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A B S T R A C T :

Micro/Nano robots have shown enormous potential for diverse biomedical applications, such as targeted delivery, in vivo biosensing, minimally invasive surgery and
cell manipulation through extending their area of operation to various previously inaccessible locations. The motion of these small-scale robots can be either
self–propelled or remotely controlled by some external power sources. However, in order to use them for biomedical applications, optimization of biocompatible
propulsion and precise controllability are highly desirable. In this article, the recent progress about the biocompatible propulsion (e.g. self-propulsion, external
stimuli based propulsion and bio-hybrid propulsion) techniques for these micro/nano robotic devices are summarized along with their applications, with a special
focus on the advantages and disadvantages of different propulsion techniques. The current challenges and future perspectives of these small-scale devices are
discussed in the final section.

1. Introduction

Micro/nano robots (MNR) are small-scale programmable machines,
which can mimic the motion of natural microorganisms by converting
diverse energy sources into their movement (Ornes, 2017). Synthetic
MNRs have sizes ranging from tens of nanometers to several hundred
micrometers (X. Z. Chen et al., 2018). Owing to their small-scale
structures as well as propulsive nature, MNR systems are promising to
access some previously inaccessible part of the human body parts and
perform a specific action (Li et al., 2017b). Recent advancement of
nanotechnology and materials science has led to the rapid progress of
synthetic MNR systems (Yang et al., 2017) for diverse biomedical and
environmental applications. These small-scale robots are often referred
in the literature as micro/nanomotors (Gao and Wang, 2014), micro/
nanoswimmers (T. Li et al., 2016), micro/nanoengines (Sanchez et al.,
2011), micro/nanomachines (Wang and Pumera, 2018), micro/nano-
propellers (Ghost and Fischer, 2009), micro/nanopumps (Wong et al.,
2016) or micro/nanorockets (J. Li et al., 2016a) etc.

In 1959, Richard Feynman mentioned during his visionary talk “it
would be interesting in surgery if you could swallow the surgeon
(Feynman, 1992).” In 1966, the American science fiction film ‘Fantastic
Voyage’ presented a miniaturized submarine to clear the blood clot in
patient's blood vessel. For the past several decades, numerous progress
has been made towards that target (Esteban-Fernández De Ávila et al.,
2018). The Nobel Prize committee in Chemistry further acknowledged
the importance of this research field in 2016 by awarding Jen-Pierre
Sauvage, Fraser Stoddardt, and Ben Feringa for the design and synthesis
of molecular machines (Stoddart et al., 2016). With the advancement of

micro/nanotechnology and smart materials, the rapid progress of small-
scale robotic devices has been achieved particularly over the last two
decades (Yang et al., 2017). These MNR devices are particularly pro-
mising for revolutionizing the healthcare sector by introducing novel
theranostics capabilities (Kostarelos, 2010) such as in vivo biosensing,
therapeutic delivery, microsurgery, detoxification, etc.. The ideal bio-
medical MNR devices should have a physically adaptable structure with
the patient's body, suitable load/unload capacity of functional entities
(e.g. drugs, imaging agent, cells, nanoparticles, etc.), precisely con-
trolled propulsion, live tracking possibility through common medical
imaging techniques and finally possibility of controlled degradation
without leaving any toxic residues in patient's body (Sitti, 2018).

However, the community of MNR often faces significant challenges
to find suitable strategies for the propulsion of these micro/nano ro-
botic devices (Mallouk and Sen, 2009). The miniature version of tra-
ditional power sources is unavailable for the micro/nanoscale devices.
Therefore, the design and integration of non-toxic, biocompatible
power/fuel sources for these tiny devices are very essential. Moreover,
swimming of MNRs in biological media (e.g. blood) is often challenging
due to the presence of a large concentration of ions (W. Hu et al., 2018).
As the sizes of these small-scale devices go down to a few micro/nan-
ometer scales, the ratio of inertial forces to the surrounding medium
viscous forces become very small (Yang et al., 2018). Therefore, the
inertial forces for the motion of the micro/nanorobots become negli-
gible. In the highly viscous, low Reynolds number medium, continuous
power supply for the propulsion of these micro/nano devices are very
important (Majumdar et al., 1972). Hence, a combination of bio-
compatible as well as powerful engine with mico/nano robotic
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structure is highly desirable for their wide ranges of biomedical appli-
cations.

With the rapid progression in the field, a growing number of review
articles are being published with a focus on design and fabrication of
wide ranges of MNR devices and for their applications (Campuzano
et al., 2017; C. Chen et al., 2018b; Dey and Sen, 2017; Duan et al., 2015;
Gao et al., 2018; Karshalev et al., 2018b; Kim et al., 2018; J. Li et al.,
2016a; Li et al., 2017b; Medina-Sánchez et al., 2018; Safdar et al., 2018;
Wang and Pumera, 2018). However, a specific review with particular
focus on the biocompatible propulsion techniques of the MNR devices is
still not available. In this report, we discuss the progress in the design
and development of various biocompatible propulsion methods for
MNR devices. The first part of this report will discuss the self-propulsion
methodologies, which will be mainly focused on chemical propulsion
and enzyme-based propulsion techniques. The second part will discuss
different external stimuli-based propulsion techniques, such as mag-
netic, acoustic and light-based propulsion techniques. The third part
will discuss bio-hybrid propulsion techniques, which will be mainly
focused on bacteria-based propulsion and eukaryotic cell-based pro-
pulsions. In the final section, we discuss the major challenges for the
development of MNR devices and present an outlook for the next
generation MNR devices for biomedical applications.

2. Biocompatible propulsion techniques

Various propulsion mechanisms have been developed to fuel the
MNR devices to perform their operations. Based on their approaches,
propulsion strategies are mainly categorized into three different types:
self-propulsion, external stimuli based propulsion and bio-hybrid
strategy. Table 1 showed a brief overview of different propulsion
techniques and their specific advantages and disadvantages.

2.1. Self-propulsion

Self-propulsion approach is mainly based on local chemical reac-
tions occurring on the surface of the MNR structure (Lin et al., 2016).
Thus, the chemical energy is transformed to kinetic energy and gen-
erates locomotion for the MNRs. Self-propulsion strategy can be
roughly classified into two categories, such as chemical propulsion,
which usually requires various chemical fuels, and enzyme-based pro-
pulsion, which depends on the catalytic property of enzymes towards
their substrates.

