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Traditional drug delivery systems opened the gate for tumor-targeted therapy,

but they generally took advantage of enhanced permeability and retention or

ligand-receptor mediated interaction, and thus suffered from limited

recognition range (<0.5 nm) and low targeting efficiency (0.7%, median).

Alternatively, micro/nanorobots (MNRs) may act as emerging “motile-

targeting” drug delivery platforms to deliver therapeutic payloads, thereby

making a giant step toward effective and safe cancer treatment due to their

autonomousmovement and navigation in biological media. This review focuses

on the most recent developments of MNRs in “motile-targeting” drug delivery.

After a brief introduction to traditional tumor-targeted drug delivery strategies

and variousMNRs, the representative applications of MNRs in “motile-targeting”

drug delivery are systematically streamlined in terms of the propelling

mechanisms. Following a discussion of the current challenges of each type

of MNR in biomedical applications, as well as future prospects, several

promising designs for MNRs that could benefit in “motile-targeting” drug

delivery are proposed. This work is expected to attract and motivate

researchers from different communities to advance the creation and

practical application of the “motile-targeting” drug delivery platforms.
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1 Introduction

Tumors, especially cancer, a disease that has plagued humans for centuries, are ranked as a

leading cause of death. It is estimated that 19.3 million new cancer cases and nearly

10.0 million cancer deaths occur worldwide every year (Sung et al., 2021). Surgery,

chemotherapy, and radiotherapy are the three main ways to treat cancer. Chemotherapy

is the most popular one, which uses powerful drugs to stop or slow the growth of cancer cells.

However, traditional cancer chemotherapy not only has side effects but also suffers from low

effectiveness as cancer can display adaptive evolution towards some therapeutic agents

(Ibragimova et al., 2017). As a result, researchers strive to find effective ways to directly

deliver chemotherapeutic agents to tumor sites by developing various passively and actively

targeted delivery systems based on nanorods (Ju et al., 2014), liposomes (Camp et al., 2013;

Senzer et al., 2013), polymeric micelles (Torchilin, 2002), dendrimers (Guo et al., 2012; Gao

OPEN ACCESS

EDITED BY

Tailin Xu,
Shenzhen University, China

REVIEWED BY

Zhongyu Jiang,
Health Science Centre, Peking
University, China
Zhaoyuan Lyu,
SanDiego State University, United States
Fernando Soto,
Stanford University, United States

*CORRESPONDENCE

Fangzhi Mou,
moufz@whut.edu.cn

†These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted to
Nanobiotechnology,
a section of the journal
Frontiers in Bioengineering and
Biotechnology

RECEIVED 24 July 2022
ACCEPTED 25 August 2022
PUBLISHED 16 September 2022

CITATION

ZhangD, Liu S, Guan J andMou F (2022),
“Motile-targeting” drug delivery
platforms based on micro/nanorobots
for tumor therapy.
Front. Bioeng. Biotechnol. 10:1002171.
doi: 10.3389/fbioe.2022.1002171

COPYRIGHT

© 2022 Zhang, Liu, Guan and Mou. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Review
PUBLISHED 16 September 2022
DOI 10.3389/fbioe.2022.1002171

https://www.frontiersin.org/articles/10.3389/fbioe.2022.1002171/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1002171/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1002171/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.1002171&domain=pdf&date_stamp=2022-09-16
mailto:moufz@whut.edu.cn
https://doi.org/10.3389/fbioe.2022.1002171
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.1002171


et al., 2015), nanotubes (Liu et al., 2008), self-assembling peptides

(Liu et al., 2007;WangW et al., 2019), and so on. Even though there

is a wide variety of drug delivery systems, the passive targeting drug

delivery system relying on enhanced permeability and retention

(EPR) often has severe side effects due to the low drug accumulation

near the targeting area. An active targeting delivery system that

mainly depends on ligand-receptor mediated interaction is limited

by the recognition range (<0.5 nm) (Bae and Park, 2011; Dehaini

et al., 2016). In addition, the targeted drug delivery may be hindered

by the abnormal and complex structure of the vasculature and

interstitial hypertension (Jain and Stylianopoulos, 2010). Despite

their inadequacy to cure cancer, the massive research on multiple

nanomaterials, fabricationmethods, and drug delivery processes has

paved the way for the new generation of drug carriers.

To achieve effective and precise cancer treatment, drug

carriers should be distributed at a reasonable time and space

near the target sites. Thus, the loaded drugs can be released and

taken in by the cells. Therefore, ideal drug carriers must comply

with the capabilities of avoiding obstacles, escaping from the

immune system, and displaying controllable motion. Emerging

Micro/nanorobots (MNRs, or micro/nanomotors,

microswimmers, active colloids) are potent machines in the

micro/nanoscale that can transform diverse energy forms into

mechanical movement. In general, they can be classified into

three types: chemically-powered MNRs, external-field-powered

MNRs, and biohybrid MNRs. They can move at a controlled

speed and direction by taking advantage of inherent chemotaxis,

external-field navigation, or precisely designed structures. And

they can cross many biological barriers, such as blood-tumor

barriers and dense extracellular matrixes (Lin et al., 2021).

Therefore, the MNRs can deliver force, energy, and cargoes to

target sites and perform various biomedical operations, including

photothermal therapy (Wu et al., 2014), bioimaging (Aziz et al.,

2020), photodynamic therapy (Gao et al., 2019), cartilage repair

(Go et al., 2020), detoxification (Zhu et al., 2015), microbiopsy

(Xi et al., 2013), and so on. TheMNRs are of increasing interest in

tumor therapy, as they can deliver therapeutic agents to specific

tumor sites with high precision in a “motile-targeting” manner

(in contrast to passive and active drug delivery of non-motile

carriers), thereby reducing the required dose of administrated

anti-tumor drugs and their systemic side effects and increasing

the treatment efficacy (Figure 1). For instance, it was found that

motile nanocarriers driven by magnetic fields could deliver

various hydrophobic drugs into the deep tumor tissue, and

showed improved tumor treatment efficacy by 20% in vivo

compared with ordinary passive nanocarriers (Zhu et al., 2021).

