parameters, and composition
of the plating solution, respectively [135]. This method has been used as an effective approach to fabricate helical
magnetic nanorobots [135-137]. For instance, Hoop et al. [136] used TAED to fabricate helical magnetic nanorobots
for direct-contact bacterial killing. In addition to a Ni coating for magnetic manipulation, a layer of Ag was also vapor
deposited to utilize its antibacterial properties. The efficiency of the magnetic nanorobots was tested in the treatment
of E. coli and Staphylococcus aureus. As shown in Fig. 6, Li et al. [137] reported platelet-camouflaged magnetic
nanorobots that could bind to toxins and platelet-adhering pathogens, such as Shiga toxin and Staphylococcus aureus
bacteria. The helical magnetic nanorobots were fabricated by TAED and coated with the plasma membrane of human
platelets, which enabled the nanorobots efficient biofouling resistance and biological binding functions. Other than
helical magnetic nanorobots, TAED can also be used to fabricate cylindrical [138-140], tubular [141], and chain-
shaped magnetic nanorobots [94,142-144,] in a similar way.

Table 2 Comparisons of commonly used methods to fabricate magnetic microrobots

Pros

Cons

o Capable of fabricating highly
complex and consistent

® Expensive equipment
e Limited selection of materials

2PP microscale 3D structures (photocurable hydrogels and
o High yield rate resins)
o Simple process o Limited structure complexity
SAS ° Cheap equipment (generally. spherés)
o Capable of mass production e Structure inconsistency
o Low yield rate
¢ High biocompatibility and e Poor mechanical properties
BTS biodegradability e Structure inconsistency
e Cheap equipment o Stochasticity in navigation
o Capable of mass production o Low yield rate
o Nanoscale resolution o Limited selection of materials
GLAD ° Simple process (usually me.tals, silica)
o Cheap equipment o Thermal noise
o Capable of mass production
o Nanoscale resolution o Limited selection of materials
TAED ° Simple process (mainly metals)

o Cheap equipment

e Thermal noise

o Capable of mass production

5 Existing Challenges and Future Prospects

Despite the fact that various bioinspired structures have been proposed for magnetic microrobots, the fabrication
of biocompatible and biodegradable magnetic microrobots that are safe for clinical applications remains a challenge.
First, hydrogels are currently the most commonly used materials in the fabrication of magnetic microrobots. They are
biocompatible but generally not completely biodegradable, or upon degradation, they generate cytotoxic products that
are difficult to excrete from the human body [37]. Meanwhile, due to their poor mechanical properties, other additives
that have lower biodegradability are usually added in the fabrication process. Bio-template materials seem promising
due to their high biocompatibility and biodegradability. However, precise steering control of bio-template material-
based microrobots is still a challenge due to their poor mechanical properties and strong stochastic behaviors during
the navigation process [32,54,55]. Secondly, the fabrication technique is still a bottleneck. 2PP, GLAD, and TAED
have a submicron resolution to fabricate complex microstructures, but they have a very limited selection of available
materials and limited drug-loading capabilities. SAS is a cost-effective mass production approach, while the structure
design is generally limited to microspheres [46,48]. BTS seems very promising, but the consistency, yield rate, and
maneuverability are still low, and their biocompatibility needs to be further verified in in vivo testing.

There exists a gap between the potential and the current state of biodegradable magnetic microrobots. Up to this
point, most research in this field has been focused on microrobot fabrication and in vitro testing, but real-world
applications still need to be addressed. To bridge this gap, cost-effective, highly consistent, mass-producible
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microrobots that have precise navigation and controllable drug release capabilities are needed. More research needs
to be done in the following areas:

1) Materials with high biocompatibility and biodegradability and appropriate mechanical properties;

2) Motion dynamics analysis and structure optimization of bioinspired magnetic microrobot designs;

3) Use of machine vision and artificial intelligence techniques to realize precise and intelligent navigation;

4) Controlled degradation and therapeutic release;

5) Deployment and cooperative control of magnetic microrobot swarms.

6 Conclusions

In this review, recent advances in magnetic microrobots are discussed in terms of their materials, structure
designs, and fabrication methods. A variety of hydrogels and bio-template materials have shown great potential for
use in the fabrication of biodegradable magnetic microrobots due to their high biocompatibility and biodegradability.
Besides regular geometrical shapes, the structure designs of most magnetic microrobots are inspired by
microorganisms or small animals, such as bacterial flagella, cilia, fish, scallops, etc. We also summarized how these
bioinspired designs can be actuated by different locomotion mechanisms, including rotating magnetic fields, periodic
magnetic fields, and magnetic field gradients. Five commonly used methods in the fabrication of magnetic
microrobots, including 2PP, SAS, BTS, GLAD, and TAED, are discussed in detail. Finally, we present the existing
challenges and future research prospects in this area.
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