2.1.1. Chemical propulsion
Autonomous propulsion at micro/nanoscale represents one of the

most desirable goals in MNR. Chemically powered and self-propelled
particle-like micro/nanorobots are particularly interesting in this case
due to their simple and tunable structure, cargo-loading capability and
high-speed motion. Several transition metal-based catalytic nano-
particles are being used as catalysts to develop these kinds of small scale
robots (Safdar et al., 2018). The first example of chemically powered
self-propulsion was observed on a spherical microparticle half-coated
with platinum (Pt) catalyst (Safdar et al., 2018). Their motion was
generated when Pt catalyzes the decomposition of H2O2 and produces
O2 bubbles (2H2O2 → 2H2O + O2). The motion was assessed under
different H2O2 concentrations. The Janus particle showed directional
motion and its velocity was proportional with the concentration of
H2O2. Several other Pt catalyst-based tubular micromotors are reported
(Gao et al., 2012b, 2011; Khezri et al., 2019; B. Xu et al., 2018). Si-
milarly, silver (Ag), nickel (Ni), iridium (Ir), ruthenium (Ru), manga-
nese oxide (MnOx), titanium dioxide (TiO2) based micro/nanorobots
were also showed chemical propulsion in presence of H2O2 or hy-
drazine. However, these two solvents are considered as highly toxic for
biological systems (Wang and Pumera, 2018). Therefore, biocompatible
propulsion is not feasible for these cases. To address this limitation,
alternative materials that could use biocompatible and nontoxic fuels Ta
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are highly desirable.
Recently, a new class of inorganic catalytic nanoparticle has shown

propulsion without using any toxic chemical fuels (Fig. 1A–D). For
example, zinc (Zn) is widely used to produce hydrogen energy and it
can produce hydrogen bubble upon hydration (Gao et al., 2015).
(Fig. 1B, C, D left panel) Following this interesting property, Gao et al.
fabricated PANI/Zn based microtubular motors, which can propel in
different acidic solutions (above 100 body lengths per second) (Gao
et al., 2012c). One of the major advantages of using Zn is that it is safe
as well as it can be electrodeposited in a simple manner. Another in-
teresting example is magnesium (Mg) based catalysts, which is low-
cost, biocompatible and it can also evolve H2 by reducing water (C.
Chen et al., 2018b). A hydroxide passivation layer normally covers the
surface of Mg particles, which protects the Mg from reacting with water
(Fournier-Bidoz et al., 2005). The dissolution of this passivation layer
allows Mg to produce H2 bubbles and propel the corresponding parti-
cles (Fig. 1B, C, D middle panel). The Mg-based chemically propelled
structures can cross few body lengths within a second (Mou et al.,
2013). Similarly, aluminum (Al) can also reduce water and produce H2

bubbles. However, the formation of an oxide passivation layer limits
their application. To address this challenge, Gao et al. combined Al with
Ga to form an alloy structure (Gao et al., 2012a). Ga can help to pe-
netrate the Al surface to remove the oxide layer. The as-prepared Janus
Ga-Al/Ti microparticles can achieve a speed up to 3mm s−1 in water
with a lifetime of over 5min. The precise reaction of calcium carbide
(CaC2) with water can produce acetylene gas, which can help to propel
the CaC2 particles: (CaC2 + 2H2O → Ca(OH)2+ C2H2). A thin poly-
meric porous coating can help these particles to react with water in a
controlled manner. Calcium carbonate-based particles are also very
interesting to prepare MNRs drug delivery systems (Guix et al., 2016).
Janus calcium carbonate-based MNRs showed autonomous motion at
pH 6.5, but with a relatively slow speed (≈1.8 μm s−1). Wang et al.
recently demonstrated that Zn and Mg-based MNRs can propel in the
gastrointestinal tract (GI) tract and can be controlled to reach specific
locations. They have demonstrated a magnesium-based tubular MNR
coated with an enteric polymer layer for delivering a payload to a
specific location (in GI tract) via dissolution of their coating layer (J. Li
et al., 2016b) (Fig. 1B, C, D right panel). More interestingly, such MNRs

Fig. 1. (A) Self/Chemically-propelled MNR for in vivo treatment of GI diseases. (B) Schematic of the three different types of in vivo fuel-propelled micro/nano robot
(from left to right): Zn-based tubular micro/nano robots, Mg-based Janus micro/nano robots, and Mg-loaded tubular micro/nano robots. (C) The SEM images of the
corresponding micro/nano robots, (Scale bars: 5, 10, and 5 μm, respectively). (D) Microscopic images showing the propulsion MNRs in simulated gastric acid (left
panel and middle panel), and the propulsion of Mg-based tubular micro/nano robots in simulated intestinal fluid (right panel); scale bars: 10, 20, and 10 μm,
respectively. The corresponding chemical reactions are mentioned in the top part of every image. (E) Schematic of the micro/nano robots pill composition containing
a lactose/maltose pill matrix and the encapsulated Mg/TiO2/PLGA MNRs. A zoom-in view shows the micro/nano robot structure with Mg microsphere core with a
TiO2 shell layer and a cargo-loaded PLGA film coating. (F) Schematic of micro/nano robots pill dissolution in gastric fluid with consequent micro/nano robots
release. (G) Left: Image showing different sizes of disk-shaped micro/nano robot pills. Center: Microscope image showing the dissolution of a micro/nano robot pill in
gastric fluid simulant. Propulsion of the released Mg-based micro/nano robots in gastric fluid simulant. ((A, B) Reproduced with permission (Esteban-Fernández De
Ávila et al., 2018) [13] Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) ((C, D), left panel: Reproduced with permission (Gao et al., 2015)
Copyright 2014, American Chemical Society; (C, D), middle panel: Reproduced with permission (Li et al., 2017a) Copyright 2017, Wiley-VCH; (C, D), right panel:
Reproduced with permission (J. Li et al., 2016b) Copyright 2016, American Chemical Society) ((E, F, G) Reproduced with permission (Karshalev et al., 2018a)
Copyright 2018, American Chemical Society).
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were gradually dissolved in the GI fluids, without leaving any toxic
residues behind. The efficiency of the acid and water-based propulsion
helped the MNRs to associate with the stomach and intestine wall (De
Ávila et al., 2017; Li et al., 2017a) (Fig. 1D). This acid-powered MNR
propulsion can efficiently deplete protons and neutralize the gastric pH.
The chemically powered, body-fuel-propelled biocompatible and bio-
degradable MNRs are very promising for further in-vivo applications
(Esteban-Fernández De Ávila et al., 2018). In most recent work, the
same group reported in vivo oral delivery of active Mg-based micro-
motor pills (Karshalev et al., 2018a). (Fig. 1E, F, G) The in vivo studies
using a mouse model showed that the micromotor pill can efficiently
shield and transports the active micromotors to the stomach for con-
trolled release applications. A detailed overview of different inorganic
nanoparticle-based chemical propulsion can be found in a recent review
by Safdar et al. (Safdar et al., 2018).

Chemically propelled MNRs have achieved self-propulsion in a
mildly acidic medium in both in vitro and in vivo conditions. However,
they are slow in speed and lack of precise positioning. Therefore, more
in-depth and comprehensive studies are needed to further translate
them for clinical applications.