This review focuses on the state-of-the-art “motile-targeting”

drug delivery of MNRs. At first, traditional tumor-targeted drug

delivery strategies and MNRs with different propelling

mechanisms are briefly introduced. Then, representative

applications of MNRs in “motile-targeting” drug delivery are

systematically summarized. After that, current challenges and

future outlook toward in-vivo applications of each type of MNR

have been discussed, and several promising design strategies for

MNRs that may facilitate their “motile-targeting” drug delivery

have been proposed. This work is expected to attract and

motivate researchers from nanomedicine, MNRs, and other

fields to advance the creation and practical application of the

“motile-targeting” drug delivery platforms.

2 Targeting drug delivery systems for
tumor therapy

2.1 Passively targeted drug delivery
systems

Passively targeted drug delivery systems (PTDDSs) for

tumor therapy mainly relies on the EPR effect that largely

depends on the unique pathophysiological characteristics of

FIGURE 1
Schematic illustration of “motile-targeting” drug delivery of micro/nanorobots (MNRs).
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tumors and characteristics of nanomaterials, and the blood

circulation parameters (e.g., circulation time, phagocytosis,

etc.) (Alexis et al., 2010; Dai et al., 2016; Kumari et al., 2016).

Researchers develop a diversity of passive drug carriers

according to the physiological and nanomaterial factors

that affect the EPR effect to achieve the therapeutic effect.

In general, tumors possess the following four main

pathophysiological characteristics: 1) extensive

angiogenesis, 2) lymphatic drainage/recovery system, 3)

significantly increased production of permeability

mediators, 4) abnormal vasculature that has poorly aligned

endothelial cells, impaired functional receptors of angiotensin

II and impaired lymphatic system, and lacks smooth muscle

layer. Researchers take advantage of these unique tumor

features to improve the efficacy of the targeting drug

delivery systems (TDDSs). Besides, size, shape, surface

charge, and surface wettability play an essential role in

drug delivery (Dai et al., 2016).

So far, nanocarriers are classified into five types: lipid-

based nanoparticles (liposomes), polymer-based

nanoparticles and micelles, dendrimers, carbon-based

nanoparticles, and metallic and magnetic nanoparticles.

Liposomes are self-assembled, uni-lamellar, or multi-

lamellar spherical vesicles ranging in size from 20 to

1000 nm (Torchilin, 2005; Samad et al., 2007), which have

the following advantages: 1) encapsulate both hydrophilic and

hydrophobic therapeutic agents with high efficiency; 2)

protect the encapsulated drugs from the unfavorable effects

of external conditions; and 3) be functionalized to obtain

various benefits (e.g., ligand-mediated specific targeting,

formation of the desired composition, and prolongation of

circulation half-life) (Zhang et al., 2008). Polymeric micelles

are self-assembled, monolayer systems formed spontaneously

under suitable conditions, which can prevent the uptake of the

mononuclear phagocyte system as well as evade renal

excretion due to their hydrophilic corona and small size

(<100 nm), respectively (Sahoo and Labhasetwar, 2003;

Kumari et al., 2016). Dendrimers are polymeric molecules

with defined molecular weights, large numbers of functional

groups on the surface, and well-established host-guest

entrapment properties. They are composed of multiple

perfectly branched monomers that emanate radially from a

central core (Lee et al., 2005). Carbon-based nanocarriers,

such as carbon nanotubes (CNTs), can be considered tubes

rolled from layers of graphene sheets. One of its notable

advantages is that CNTs can easily penetrate all kinds of

cells, even hard-to-transfect cells (Kumari et al., 2016).

Metallic nanoparticles can be synthesized and modified

with various chemical functional groups that allow them to

be conjugated with antibodies, ligands, and drugs of interest.

Their value has been manifested in biomedical applications

such as magnetic separation, targeted drug delivery, and

diagnostic imaging. But on the other hand, their

biocompatibility and toxicity limit their utilization in vivo

(Mody et al., 2010). Magnetic particles have a promising

potential in targeting drug delivery, serving as imaging

contrast agents, and contaminated water treatment (Corot

et al., 2006; Punia et al., 2021).

Although PTDDSs have superiority over conventional

chemotherapeutic drugs, in terms of increased circulation time

in vivo, reduced uptake of endotheliocytes and phagocytes,

improved drug efficacy, and so on, they still have many

defects and face multiple challenges requiring further study to

overcome.

2.2 Active targeted drug delivery systems

Active targeted drug delivery systems (ATDDs) are based

on the interaction of attached high-affinity ligands and

cognate receptors, and the ligands can selectively bind to

receptors on the target cells. A variety of ligands have been

used in ATDDSs, such as the above-mentioned small

molecules (e.g., FA), macromolecules (e.g., peptides), and

so on (Wicki et al., 2015). Hence, they can also be regarded

as ligand-mediated targeting nanocarriers. ATDDSs can

reduce off-target effects and improve the bioavailability of

chemotherapeutic agents. More importantly, some advanced

active drug carriers can achieve environment-responsive drug

delivery or controllable drug delivery and transport

nanocarriers to the target sites when exposed to

endogenous (pH, hypoxia, etc.) and exogenous stimuli (e.g.,

ultrasound, light, heat, and magnetic field) (Dai et al., 2016).

The advantages mentioned above show that ATDDSs have

been extensively investigated and drawn much attention.

TDDSs based on nanomaterials are an emerging method for

cancer treatment. The properties of nanocarriers, including their

nanoscale sizes, high surface-to-volume ratios, favorable drug

release profiles, and targeted modifications, can enable them to

reach target tumor tissues better and release drugs in a stable,

controlled manner. However, the traditional targeted drug

delivery systems still confront some problems and challenges.