2.1.2. Enzyme-based propulsion
Enzymes are ubiquitous biomolecule for all the living systems

(Sengupta et al., 2013). They can use different biological fluids (i.e.
available inside body) as fuels to generate motion (Sengupta et al.,
2014). A surface-immobilized enzyme can transfer the chemical energy
from a catalytic reaction to kinetic motion, resulting in directional fluid
pumping (Zhao et al., 2018). The enzyme bound surfaces can, therefore,
act as chemically powered micro-engines. In the presence of a substrate
concentration gradient, active enzymes can move towards a higher
substrate concentration region (Ma et al., 2016b). Therefore, properly
combining selective enzyme molecules on a solid support or micro/
nanorobot's body will help them to propel by utilizing different biolo-
gical fluids as fuel. One of the possible mechanism behind this phe-
nomenon is that enzymes generate sufficient mechanical energy
through substrate binding and unbinding event (Zhao et al., 2018).

Enzymes are particularly interesting for biocompatible propulsion.
Several different enzymes such as trypsin (Schattling et al., 2017),
glucose oxidase (GOx) (Ma et al., 2015), GOx coupled with catalase
(Abdelmohsen et al., 2016; Schattling et al., 2015), acetylcholinesterase
(AChE), urease (Hortelão et al., 2018; Ma et al., 2016a, 2016c, 2015),
and catalase (Dey et al., 2015; Ma et al., 2015; Ma and Sánchez, 2017;
Sanchez et al., 2010) are being used as power engine for micro/na-
norobots (Fig. 2). In 2003, Mano and Heller were the first to combine
enzymes with a carbon fiber (0.5–1 cm length and 7 μm diameter),
which was able to self-propel at the water–air interface (Mano and
Heller, 2005). Later, Feringa and collaborators showed the autonomous
propulsion of carbon nanotubes combined with glucose oxidase (GOx)
and catalase (Pantarotto et al., 2008). Glucose oxidase is converting
glucose into H2O2, and then catalase is reducing H2O2 into water and
oxygen for its propulsion. The combination of glucose oxidase and
catalase become very popular to biocatalytically power MNRs, which
minimizes the unsuitability of using catalase for biological systems (due
to the use of toxic H2O2 as fuel). Glucose oxidase is one of the most
common enzymes, which is being used as microengine for a variety of
MNRs (Zhang et al., 2014). Urease has also been widely used to power
micro/nanorobots by the hydrolyzation of urea (CO(NH2)2) into carbon
dioxide (CO2) and ammonia (NH3). For example, Dey et al. reported a
biotin−streptavidin linkage based enzymes (urease and catalase) at-
tached polystyrene beads, and their diffusion was measured by ex-
posing them to different substrate concentrations (Dey et al., 2015). As
evident from their studies, an enhanced diffusion was observed in the
presence of the substrate, and the directional chemotaxis was happened
in a substrate gradient. These studies also demonstrated that enzymes
as microengine are capable enough to move units that are orders of
magnitude bigger than the enzymes themselves. Acetylcholinesterase

(AChE) has also been used as it can consume acetylcholine and generate
motions (Patino et al., 2018). Sánchez et al. studied different aspects of
enzyme-powered Micro/Nanoswimmers such as different structures,
materials, and enzymes varieties with special focus on their effect in
motion dynamics (Ma et al., 2016a; Patiño et al., 2018). They further
explored the effects of different sizes, fabrication methods and enzyme
localization on their propulsion behavior (Goldberg et al., 1993). In
recent work, the same group demonstrated urease-powered MNRs for
doxorubicin (Dox) anticancer drug loading, release, and efficient de-
livery to targeted cells. As a specific compound can simultaneously be
the product of a particular reaction as well as can be used as a substrate
of another reaction, a new combined approach by using two or more
enzymes are also being explored. However, the exact mechanism be-
hind the enzyme based propulsion is still unclear (Illien et al., 2017).
Recently, Sen et al. derived a general expression for the active pro-
pulsion of an enzyme in its substrate's concentration gradient
(Mohajerani et al., 2018). The derived general model involves three
experimentally defined constants for quantifying chemotaxis, such as
enzyme–substrate binding affinity (Kd), Michaelis–Menten constant
(KM), and level of diffusion enhancement in the associated substrate
(α). A detailed overview of different enzyme based MNRs can be found
in a recent review by Patiño et al. (Patino et al., 2018).

Although enzymes based micro/nanorobots are very promising for
various biomedical applications such as in vivo biosensing, drug de-
livery etc., an in-depth study is required to investigate detailed me-
chanism of how enzymes convert chemical energy to mechanical force,
how conformation of enzyme will contribute to the motion as well as
the dependence on the structure of enzyme-bound supports.
Furthermore, precise positioning and directional motion based pro-
pulsion should be incorporated in order to use them for the diverse
biomedical applications.

2.2. External stimuli-based propulsion

External stimuli-based propulsion techniques are more feasible to
translate the MNR systems towards clinically relevant biomedical ap-
plication area, where directional motion and precise positioning is more
crucial. These techniques are mostly biocompatible due to their non-
invasive nature. Diverse external stimuli-based energy sources are
being used to generate propulsion such as magnetic fields, acoustic
waves, light sources, electrical field etc.

2.2.1. Magnetic propulsion
Magnetic field-based propulsion is one of the most attractive motion

for MNRs due to its possibility to operate remotely and wirelessly,
guiding through directional motion as well as its minimal adverse effect
while penetrating human body and tissues.

When a magnetic object with magnetic dipole momentum m (per-
manent or induced), is placed in a uniform external magnetic field (B),
it does not experience any net magnetic force (Fmag ∼ ∇B) due to the
zero field gradient (∇B). However, the magnetic torque still can be
present, which is represented as τmag=m×B. Therefore, it can rotate
the magnetic object until it aligns with the magnetic field. In order to
propel a magnetic MNR, an inhomogeneous or a time-varying magnetic
field should be applied. Furthermore, by carefully tuning the rotation
axis of a magnetic field, MNRs can be steered in different directions.

Nelson's group from ETH Zurich are pioneers to develop the rotating
magnetic field-based magnetic helical swimmers (Huang et al., 2015;
Peters et al., 2014; Zhang et al., 2009) (Fig. 3A–D). The motion of the
helical magnetic swimmers is inspired by motion of bacteria, which are
propelled by rotating their flagella. These micro robots have two parts:
magnetic head and helical semiconductor tail. They were named as
artificial bacterial flagellum (ABF). Later in another work, the same
group used direct laser writing (DLW) to produce a new kind of ABF
(Tottori et al., 2012). These ABF based MNRs have demonstrated great
promise in cargo delivery for diverse in vitro and in vivo biomedical
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applications. The motion of ABF based MNRs is depends on the mag-
nitude and driving frequency of the magnetic field.