Firstly, nanocarriers may interact with biological fluid (e.g., blood

serum) or components (e.g., proteins) that exist in the bio-

environment, and their structures, sizes, surface properties,

and charges are unfavorably changed, significantly influencing

the function of nanomedicine. The second challenge is to

precisely evaluate nanocarriers’ toxicity because of many

variables that hinder the characterization, such as material,

size, shape, surface area, surface charge, porosity, and

hydrophobicity. The third difficulty is detecting their

distribution and location in real-time (Wicki et al., 2015).

Additionally, biostability, clearance rate of nanocarriers, and

tolerance of the body also stand in the way of their clinical

translation (Dai et al., 2016). More importantly, the developed

PTDDSs and ATDDSs have no self-propulsion capability and
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only show a low tumor targeting efficiency (0.7%, median)

because of their passive diffusion and short-range recognition

(<0.5 nm) targeting strategies.

3 Micro/nanorobots

Different from ordinary nanomaterials, MNRs can realize

self-propulsion by converting the surrounding energy into

mechanical motion, thus breaking the constraints of

irregular Brownian motion and low Reynolds number on the

movement of micro/nanoscale objects. The propulsive force

helps MNRs to traverse biological barriers such as the dense

extracellular matrix, blood-brain barrier, and blood-tumor

barrier in an autonomous manner (Joseph et al., 2017; Wang

et al., 2019; Zhang et al., 2021), rather than passively circulating

through blood flow. The tumor-targeted delivery capability of

MNRs can effectively improve drug bioavailability and reduce

the required drug dose to minimize side effects (Alapan et al.,

2020; Zhou et al., 2021). In the following part, we classify and

demonstrate the MNRs with different driving mechanisms

according to the power source.

FIGURE 2
Categories and representative examples of MNRs. (A) Chemically-powered MNRs. (A1) Bubble propulsion: tubular catalytic microrobot
propelled by O2-bubble ejection in an aqueous H2O2 solution. (Manjare et al., 2013) Copyright 2013. Reproduced with permission from American
Chemical Society. (A2) Self-diffusiophoresis: polymerization-poweredmicrorobot. (Pavlick et al., 2011) Copyright 2011. Reproducedwith permission
from John Wiley and Sons. (A3) Self-electrophoresis: Au‒Pt bimetallic nanorod propelled by a self-electrophoresis mechanism in an aqueous
H2O2 solution (Paxton et al., 2004). Copyright 2004. Reproduced with permission from American Chemical Society. (A4) Surface tension gradient:
autonomous motors powered by the rapid depolymerization reaction of poly (2-ethyl cyanoacrylate) (PECA). (Zhang et al., 2013) Copyright 2013.
Reproduced with permission from American Chemical Society. (B) External-field-powered MNRs. (B1) Magnetic field: magnetic field propelled
micromotor (Dreyfus et al., 2005). (B2) Ultrasound: metallic micro-rods propelled by ultrasound. (Wang et al., 2012) Copyright 2012. Reproduced
with permission from American Chemical Society. (B3) Light: an isotropic TiO2 microrobot powered by UV light. (Chen et al., 2017) Copyright 2017.
Reproduced with permission from John Wiley and Sons. (B4) Electric field: rod-like nanorobots powered by an electric field. (Calvo-Marzal et al.,
2010) Copyright 2010. Reproduced with permission from The Royal Society of Chemistry. (C) Biohybrid MNRs. (C1) Muscle cells: a muscle-cell-
driven hybrid microrobot (Williams et al., 2014) (C2) Bacteria: bacteria-driven microswimmers based on polyelectrolyte multilayer (PEM) magnetic
nanoparticles attached to an E. coli MG1655 bacterium. (Park et al., 2017) Copyright 2017. Reproduced with permission from American Chemical
Society. (C3) Sperms: sperm-hybrid microrobots for drug delivery in the female reproductive tract. (Xu et al., 2018) Copyright 2018. Reproducedwith
permission from American Chemical Society. (C4) Immune cells: nanoparticle-loaded neutrophil micromotors. (Shao et al., 2017) Copyright 2017.
Reproduced with permission from John Wiley and Sons.
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3.1 Chemically-powered micro/
nanorobots

Chemically-powered MNRs are those MNRs that can move

on their own by converting chemical energy into mechanical

driving forces (Luo et al., 2018). After decades of development,

there have been multiple choices of usable materials, geometries,

and surface modifications that can be applied to their designs,

which provide us with an abundant variety of existing MNRs.

The following paragraph will give a summary demonstration of

four major approaches used to achieve chemically-powered self-

propulsion (Figure 2A).

The bubble-propelledMNRs are propelled by the recoil effect

of the ejection of bubbles generated from the reaction between

the body material and the bio chemical fuel, which generally

consists of peroxide and bioactive fluids (Manjare et al., 2013).

Considering the notable high-speed feature of bubble-propelled

MNRs, researchers have put a lot of effort into applying them in

the biomedical field. Diffusiophoresis has two types: electrolyte

(ionic) and non-electrolyte (non-ionic) diffusiophoresis. The

self-diffusiophoretic MNRs can propel themselves by a self-

generated concentration gradient, which is mainly produced

by chemical reactions on the surface that consume reactants

and generate products (Pavlick et al., 2011; Zhang et al., 2013).

Unlike ordinary electrophoresis, self-electrophoresis-driven

MNRs usually do not directly respond to external electric

fields. Instead, they generate a local electric field through

chemical gradients and move in response to the self-generated

electric field caused by the asymmetric distribution of ions

(Paxton et al., 2004). The surface tension gradient can be

produced by accomplishing an asymmetric release of a

preformulated chemical from the MNRs and composing the

formulation of the solution media. The interfacial energy

gradient can easily cause a mass flow, which can efficiently

propel those micro/nano-sized objects, referred to as the

Marangoni effect (Zhang et al., 2013; Yang et al., 2020).

Many chemically-powered MNRs are based on the catalytic

reaction of H2O2. The biological toxicity of H2O2 significantly

limits the biomedical application of these MNRs. Hence,

researchers began to look for alternative fuels to power

MNRs. Among them, glucose, urea, water, and other existing

natural substances in the body have been widely studied. For

example, Mou et al. proposed employingMg-water andMg-body

fluid reactions to construct biocompatible bubble-propelled Mg-

based micromotors (Mou et al., 2013; Mou et al., 2014; Xiong

et al., 2020). Then, de Avila et al. further demonstrated that

Mg-based MNRs could operate in vivo (Esteban-Fernandez de

Avila et al., 2017). The surface of the motor was coated with a

poly (lactic-co-glycolic acid) (PLGA) layer and a chitosan layer

containing clarithromycin (CLR), which could exercise and treat

gastritis with gastric acid as fuel in the mouse model. Mg in the

micromotor can react with H+ in gastric juice to generate

hydrogen bubbles to propel the motor and increase the

pH value of gastric juice. The dissolution of the Mg core in

the motor leads to motor degradation and drug release. At the

same time, the chitosan coating with a positive charge can make

the motor adhere to the gastric wall and promote the effective

local release of drugs in PLGA. In addition, enzymatic MNRs can

employ bioavailable chemicals (e.g., glucose and urea) as

biocompatible fuels. As reported by Sanchez et al., urease-

loaded silica microbots can catalyze the decomposition of urea

into ammonia and carbon dioxide so that they can move

autonomously (Hortelao et al., 2018; Liu et al., 2022).

Furthermore, experimental results have proved that they can

function normally even in ionic media (phosphate buffer

solution, PBS), and are capable of loading a large amount of

anti-cancer drugs (Doxorubicin, DOX) and actively transporting

them toward cancer cells, which is very important for their

application in cancer treatment. Very recently, Mou and co-

workers found that ZnO-based micromotors can not only be

powered by an ultra-low level of CO2, but also show highly

efficient chemotaxis toward a CO2 source because of their high

sensitivity to CO2 dissolved in water (Mou et al., 2021). Thus,

they may be able to “seek out” specific cells or pathogen

microorganisms and execute targeted biomedical operations

by autonomously tracking the metabolic CO2 signals emitted

from them.

3.2 External-field-powered micro/
nanorobots

External-field-powered MNRs refer to fuel-free MNRs that

are actuated by light, ultrasound, electric field, or magnetic field.

Compared with chemically-powered MNRs, external-field-

powered MNRs have the advantages of better controllability, a

long lifetime, and less harmful undesired impact, so they have a

broader application prospect (Figure 2B).

Magnetic field-driven MNRs are mainly powered by

alternating magnetic fields (i.e., rotating, oscillating, and on-

off magnetic fields) (Peyer et al., 2012; Wang B et al., 2020; de la

Asuncion-Nadal et al., 2022). Generally, magnetic field-driven

MNRs are moving in two ways. First, MNRs can move in low

Reynolds number fluids by deforming their bodies in a non-

reciprocal way when applied to a rotating or oscillating magnetic

field. For example, helical microrobots can turn clockwise,

corresponding to the clockwise rotating magnetic field, and

transform the rotation around their helical axis into a

translational corkscrew motion (Yu et al., 2017). Second,

magnetic fields can propel MNRs by producing an

asymmetric force field in the vicinity, as MNRs experience

more significant hydrodynamic drag near the wall surface

than the side further away from it (Chen et al., 2019).

Ultrasound has drawn much attention as a biocompatible,

powerful energy source easily accessible in hospitals and

laboratories. Generally, the interdigital transducer and bulk
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acoustic wave devices can generate surface and ultrasonic

standing waves, respectively. When exposed to an ultrasound

field, the MNRs would experience acoustic radiation forces,

which consist of primary radiation force (PRF), the leading

force in the field of acoustic waves that is responsible for the

migration of MNRs, and secondary radiation force (SRF), the

weaker force than the axial PRF that is responsible for the

repulsion and attraction between MNRs (Xu et al., 2017).

Researchers have proposed three mechanisms of ultrasound-

based propulsion. The first one is the self-acoustophoresis

mechanism that applies to metallic nanowires, which claims

that the asymmetry of composition or shape of the nanorods

can cause random directional movement when under the

ultrasound field. The second mechanism can be demonstrated

via an example—Wang et al. developed a hollow conically shaped

microcannon loaded with nanobullets made of silica or

fluorescent nanospheres. Under ultrasound, the

perfluorocarbon emulsion on the inner surface of the

microcannon goes through instantaneous evaporation. It

results in the rapid ejection of nanobullets, which allows the

microcannon to travel at high speed (Wang et al., 2012). Such a

feature has the potential to be used in tissue penetrating. The last

one applies to MNRs trapped with air bubbles. The applied

ultrasound field can lead to the formation of acoustic streams and

propel them (Soto et al., 2016). In addition to using the

ultrasound field to propel MNRs, it has also been used to

control the motion of MNRs (such as bubble-propelled

microtubes) and induce swarming behaviors (Fernandez-

Medina et al., 2020).