Fischer's group fabricated another kind of helical magnetic micro
robots with 1–2 μm length and 200–300 nm diameter (Schamel et al.,
2014) (Fig. 3E–G). Those robots can swim in water with an average
speed of 40 μm s-1. The same group designed and fabricated another
helical magnetic micro robot with surface-immobilized urease (Walker
et al., 2015). The micro robot can locally liquefy and propel through
gastric mucin gels in the presence of rotating magnetic fields. The im-
mobilized urease enzyme can increase the pH value and convert the
highly viscous mucus into liquid. This work exhibits a biomimicking
surface modification of MNRs for target-specific drug delivery.

Hoop et al. reported a chitosan hydrogel-based magnetic MNRs for
controlled drug delivery applications (Hoop et al., 2016). The hydrogel-
based surface is insoluble in neutral pH, but at a weakly pH condition, it
starts swelling and slowly releases the drug. The MNRs are fabricated
by electrodepositing Ni nanotubes on polycarbonate (PC) membrane-
based sacrificial template with 2 μm average pore diameter. The na-
notubes are 6 μm in length and with a wall thickness of 200 nm. Later,
the chitosan hydrogel mixed with the model drug was filled on the
nanotube surface. Moreover, another layer of gold thin film was coated
onto it to load a secondary drug or a fluorescence trace molecule. The
motion of the composite MNRs was manipulated by a rotating magnetic
field. When the surrounding pH was changed from 7.4 to 6, the drug
release rate was increased by 2.5 folds. Pané et al. introduced a new
kind of triggering mechanism for controlled drug release from MNRs by
using magnetoelectric effect (Chen et al., 2017). They have fabricated a
core–shell hybrid nanowire by consecutive electrodeposition of poly
(vinylidene fluoride-trifluoroethlyene) nanotube shell and Fe80Ga20

alloy nanorod core. The shell part consists of piezoelectric materials and
the core part has a high magnetostrictive coefficient. Under the influ-
ence of an external magnetic field, the magnetostrictive core part de-
forms and transmits the mechanical strain to the outer shell. Thus, the
electric polarization of the piezoelectric polymer shell changes and
their surface charges are also reordered. As a result, the loaded drug can
be released at the targeted area. Yan et al. recently reported a helical,
multifunctional biohybrid magnetite MNR for imaging-guided therapy
(Yan et al., 2017) (Fig. 3 H, I). The helical MNRs were fabricated from
Spirulina microalgae through dip-coating process in magnetite (Fe3O4)
suspensions. The inherent fluorescence property of the microalgae
permitted in vivo imaging and remote diagnostic sensing without any
further surface modifications. Moreover, the MNRs are capable of au-
tonomous degradation and displayed selective cytotoxicity to cancer
cell lines. Bozuyuk et al. recently reported a magnetically powered and
external light stimulated double-helical MNRs (6 μm diameter X 20 μm
length) for on-demand actively release of chemotherapeutic drug.
Within 204 h and physiologically relevant conditions, the MNRs can
degrade into nontoxic products (Bozuyuk et al., 2018) (Fig. 4A–D). A
detailed overview of magnetically propelled MNRs can be found in a
recent review by Chen et al. (X. Z. Chen et al., 2018).

The magnetic MNRs are very promising real-world biomedical
areas, whereas magnetic field-based propulsion only works for the
magnetic materials, which restricts their wide applicability. A suitable
combination of biocompatible materials coated magnetic nanos-
tructures with the assembly of MNRs can address this challenge.

2.2.2. Acoustic propulsion
Acoustic (or ultrasound) has been routinely used in diverse

Fig. 2. Schematic representation of enzymes used to power micro/nano robots arranged in increasing value of turnover number (kcat): trypsin (Schattling et al.,
2017), glucose oxidase (Ma et al., 2015), GOx coupled with catalase (Abdelmohsen et al., 2016; Schattling et al., 2015), acetylcholinesterase (AChE), urease (Hortelão
et al., 2018; Ma et al., 2016a, 2016c, 2015), and catalase (Dey et al., 2015; Ma et al., 2015; Ma and Sánchez, 2017; Sanchez et al., 2010). Reproduced/adapted with
permission (Abdelmohsen et al., 2016; Dey et al., 2015; Ma et al., 2016a, 2016c, 2015; Patino et al., 2018; Sanchez et al., 2010; Schattling et al., 2015, 2017)
Copyright 2010, 2015, 2016, 2017 and 2018, American Chemical Society. Reproduced with permission (Hortelão et al., 2018) Copyright 2017 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. Reproduced/adapted with permission from (Ma and Sánchez, 2017) Copyright 2017 Elsevier.
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biomedical applications for a long time(Mitragotri, 2005). Acoustics (or
ultrasounds) are sound waves with a higher frequency than the normal
human upper audible limit. In recent years, considerable attention has
been paid to the use of acoustic field-based propulsion for MNR devices
in biofluids (Li et al., 2017b). Due to their large propulsion force and
excellent biocompatibility, acoustic field-based propulsion is becoming
popular for biomedical MNRs.

Huang et al. reported that cells, microorganisms could be manipu-
lated by standing surface acoustic wave generated by pressure fields
(Ding et al., 2012). They referred them as acoustic tweezers. Fischer
et al. recently demonstrated a holographic technique for acoustic ma-
nipulation (Melde et al., 2016). It can convert a planar wavefront from
the transducer to a designed phase gradient. Wang et al. from UCSD
reported an ultrasound (US) triggered and bubble propelled rolled up
micro robotic tubes (Kagan et al., 2012). The micro robotic tubes with
perfluorocarbon (PFC) particles attached to the inner side can be pro-
pelled by US irradiation. The bubbles are formed by the acoustic va-
porization of the PFC particles. The average speed of micro robotic
tubes was 6m s−1 and it was successful to penetrate into lamb kidney
tissues. In another work, the same group reported a new type of
acoustic nanomotors with an asymmetric structure (Garcia-Gradilla

et al., 2013). One end of this multi-segment nanowire is modified for
generating a local pressure gradient. In the presence of acoustic pres-
sure, the MNR is propelled from the modified end. The new type of
MNR can participate in targeted delivery of cargoes, drugs, and bac-
teria. Ultrasonically propelled drug-loaded MNRs demonstrated 30
folds more efficiency in bacteria killing compared to the static ones.
This is due to their active motion in sample surroundings. In recent
work, the same group reported a new type of ultrasonically propelled
MNRs for glucose responsive insulin delivery application (Díez et al.,
2017). In this case, a glucose responsive phenylboronic acid functio-
nalized glucose oxidase was combined with insulin loaded mesoporous
silica integrated gold nanowires (Fig. 4E–G).