As a green energy source, light demonstrates its merits in

actuating MNRs, controlling motion, conducting collective

behavior, etc. The autonomous motion of MNRs can be

achieved by three main approaches, which are light-induced

physical effects (e.g., photothermal effect, Marangoni effect,

and momentum transfer), light-induced chemical reactions,

and light-induced body deformation (Mourran et al., 2017;

Safdar et al., 2017; Xu et al., 2017). Hence, to generate motion,

light-driven MNRs are required to either produce a local non-

uniform gradient field or periodically perform body

deformation (Wang et al., 2012; Chen et al., 2017). The

non-uniform gradient field can be generated by either

applying the non-uniform light field or designing the

asymmetric structure (Wang et al., 2020). For example,

single or swarming isotropic TiO2 micromotors can be

propelled under UV irradiation utilizing the asymmetric

photocatalytic reactions and chemical gradients across their

illuminated and shadowed sides (Mou et al., 2019; Liang et al.,

2020; Che et al., 2022). As for motion caused by body

deformation, the motion is inspired by microorganisms in

nature [e.g., metachrony of ciliates, whole body deformation

of marine phytoplankton, rotation of Escherichia coli (E. coli),

etc.] and comes from the interaction of the photo-responsive

material with light, with little or no dependence on the

properties of surroundings (e.g., ionic strength of the

surrounding medium). There are a variety of motion modes

for this type of biomimetic morphing microswimmers based on

different geometric designs and applied light fields. For

instance, Palagi et al. have reported that a simple-shaped

cylindrical microrobot can generate traveling-wave body

deformation and propel opposite the wave direction under

structured monochromatic light with a periodic traveling

pattern (Palagi et al., 2016).

Electric fields can also be an energy source for MNRs, and

four standard methods exist to utilize them. The first way is to

apply the alternating current (AC) electric field to polarize the

metal-dielectric Janus microparticle differently, which further

leads to asymmetric electroosmotic flows that propel the

microparticle moving away from the metal side. The second

way takes advantage of the diode’s ability to rectify the AC

electric field into a direct current electric field, which further

induces electrokinetic flows and achieves self-actuation. The

third way is to use the electric field to cause chemical

reactions. The last method takes advantage of the Quincke

effect. An AC electric field can induce the electrokinetic effect

that allows dielectric micromotors to rotate and move to the

targeting site in the liquid medium of low conductivity (Chen

et al., 2019). Although electrically driven MNRs are more easily

manipulated by electric tweezers with high precision and

versatility, the bioapplications of electric field-propelled MNRs

may be limited due to their short locomotion range and the lack

of biocompatibility in high ionic bio-medium (Calvo-Marzal

et al., 2010; Wang and Gao, 2012; Wang et al., 2021).

3.3 Biohybrid micro/nanorobots

Biohybrid MNRs can be developed by merging non-living

systems with biological components at various scales of

molecules, cells, organisms, and tissues, to obtain desirable

functions that integrate the advantageous features of living

biological materials (e.g., high energy efficiency, high power-

to-weight ratio, ample energy storage, environmental

biocompatibility, self-repair, and self-assembly) and non-living

systems (e.g., high accuracy, high strength, favorable

repeatability, and controllability) (Williams et al., 2014; Park

et al., 2017; Shao et al., 2017; Xu et al., 2018; Zhang et al., 2018;

Gao et al., 2021) (Figure 2C). To develop biohybrid MNRs that

can display biomimetic behavior and execute on-demand tasks,

proper structure design, functional modification (e.g., ligands,

antibodies), and employment of powerful actuators (e.g., living

cells, organisms) are requisite. For instance, Xu and coworkers

developed a cellular engine, “muscular fin,” utilizing NIR light

irradiation (Xu B et al., 2019). Another interesting study was

carried out by Sun and coworkers. They presented the

cardiomyocyte-driven soft robots composed of claws similar

to snakeskin, a parallel CNT-assisted myocardial tissue layer,
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and a structural color indicator layer. The orientation-inducing

and electrical properties of the parallel-aligned-CNT layer

facilitate the regular beating ability and contraction

performance of cardiomyocytes; the asymmetric claws can

assist soft robots in accomplishing directional movement by

acting as supporting points to provide the necessary friction;

the structural color-indicator layer can be used for monitoring

the motion state. Regarding the advantages mentioned above, the

biohybrid MNRs can be integrated with a microfluidic system to

evaluate drug screening (Wan et al., 2019). Other notable

research about biohybrid MNRs has also been conducted

recently (Aydin et al., 2019; Hasebe et al., 2019; Li et al., 2019;

Yamatsuta et al., 2019).

Despite the tremendous progress of synthetic MNRs, many

challenges still hinder the medical application of these MNRs.

Biological hybrid drug delivery platforms stand out with the

potential to become the ideal drug delivery candidate in future

medical applications. Because of their high physiological

adaptability and functional immunosuppression, engineered

biological motile organisms or cells have demonstrated

exceptional abilities to protect loaded drugs or prevent them

from causing severe side effects on normal cells or tissues by

encapsulating drugs inside them. Moreover, their high

biocompatibility and cell affinity facilitate increasing the drug

uptake rate of lesions. In addition, they can respond to both

exogenous (i.e., nutrients, oxygen, and pH) and endogenous

(light, ultrasound, magnetic fields, and electric fields) stimuli

to achieve targeted delivery or drug release.

Organisms in nature have evolved into multiple efficient

actuating systems (Sun et al., 2020) that can flexibly self-propel

and adapt to the changing environment within a specific range.

For instance, bacteria can ingest nutrients in the environment

and convert them into energy to propel themselves. Within a

certain range, bacteria can conduct the corresponding

adjustments according to environmental change to better

adapt to the environment and facilitate their survival. The

combination of chemotaxis and external field guidance can

accurately lead them to the targeting sites and release drugs.

Researchers have combined one or more bacterial strains with

magnetic microparticles or nanoparticles. When exposed to an

external magnetic field, these magnetic particles will be displaced

in the direction of the magnetic field. Subsequently, the bacteria

will also move accordingly in the direction of the magnetic field.

In 2017, Sitti and colleagues attached E. coli to microparticles

composed of the DOX and a layer of tiny magnetic nanoparticles.