Although these ultrasonically propelled MNRs have shown great
promises various applications, they can be difficult to use in in vivo
conditions as the predictable standing wave field can be challenging to
establish inside the human body. Nelson's group from ETH reported a
new kind of MNR, which can be propelled in traveling acoustic waves
(Ahmed et al., 2016). These waves can interact directly with the
swimmer's body and they are independent of the acoustic field gener-
ated in the chamber. The MNRs were fabricated by multistep electro-
deposition. The tail part of these MNRs are consist of polypyrrole based

Fig. 3. (A) Artificial flagellum based microrobot fabricated from a self-rolled semiconductor. (B) An array of helical structured microrobots fabricated from a
nanocomposite of SU-8 and superparamagnetic nanoparticles by direct laser writing (DLW). The inset shows a magnified image of a composite microrobot. (C)
Another microcapsule and microsyringe fabricated by DLW. (D) The experimental setup for the swimming tests of ABF using three-axis electromagnetic coils. (E) SEM
images of another magnetic nanopropeller based microbot (side view on wafer). (F) Close-up view of one nanohelix based microbot with both the Au-dot and the Ni-
section clearly visible; image was taken with an SE2 detector. (G) Size comparison between the nano- and the microscrews used as a reference in the work. (H)
Schematic of the dip-coating process of Spirulina microalgae in a suspension of Fe3O4 NPs. Bottom: MSP-6h/24 h/72 h represent the magnetized Spirulina microalgae
subject to 6/24/72 h dip-coating treatments, respectively. As the dipping time increased, the amount of Fe3O4 NPs, and hence the thickness of the Fe3O4 coating on
the Spirulina microalgae, also increased. (I) FESEM (top) and fluorescence images (bottom) of MSP-24 h, MCR-24 h, and MTS-24 h samples. The fluorescence images
were taken by a Leica SP8 confocal laser scanning microscope with excitation at 552 nm. ((A, D) Reproduced with permission (Zhang et al., 2009) [69] Copyright
2009, American Institute of Physics. (B) Reproduced with permission (Peters et al., 2014) Copyright 2014, Wiley. (C) Reproduced with permission (Huang et al.,
2015) Copyright 2015, Wiley and Copyright 2018, Wiley.) ((E, F, G) Reproduced with permission (Schamel et al., 2014) Copyright 2014, American Chemical
Society). ((H, I) Reproduced with permission (Yan et al., 2017) Copyright 2017 American Association for the Advancement of Science (AAS).
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artificial flagellum and the head part contains metal. In the presence of
US, flagellum-based tail undergoes oscillations and generates a steady
flow field on the surrounding media. Ultrasonically propelled MNRs are
also efficient for cellular internalization and intracellular delivery of
biochemical cargoes. Recently, Mallouk et al. reported a new type of
acoustic MNRs based intercellular propulsion (Wang et al., 2014). The
MNRs are covered with HeLa cells via phagocytosis. Chen et al. re-
ported a new type of acoustic MNRs for intracellular gene-silencing
strategy (Esteban-Fernández De Ávila et al., 2016). Recently, Ávila
et al. reported an ultrasound-propelled biomimetic MNRs comprising of
gold nanowires coated with a hybrid of the dual cell membrane from
red blood cell (RBC) and platelet (PL) (De Ávila et al., 2018). The
functionalized MNRs is capable of eliminating different biological
threat agents such as pathogenic bacteria and toxins.

Even though acoustic-based MNRs are very advantageous in various
bio-applications, an additional in-depth study is required to determine
their propulsion mechanism and to assess applicability in in vivo con-
ditions.

2.2.3. Light based propulsion
Light is one of the most preferable alternative power sources for the

actuation of MNRs. Due to their possibility to reduce the beam size to
sub-micrometer scales and the availability of wide ranges of wave-
lengths (ultraviolet (UV) light (10–400 nm), visible light (400–700 nm),
infrared light (700 nm–1 mm).), it becomes a valuable renewable en-
ergy source to power the MNRs (J. Wang et al., 2018).

UV light-driven Janus MNRs are comprehensively studied due to
their ionizing radiation associated with highly reactive chemical pro-
cesses (Xu et al., 2017). The first reported light induced MNRs were
self-diffusiophoresis associated asymmetric photodecomposition of
AgCl particles in deionized (DI) water (Ibele et al., 2009). Those par-
ticles had demonstrated an interesting co-operative behavior. TiO2 is
another special kind of catalyst, which can produce highly oxidative
radicals during UV exposures. TiO2 particles also exhibited UV-induced
autonomous motion related to a diffusiophoresis mechanism (Hong
et al., 2010). At low UV light intensity, Janus TiO2–Au particles can
autonomously propel by a self-electrophoresis mechanism. In addition,
integration of a paramagnetic nickel layer permitted their directional
magnetic field based control. Furthermore, an on/off control is possible
in the presence and absence of UV light source. The MNRs exhibited a
direct correlation between their speed and UV light irradiation (Dong
et al., 2016). In another example, anatase TiO2/Pt Janus particles de-
monstrated photocatalytic water splitting in the presence of UV light,
which is very promising for organic pollutant degradation (Mou et al.,
2016). To maximize the degradation efficiency, pulsed mode UV light
was used. Similarly, another Janus carbon tungsten trioxide with a gold
layer (Au-WO3@C particles) based nanostructures was reported for the
fast decomposition of toxic pollutants Rhodamine B in presence of UV
light (Zhang et al., 2017). Recently, Bozuyuk et al. reported a 365 nm
UV light triggered drug release from a 3D printed biocompatible and
biodegradable magnetic biopolymer composite based MNRs. The MNR
also showed controlled storability under 10mT rotating magnetic field.

Fig. 4. (A) Light-triggered drug release from the micro/nano robots. Schematic showing the reaction pathway to obtain DOX-modified micro/nano robots. Amino
groups on the micro/nano robots react with the NHS group of o-nitrobenzyl photocleavable linker molecules. Then, azide-modified DOX reacts with alkyne ends of
the micro/nano robots. (B) DOX release from the micro/nano robots exposed to 3.4× 10–1W/cm2 light intensity for 30min. Decrease in the fluorescence intensity
indicates the cleavage of DOX from the micro/nano robots and its release. (C) Cumulative DOX release from the micro/nano robots for 6.7×10–2 and 3.4×10–1W/
cm2 light intensity. (D) Smart dosing of DOX from the micro/nano robots. A 365 nm wavelength light is on in the red regions. Approximately 15% of DOX was
released per minute from the micro/nano robots. (E) Schematic illustration showing the pH-triggered insulin release micro/nano robotic approach based on ul-
trasound-propelled mesoporous silica (MS)-Au nanomotors. (F) Glucose responsive gated insulin containing micro/nano containers. Steps involved in the insulin
release mechanism: the PBA functionalized MS segment is capped with pH-sensitive nanovalves based on the GOx gating trigger molecule that leads to the au-
tonomous insulin delivery in the presence of glucose. (G) Protonation of the PBA groups induces the opening of the pH-driven gate and uncapping of the In-loaded
nanovalves. ((A, B, C, D) Reproduced with permission (Bozuyuk et al., 2018) Copyright 2018, American Chemical Society) ((E, F, G) Reproduced with permission
(Díez et al., 2017) Copyright 2017, Royal Society of Chemistry). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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The chemotherapeutic drug release activity of the MNR was tested
under physiological condition. The MNR was degraded within 204 h
without leaving any toxic degradation product.

Visible light-based propulsion is another most popular technique as
their wide availability in everywhere around us. Volpe et al. reported
propulsion by Au-capped silica particles in a critical binary liquid
mixture and in the presence of light (532 nm) (Volpe et al., 2011). In
other works, hematite encapsulated polymer micro/nanoparticles par-
ticipate in H2O2 decomposition in the presence of visible light (Polin
et al., 2009). Photocatalytic metal oxide incorporated Janus copper (I)
oxide - Au microparticles showed self-propulsion behavior in the pre-
sence of H2O2 and visible light through self-electrophoresis (Zhou et al.,
2017). In another work, bismuth oxyiodide (BiOI)-based Janus micro-
particles showed similar behavior in the presence of water (Dong et al.,
2017). In the presence of UV and visible light, black TiO2 particles half-
covered with Au showed excellent propulsion in both H2O2 and in pure
water (Dong et al., 2017).

Due to their nondestructive and noninvasive nature, near IR light
(NIR) sources (780–2500 nm) became very popular for wide ranges of
biological applications (Safdar et al., 2017). It has a penetration range
of 1–3mm. Jiang et al. reported for the first time about the movement
of Janus MNRs in the presence of IR light (Jiang et al., 2010). They had
prepared a silica microparticle combined with gold, which can absorb
IR light at a local temperature gradient. Wu et al. introduced an on/off
switchable motion of MNRs in presence of H2O2 and NIR light (Y. Wu
et al., 2015). When the same MNR was converted to Janus structure
with a thin gold layer, it exhibited autonomous propulsion in the water
medium. The motion was dependent on light intensity. The Janus MNR
also showed directional motion in presence of HeLa cells, which was
due to electrostatic interaction positively charged Janus structure and
negatively charged HeLa cell membrane (Y. Wu et al., 2016).

As the size of the light beam can be reduced to sub-micrometer by
using some precise optical devices, light can a good alternative power
source for the propulsion of MNR devices. Moreover, the recent popu-
larity of renewable energy sources is making light a very promising
energy source for the MNRs.

2.3. Bio-hybrid propulsion

Combination of different propulsion techniques by harvesting en-
ergy from different fuel sources offers a new possibility for the motion
of MNRs. This combined approach of propulsion can contribute not
only for the motion but also for achieving specific tasks such as the
triggered release of therapeutics. There is growing interests to combe
microbes and cells to MNRs due to their intrinsic biocompatibility. Bio-
hybrid propulsion can be generally classified into two different cate-
gories: bacteria-based and eukaryotic cell-based MNRs.

2.3.1. Bacteria-based propulsion
By converting chemical energy into mechanical motion, bacteria

can swim in their surrounding microenvironment and maintain their
direction in response to different environmental gradients. Bacterial
cells are long being used for medical therapeutic applications. For ex-
ample, Serratia marcescens, a flagellated gram-negative bacterium was
first used (2004) for the drug delivery application at the micron scale.
The invasive property of Listeria monocytogenes was used to deliver
nanoparticles and nucleic acid–based model drugs into both in vitro and
in vivo conditions. Fernandes et al. (Fernandes et al., 2011) attached a
motile bacteria (Escherichia coli) to a submicron-scale cargo im-
mobilized on a modified gold pattern using surface modification
strategy and bacteria–cargo conjugates can be released on demand.
They have demonstrated that the bacteria can be used to propel the
cargo at sub-micrometer scale. In another example, magnetotactic
bacterial species (Magnetococcus sp. (MC-1)) is used to penetrate into an
ex vivo solid tumor through external magnetic guidance (Felfoul et al.,
2011). Recently, Stanton et al. (Stanton et al., 2017a) demonstrated a

single E. coli bacteria entrapped electropolymerized polypyrrole (Ppy)
microtube based MNRs. The MNRs has a bacteria-attractant poly-
dopamine inner layer and an additional layer of electroplated Ni for
magnetic guidance. In another work, the same group reported E. coli
bacteria combined Janus metallic/polystyrene (PS) MNRs with (DOX)
as cargo (Moore et al., 2013). An additional Fe cap was associated with
the structure to control the directional motion of the MNR structure.
Martel et al. recently introduced a new strategy for preparing drug-
containing nanoliposome combined magnetotactic bacteria Magneto-
coccus marinus strain MC-1 through covalent binding (Felfoul et al.,
2016). These bacteria contain a chain of magnetic nanocrystals for
further controlling them through a local magnetic field. Due to the
magnetotaxis and anaerobicity of the bacteria, the overall platform was
successful for targeted drug delivery to tumor hypoxic regions. Simi-
larly, other magnetotactic bacteria Magnetosopirrillum gryphiswalense
(MSR-1) were combined with cargo-loaded mesoporous silica micro-
tubes to build hybrid MNRs (Stanton et al., 2017b). These hybrid de-
vices had demonstrated their capability of antibiotic delivery to an
infectious biofilm.

Metin Sitti's group from MPI-IS, Germany have recently introduced
a diverse variety of bacteria based MNRs (Hosseinidoust et al., 2016;
Park et al., 2017). Mostaghaci et al. reported bacteria-based bio-ad-
hesive MNR design through mannose–lectin interaction for urinary and
gastrointestinal delivery of therapeutics (Mostaghaci et al., 2017). Park
et al. reported a versatile bacteria-based MNR, which possess chemo-
tactic motion, magnetic control, and enhanced drug-delivery cap-
abilities. Singh et al. fabricated a bacteria-powered MNR through a
facile surface patterning technique (Singh and Sitti, 2016). They had
attached the E. coli to the MNR structure via biotin–streptavidin inter-
action. In another work (Singh et al., 2017), they have fabricated new
kind of bacterial MNR by using streptavidin-functionalized double-mi-
celle microemulsions and E. coli MG1655. The proposed bacteria-driven
MNRs demonstrated the possibility of further development of next-
generation soft, biocompatible bio-carriers. In another recent work,
Alapan et al. demonstrated a novel fabrication strategy of bacterial
powered MNRs using RBCs as cargo transporters and the motile bac-
teria (E. coli MG1655) as actuators (Alapan et al., 2018a) (Fig. 5A–F).
Autonomous and onboard propulsion of bio-hybrid MNRs was powered
by bacteria, and their magnetic guidance based directional motion was
enabled by SPIONs loaded into the RBCs. The MNRs can release the
loaded DOX at different pH conditions, and active deformation of the
cargo unit with the bacteria's own propulsive force through narrow
channels was revealed for the first time in literature. Moreover, an on-
demand light-activated hyperthermia termination switch was en-
gineered to the MNRs to kill them after their operation. In their pre-
vious work, the same group demonstrated a single Escherichia coli
bacterium functionalized drug-loaded polyelectrolyte multilayer (PEM)
MNRs with embedded magnetic nanoparticles. The resulting MNRs can
swim directionally at a mean speed of up to 22.5 μm s−1 and deliver
anticancer drugs to a targeted location (Park et al., 2017) (Fig. 5G–I).
Recently, the same group reported a unicellular freshwater green mi-
croalga (Chlamydomonas reinhardtii) powered biocompatible and
biohybrid MNR (Yasa et al., 2018) (Fig. 5J-L). The surface of the mi-
croalgae was functionalized with magnetic spherical cargoes (1 μm in
diameter) through noncovalent interactions. The bio-hybrid algal MNRs
demonstrated a proof-of-concept active cargo delivery.