The researchers placed cancer cells in a Petri dish and discovered

through research that they could remotely control the movement

of these drug-carrying bacterial robots with magnets. This

solution can improve the targeting of drugs to tumor cells

compared with the method of only adding drug microparticles

to tumor cells (Park et al., 2017).

As for sperm-based biohybrid MNRs, their excellent

biological characteristics are crucial for medical application.

Sperms can provide MNRs with strong driving forces to move

through viscous biofluids as well as enough space to load

therapeutic drugs or imaging agents. Secondly, apart from

several substances on the membrane that can protect loaded

drugs from clearance by immunosuppression. Their unique

acrosome structure was confirmed to induce cell fusion

between sperm and somatic cells, which is beneficial for the

drug uptake of target cells. For example, as shown in Figure 2C,

the drug-loaded sperm is coupled to the magnetic tetrapod-like

microtube. It can be steered to the targeting sites under the

guidance of the magnetic field. When this microrobot hits the

tumor spheroid, the sperm squeezes through the cancer cell and

fuses with the cell membrane, resulting in drug release into the

target cell (Xu et al., 2018). These sperm-biohybrid MNRs media

are promising to be applied for drug delivery of cancer treatment

or other diseases in the reproductive system.

In recent years, biohybrid MNRs have received much

attention and exhibited remarkable experimental results

in vitro and in animal models. However, there remain many

challenges to be overcome. The way to maintain viability and

stability in a complex bio-environment and the approach to

prolonging their lives are essential for their medical application.

4 Motile drug delivery by micro/
nanorobots

Existing TDDSs mainly include passive targeting based on

the EPR effect and active targeting based on molecular

recognition (identification distance <0.5 nm). One of the

biggest problems is drug delivery efficiency: 0.7% (median) of

the administered nanoparticle dose is found to be delivered to a

solid tumor (Wilhelm et al., 2016). Rapid blood flow, the

mononuclear phagocyte system, and renal clearance are

obstacles to tumor therapy. Moreover, the complex tumor

environment hinders many targeted drug delivery systems,

such as high interstitial fluid pressure that hampers tumor

tissue penetration; hypoxia conditions that may limit some

therapeutic agents; dense extracellular matrix; and abnormal

tumor vasculature (Li et al., 2020). The challenges mentioned

above make it very difficult to achieve effective treatment

outcomes. Developing “motile-targeting” drug delivery

platforms based on MNRs is essential to improve anti-tumor

efficiency and reduce toxic and side effects, and is also a hot spot

in tumor therapy research. Generally, the motile microcarriers

based on microrobots exhibit a strong driving force, high

directionality, and high drug-loading capacity, and thus they

are expected to deliver and manipulate heavy cargoes (e.g., cells

and drug capsules) in complex bio-environments. As the size of

MNRs decreases to the nanoscale range, they may suffer from

random superdiffusive motions in bio-media because the

stochastic Brownian effect gradually dominates the motion

dynamics, but show unique advantages in overcoming cellular
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barriers and internalization into cells when executing drug

delivery. Therefore, both the motile micro- and nanocarriers

based on MNRs are promising candidates to perform “motile-

targeting” drug delivery.

To load drugs in MNRs, three key strategies are usually

adopted, including post-loading, co-loading, and pre-loading. An

appropriate drug loading method could be selected according to

the specific properties of a particular nanocarrier (material,

structure, surface properties, etc.). The post-loading strategy

usually refers to the drug loading of the pre-synthesized

porous nanocarriers by mixing with drug solutions, enabling

the drugs to be loaded onto the nanocarriers through various

mechanisms such as adsorption, electrostatic interactions,

entrapment, and hydrophobic forces. The co-loading method

TABLE 1 Chemically-powered MNRs for motile-targeting drug delivery.

Energy
sources

Composition Environment Motion behavior Loaded cargo/
therapeutic
drugs

Biomedical
application

Ref.

H2O2 CNTDOX-Fe3O4-Tf/
COX-Fe3O4-mAb
nanobots

In vitro PBS: 0.338 mm/s, DMEM:
0.831 mm/s, blood serum:
1.011 mm/s (0.5% H2O2)

DOX hydrochloride Chemotherapy for
tumor

Andhari et al. (2020)

Dual-drive hybrid
micromotors (PS@
Fe3O4@Pt-PS)

In vitro ≈12.5 μm/s (10% H2O2) N.A. Drug delivery in future Chen et al. (2020)

Graphene/FeOx-MnO2

micromotors
In vitro Average speed 89 ± 59 μm/s

(0.03% H2O2)
N.A. N.A. Ye et al. (2018)

PEG-PS polymersome-
based Janus nanomotors

In vitro N.A. Fluorescein sodium
salt (model drug)

Drug delivery Peng et al. (2018)

Water PACT-guided
microrobotic system

In vitro, In vivo < 1 mm/min DOX Drug delivery Wu Z et al. (2019)

Qβ VLPs-loaded Mg-
based micromotors

In vitro, In vivo Average speed in
intraperitoneal (IP) fluid
≈60 μm/s

Qβ VLPs Cancer
immunotherapy
(ovarian cancer)

Wang Cet al., (2020)

Mg-Fe3O4-based
Magneto-fluorescent
nanorobots

In vitro 0.393 ± 0.07 mm/s in serum
with 1.0 M NaHCO3

N.A. Capture and isolate
tumor cells

Wavhale et al. (2021)

L-arginine NO-driven nanomotors In vitro HLA10: 3 μm/s, HLA15:
8 μm/s, HLA20:13 μm/s

NO, HPAM,
L-citrulline

Various diseases (e.g.,
tumor)

Wan et al. (2019)

Native acid Calcium carbonate
micromotors

In vitro 0.544 μm/s N.A. Drug delivery for
cancer treatment

Guix et al. (2016)