2.3.2. Eukaryotic cell-based propulsion
Eukaryotic cell-based MNRs provides the opportunity to engineer

the patient's own cells for the fabrication of next-generation theranostic
MNRs (Esteban-Fernández De Ávila et al., 2018). These cell-based en-
tities can be ideal for diverse small-scale biomedical robotic device
development due to their intrinsic biocompatibility, wide availability
inside the body, easy clearance possibility and further capability of
loading drugs into them. Red Blood Cells (RBC) and sperm cells are the
two most common examples for this case.
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RBCs are one of the most abundant types of blood cells. Due to their
biocompatibility, low immunogenicity, flexible nature and long circu-
lation time, RBCs are becoming very popular for diverse bio-carrier
applications (Han et al., 2018). Wang's group has demonstrated that
RBCs can be loaded with drugs as well as with superparamagnetic na-
noparticles by a hypotonic dilution method. The MNR can be propelled
with ultrasound waves as well as steered with external magnetic fields
(Wu et al., 2014; Z. Wu et al., 2015). The modified RBC-based MNRs
demonstrated good biocompatibility comparable to their native coun-
terparts. In another work, the same group showed red blood cell (RBC)
membranes and platelet (PL) membranes functionalized gold nanowire
MNR for multipurpose removal of biological threat agents (De Ávila
et al., 2018) (Fig. 6A–F). The biomimetic MNR demonstrated rapid and
efficient propulsion in whole blood without any apparent biofouling
(Fig. 6G–I). Despite numerous advantages, several challenges should be

addressed in order to clinically translate them. During different con-
jugation process with the RBCs, their outer cell membrane must be
carefully preserved. Moreover, the biological barrier crossing ability of
the RBC based MNRs must be improved.

Due to the special swimming ability in the female reproductive
system, sperm cells have some unique advantages for the treatment of
different gynecologic problems and cervical cancer (H. Xu et al., 2018).
Moreover, they can be loaded with hydrophilic drugs and exhibit a
controlled release profile due to their compact structure (Makhluf et al.,
2008). Schmidt's group is pioneering for the development of sperm
based MNRs. In their recent review (Magdanz et al., 2017), they have
discussed the fabrication of single spermatozoa-based bio-hybrid MNRs.
These special kinds of MNRs are named as spermbots, which are very
promising for the in vitro fertilization applications (Medina-Sánchez
et al., 2016) (Fig. 6J and K). Magnetic materials were further combined

Fig. 5. (A) RBC based micro/nano robots (composed of an RBC, loaded with drug molecules and SPIONs, bound to a motile bacterium (bioengineered E. coli
MG1655) via biotin-avidin-biotin binding complex) for active cargo delivery. (B) SEM image (pseudocolored red, RBC; pseudocolored green, bacterium) of an
example RBC based micro/nano robot with an attached bacterium. (C) 2D propulsion trajectories by RBC based micro/nano robot over time. The inset displays a
bacterium attached to an RBC loaded with DOX molecules. Scale bar, 5 μm. (D) Schematic for on-demand, NIR light–triggered hyperthermia termination switch for
RBC based micro/nano robots. RBC based micro/nano robots, loaded with a photothermal agent (ICG) coupled with BSA, generating heat upon irradiation with NIR
and resulting in termination of bacteria. (E) IR thermal images of RBC based micro/nano robots loaded inside a capillary tube before and during NIR irradiation. (F)
Live/dead staining of bacteria in RBC based micro/nano robots samples before and after NIR irradiation, respectively. Scale bars, 5 μm. (G) Schematic overview of the
multifunctional bacteria-driven micro/nano robot attached to an E. coli MG1655 bacterium for targeted active drug delivery. PAH, positively charged poly (ally-
lamine hydrochloride); PSS, negatively charged poly (sodium 4-styrenesulfonate); MNPs, magnetic nanoparticles; DOX, doxorubicin, an anticancer drug; PS, 1 μm
diameter polystyrene micro particle. (H) SEM image of a single micro/nano robot -attached cell (scale bar, 1 μm). The inset in panel is the optical image of a single
bacteria-driven micro/nano robot (scale bar, 1 μm). (I) TEM images of thin sections of the microswimmers. The inset in panel I is the TEM image of monolayers of
MNRs (scale bar, 50 nm). (J) Schematic overview of microalga-powered biohybrid micro/nano robot for active cargo delivery. Synthesized by layer-by-layer
polyelectrolyte deposition onto spherical magnetic polystyrene microparticles and through electrostatic interactions between the microalga and the functionalized
microparticles. (K) SEM image (pseudocolored green, C. reinhardtii) of an example algal micro/nano robot. (L) Example of 2D propulsion trajectories under 26mT
uniform magnetic field. ((A-F) Reproduced with permission (Alapan et al., 2018a) Copyright 2018, American Association for the Advancement of Science (AAS)); ((G,
H, I) Reproduced with permission (Park et al., 2017) Copyright 2017, American Chemical Society) ((J, K, L) Reproduced with permission (Yasa et al., 2018)
Copyright 2018, Wiley). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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with the spermbot structure to increase their motion controllability.
However, in spite of their many advantages, further in-depth study on
their precision motion and cargo transporting abilities are needed for
their future clinical applications. A detailed overview of bio-hybrid
propulsion based MNRs can be found in the recent review by Ávila et al.
(Esteban-Fernández De Ávila et al., 2018) and Alapan et al. (Alapan
et al., 2018b).

Bio-hybrid based propulsion for MNR devices provides an efficient
platform by combing the artificial structures and living bio-organisms
(Schuerle et al., 2019). Several challenges are needed to be addressed in
order to translate these integrated devices for real-world applications.
The bio-organisms often show low structural flexibility and poor life-
time during their applications. Moreover, the loss of their free-swim-
ming speed and lack of proper coupling methods with artificial micro/
nanostructures often possess a significant drawback for their applica-
tions. Addressing these issues can prepare bio-hybrid MNR devices for
diverse biomedical applications.