Micromotor toxoids In vitro, In vivo ~200 μm/s Antigen Gastrointestinal drug
delivery

Karshalev et al.
(2019)

Macrophage-Magnesium
biohybrid micromotors

In vitro Average speed ≈127.3 μm/s N.A. Endotoxin
neutralization

Zhang et al. (2019)

Poly (aspartic acid)/
iron−zinc microrockets

In vitro, In vivo ≈29.2 ± 7.9 μm/s (gastric
acid simulant)

DOX Chemotherapy (gastric
cancer)

Zhou et al. (2019)

Collagen
(collagenase)

Collagenase-powered
MF-NPs coated
microswimmers

In vitro ≈22 μm/s (collagen solution) Multifunctional
nanoparticles

Potential for Cargo
delivery

Ramos-Docampo
et al. (2019)

H2O2

(catalase)
Ultrasmall stomatocyte
polymersomes

In vitro From 13.69 ± 1.11 to 20.52 ±
0.35 μm/s (2–20 mM H2O2)

N.A. Potential for cargo
delivery

Sun et al. (2019)

Glucose
(GOx)

Dual enzyme-
functionalized core-shell
nanomotors

In vitro N.A. Photosensitizer,
upconversion
nanoparticles

Synergetic
photodynamic and
starvation therapy

You et al. (2019)

Urea (urease) enzyme-powered Janus
platelet micromotors

In vitro ≈7 μm/s (200 mM urea
concentration)

DOX Various disease (e.g.,
breast cancer)

Tang et al. (2020)

Multilayer-urea -based
Janus Au/MMPs

In vitro 21.5 ± 0.8 μm/s
(physiological urea
concentrations (10 mM))

N.A. Potential for drug
delivery

Luo et al. (2020)

Urease-powered silica
NPs based nanomotors

In vitro N.A. N.A. Targeted bladder
cancer therapy

Hortelao et al. (2018)

Enzyme-powered gated
mesoporous silica
nanomotors

In vitro N.A. DOX, [Ru (bpy)3]Cl2
(bpy = 2,2′-
bipyridine)

Intracellular Payload
Delivery

Llopis-Lorente et al.
(2019b)
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FIGURE 3
Motile drug delivery by peroxide-powered MNRs. (A) Poly (ethylene glycol)-b-polystyrene (PEG-PS) polymersome-based Janus nanomotors.
(Peng et al., 2018) Copyright 2018. Reproduced with permission from John Wiley and Sons. (B) Dual-drive hybrid micromotors (PS@Fe3O4@Pt-PS).
(Chen et al., 2020) Copyright 2020. Reproduced with permission from Elsevier Inc. (C)Multi-component magnetic nanobot designed by chemically
conjugating magnetic Fe3O4 nanoparticles (NPs), anti-epithelial cell adhesion molecule antibody (anti-EpCAM mAb) to multiwalled carbon
nanotubes (CNT) loaded with DOX. (Andhari et al., 2020) Copyright 2020. The Authors, some rights reserved; exclusive licensee Springer Nature.
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usually involves coupling drugs with polymers or

macromolecules, and then the drug conjugates self-assemble

to form drug-loaded nanocarriers. The pre-loading strategy

first forms drug nanoparticles and coats them with a layer of

other materials to form nanocarriers with drug core and

protective shell structures. After loading drugs, MNRs can

move towards the targeting sites and then realize targeted

drug release under the guidance of endogenous

(i.e., chemotaxis) or exogenous stimuli (i.e., electric field,

magnetic field, ultrasound, or light) (Medina-Sanchez et al.,

2018; Soto et al., 2020) (Figure 1).

4.1 Chemically-powered micro/
nanorobots

Due to the autonomous motions and possible intelligent

chemotaxis, chemically-powered MNRs have been widely

explored for active drug delivery in tumor therapy and have

made significant progress in the past few years. The

representative examples are summarized in Table 1.

4.1.1 Peroxide-powered micro/nanorobots
Peroxide-based MNRs have been extensively studied and

have made significant progress in revealing the propelling

mechanisms, motion behaviors, and cargo delivery processes

since the beginning of MNR research. Peng and coworkers

proposed a polymersome nanomotor-based strategy to

enhance ERP in drug delivery (Peng et al., 2018). The

straightforward fabrication process is as follows: The

amphiphilic di-block copolymer poly (ethylene glycol)-b-

polystyrene (PEG-b-PS) self-assembles into tunable-size

vesicles, which are then loaded with the hydrophilic model

cargo fluorescein sodium salt, and the catalytic platinum cap

is partially deposited on the surface of the polymersome via

electron beam evaporation (Figure 3A). The nanomotor is based

on the bubble-propelled mechanism and can be triggered under

ultrasound stimuli to release the encapsulated model cargo. In a

tumor vasculature model, these cargo-loaded polymersome

nanomotors demonstrated enhanced penetration across the

endothelium. Besides, Chen and coworkers developed a simple

method to prepare dual-drive hybrid micromotors for drug

delivery (Chen et al., 2020) (Figure 3B). They use magnetic

polystyrene particles (MPS) to synthesize snowman-shaped

particles (PS@Fe3O4-PS) by swelling them in a suitable

solvent and then introducing platinum on the surface of the

Fe3O4 components by selective surface modification. Thus, such

hybrid MNRs can be powered by both chemical reactions

(platinum-catalyzed decomposition of H2O2) in the presence

of H2O2 and an external magnetic field (a magnetic gradient field

exerts force through Fe3O4). Andhari et al. fabricated multi-

component magnetic nanorobots by chemically conjugating

magnetic Fe3O4 nanoparticles with anti-epithelial cell

adhesion molecule antibody (anti-EpCAM mAb) to

multiwalled CNTs loaded with an anticancer drug (i.e., DOX)

(Figure 3C) (Andhari et al., 2020). The nanorobots are propelled

by the O2 bubbles generated by the Fe3O4 nanoparticle-catalyzed

decomposition of H2O2 and can be steered by the external

magnetic field. The average propulsion speed of the CNT-

DOX-Fe3O4-Tf nanobot during its upward movement velocity

in PBS, DMEM, and the blood serum was 0.338, 0.831, and

1.011 mm/s, respectively, in 0.5% H2O2. In addition, the

nanobots preferably release DOX in the intracellular

lysosomal compartment of human colorectal carcinoma

(HCT116) cells by opening the Fe3O4 nanoparticle gate.