3. Conclusion and outlook

Despite the enormous progress made in MNR devices in the last two
decades, the real-time clinical usability of these small-scale devices is

still in infancy. For most of the cases, the activity of these MNRs is
limited only to biomimetic entities, cell culture dishes, ex vivo cells,
and tissues, or small animal models (Yang et al., 2018). There are still
several significant challenges to be addressed in order to translate these
small-scale devices for real-world applications.

i. A majority of the currently available MNR devices mimic the
structure of their naturally available counterparts (Z. Wu et al., 2016).
However, due to the lack of flexibility in their structure, they are not
particularly suitable of in vivo biomedical applications. These MNR
devices can damage internal tissues and cause inflammation. Use of
physically intelligent materials for the construction of soft robotic
structures should be considered for prevention of these issues (C. Hu
et al., 2018). A soft, elastic structure with physical adaption property
can provide an ideal solution for this case (Sitti, 2018). Bio-responsive
soft polymer hydrogel-based materials can be particularly interesting
for their construction. Polymer hydrogels are three dimensional,
swollen cross-linked polymer networks. Due to their highly tunable
material structure, biocompatibility, stimuli-responsive nature and a
possibility for precise 3D printing, they are being used widely for di-
verse biomedical applications. Moreover, the polymer hydrogel-based
structure can stably accommodate therapeutic drugs and ensure their
controlled release.

Fig. 6. (A) Schematic of biomimetic micro/nano robots for binding and removal of threatening biological agents. (B) Preparation schematic of RBC-PL-robots (C)
SEM images of a bare AuNW micro/nano robot without hybrid membrane coating (top) and an RBC-PL-robot (bottom). (D) The measured weight of protein content
on bare robots and RBC-PL-robots stored in PBS at 4 °C for 24 h. UD, undetectable. (E) SDS–polyacrylamide gel electrophoresis analysis of proteins presents on the
RBC-PL-vesicles and the RBC-PL-robots. (F) Optical (i) and fluorescent (ii to iv) images of a group of RBC-PL-robots, in which the RBC membranes were labeled with
DiD dye (red) and the PL membranes were labelled with FITC (green). Overlay of the DiD and FITC channels is shown in (iv) (yellow). (G) SEM image of a bacterium
attached to an RBC-PL-micro/nano robot. (H) Microscopic images showing the binding of an MRSA USA300 bacterium to an RBC-PL-micro/nano robot: bright-field
image (top) and fluorescence image showing the DAPI-stained bacterium (bottom). (I) Normalized fluorescence intensity of DAPI-stained MRSA USA300 bacteria
retained on (i) PBS (no robots), (ii) bare robots, (iii) RBC- micro/nano robot (without PL membranes), (iv) RBC-PL-micro/nano robot under a static condition
(without US), (v) RBC-PL-vesicles, (vi) Ultrasound-propelled RBC-PL-robots, and (vii) PL-robots (without RBC membranes). (J) Sperm baser micro/nano robot. Sperm
pierced by a helix. (i) Helix close to a sperm, (ii) helix approaching and contacting sperm membrane, and (iii) sperm death after being drilled and pierced by a helix.
Yellow circle and arrow in (i) and (ii) indicates tail curling due to hypo-osmotic swelling and in (iii) swelling recession. Time scale in seconds. (K) Sperm cell coupling
(i), transport (ii), approach to the oocyte membrane (iii), and release (iv). ((A-I) Reproduced with permission (De Ávila et al., 2018) Copyright 2018, American
Association for the Advancement of Science (AAS)); ((J, K) Reproduced with permission (Medina-Sánchez et al., 2016) Copyright 2015, American Chemical Society).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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ii. Combination of novel biocompatible and functional nanomater-
ials with MNR structure can open up a new generation of MNR devices
(Halder et al., 2017, 2016). Two-dimensional layered nanomaterials are
currently being considered as the most promising materials for the next
generation biomedical devices (Cao et al., 2018; Choi et al., 2019). Due
to their excellent physicochemical properties, these 2D materials can be
an ideal candidate for the construction of the next-generation multi-
functional MNR structure.

iii. The MNR device structure must allow simple and controllable
loading and unloading of the desired cargos such as drugs, cells, bio-
materials and another possible micro/nanoparticles at the targeted lo-
cations (Esteban-Fernández De Ávila et al., 2018). Moreover, their
biocompatible propulsion can be used to cross different biological
barriers and to deliver therapeutics to the targeted location.

iv. An important challenge for these MNR devices is to find new,
suitable, biocompatible and autonomous energy sources to fuel them
for their operations at micro/nanoscale. The currently present self–-
propelled MNRs have mostly relied on toxic fuels and water. The water-
based propulsions are often suffer ed from short lifetime (C. Chen et al.,
2018b). External stimuli-based propulsion can solve these challenges.
However, they create a barrier for autonomous propulsion. A combi-
national approach such as bio-hybrid propulsion can be exciting for this
case (Chen et al., 2019; Ren et al., 2018).

v. Real-world clinical application of micro/nanorobotics devices
need real-time tracking inside the patient's body (J. Li et al., 2016a).
However, tracking at micro/nanoscale is often challenging. Therefore,
currently available medical imaging techniques such as Magnetic re-
sonance imaging (MRI), positron emission tomography (PET), com-
puter-assisted x-ray tomography (CAT), ultrasound imaging, etc. should
be made compatible with the micro/nanorobotics structure
(Vartholomeos et al., 2011; Vilela et al., 2018; Yan et al., 2017). Sui-
table incorporation of biocompatible nanomaterials and fluorescent
quantum dots (Halder et al., 2018) can offer a solution in this case.

vi. Often, a single MNR device is unable to finish a particular task.
Therefore, the establishment of collective behavior and communication
between the MNRs can be helpful to perform a specific operation (C.
Chen et al., 2018a).

vii. The overall safety profile of the therapeutic MNRs should be
considered carefully. Ideally, the MNR structures should have con-
trolled biodegradability, which should destroy itself after performing its
assigned task in a controllable manner and maintain a low waste profile
inside the body (Z. Wu et al., 2016). Most of the recently reported
biodegradable MNR systems are only tested in in vitro condition
(Bozuyuk et al., 2018; X. Wang et al., 2018). Investigation of their in
vivo biocompatibility profile is vital for their translation to real-world
biomedical applications. Furthermore, the MNR devices must be sterile
before using them for in vivo biomedical applications.

viii. Consistency in structure, as well as their functionality, is an-
other important aspect for the performance of the MNR devices.
Therefore, repeatability and reproducibility in manufacture and assays
for each MNR should be carefully optimized.

ix. Finally, the integration of complex functionality on a single
standalone structure could be very promising for the next generation
MNR devices. The ideal MNR devices should be a combination of bio-
compatible materials, adaptable structures, precise propulsion con-
trollability, low toxicity, minimal potential immunogenic responses as
well as the controlled biodegradability inside the body.

We envision that a close collaboration between the researchers from
materials science, nanoengineering, robotics, biology, machine
learning, and clinicians would be able to solve these challenges and
expand the horizon of MNR devices for real-world applications.
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