Further, nanobots reduce ex vivo HCT116 tumor spheroids

more efficiently than free DOX.

Peroxide-basedMNRs can generate sufficient driving force to

propel themselves in different media (i.e., diluted hydrogen

peroxide solution, PBS, blood serum, etc.) and realize

controlled cargo delivery. Nonetheless, hydrogen peroxide is a

toxic fuel for the human body, and further effort is needed to

explore its biocompatible counterparts.

4.1.2 Biocompatible fuel-powered micro/
nanorobots

Most of the reported chemically-driven MNRs are unsuitable

for biomedical use as they rely on fuels that are incompatible with

living organisms (e.g., H2O2) for chemical propulsion. Hence,

there is a great need to develop MNRs driven by biocompatible

fuels that can be better used for different biomedical applications.

Biofluids, including blood, urine, gastric juice, pancreatic juice,

breast milk, etc., may be reactive with active metals (e.g., Mg, Zn,

and Fe), oxides (e.g., ZnO), or carbonates (e.g., CaCO3).

Motivated by this, biofluid-powered MNRs have been

developed recently.

Early in 2013, Mou et al. found that Mg-based micromotors

could directly use water and blood plasma as fuels to realize

efficient bubble-propelled self-propulsion (Mou et al., 2013; Mou

et al., 2014). Inspired by this phenomenon, various biomedical

Mg-based microrobots have been developed. For instance, Zhang

et al. reported that live cells could be integrated with synthetic

components to endow MNRs with remarkable capabilities for

biomedical applications (Zhang et al., 2019). The macrophage-

magnesium micromotors are fabricated by coating Mg

microparticles with titanium dioxide (TiO2) and a poly

(l-lysine) (PLL) layer and attaching the macrophage to the

outer PLL coating via electrostatic interactions (Figure 4A).

Cell membrane staining and toxin neutralization studies

confirm that the macrophages maintain their viability and

functionality (e.g., endotoxin neutralization) after binding to

the Mg micromotors. Additionally, they can move in

simulated gastric acid at an average speed of 127.3 μm/s and

neutralize nearly 66% of endotoxin in 10 min. Immunotherapy is

emerging as an attractive strategy for cancer treatment, and

ovarian cancer is an ideal target for immunotherapies because
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these tumors are generally immunogenic, providing tumor-

associated antigens. Considering bacteriophage virus-like

nanoparticles (QβVLPs) are an attractive tool for stimulating

immune responses, Wang et al. developed biocompatible and

biodegradable QβVLPs-loaded Mg-based micromotors to treat

ovarian cancer (Wang et al., 2020) (Figure 4B). The Qβ-motors

are tested in vitro (mouse intraperitoneal fluid) to have an

average speed of ~60 μm/s. Besides, they demonstrated that

Q-motors actively deliver intact immunostimulatory QβVLPs,
greatly enhancing the distribution and retention time of the

QβVLP payload in the tumor microenvironment, leading to

tumor growth suppression in the peritoneal cavity. Wavhale

and his team reported an innovative approach to performing

tumor treatment using Mg-based microrobots with surface

modification [anti-EpCAM antibody/transferrin, cyanine

5 NHS (Cy5) dye, fourth generation (G4) dendrimers, and

glutathione] by chemical conjugation (Wavhale et al., 2021).

The Mg-based Janus microrobots can perform autonomous

motion in PBS, DMEM, or serum with speeds of 0.815 ±

0.086 mm/s, 0.707 ± 0.06 mm/s, and 0.393 ± 0.07 mm/s,

respectively, and can realize tumor cell capture (Figure 4C).

With real-time imaging technology and precise magnetic

guidance, we can envision that captured tumor cells can be

transported outside the human body.

Gastric cancer is common and frequently causes cancer-

related death. Significantly advanced gastric cancer with serosal

invasion is usually undetectable. Nevertheless, researchers have

shown that delivering anti-cancer drugs via MNRs is a feasible

FIGURE 4
Motile drug delivery by biocompatible fuel-powered MNRs. (A)Macrophage-magnesium biohybrid micromotor. (Zhang et al., 2019) Copyright
2019. Reproduced with permission from John Wiley and Sons. (B) Bacteriophage virus-like nanoparticles (QβVLPs)-loaded Mg-based micromotors.
(Wang C et al., 2020) Copyright 2020. Reproduced with permission from John Wiley and Sons. (C) Mg-Fe3O4-based Magneto-fluorescent
nanorobot. (Wavhale et al., 2021) Copyright 2021. The Authors, some rights reserved; exclusive licensee Springer Nature. (D) Poly (aspartic acid)/
iron-zinc microrockets. (Zhou et al., 2019) Copyright 2019. Reproduced with permission from American Chemical Society. (E) Calcium carbonate
micromotors. (Guix et al., 2016) Copyright 2016. The Authors, some rights reserved; exclusive licensee Springer Nature. (F) NO-driven nanomotors.
(Wan et al., 2019) Copyright 2019. Reproduced with permission from Springer Nature.
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way to safely treat gastric cancer (Nakamura et al., 2005). Zhou

et al. (2019) for example, created poly (amino acid)-based

microrockets that can be propelled by gastric acid and

navigated by a magnetic field (Figure 4D). All the materials

used for constructing microrockets [i.e., poly (aspartic acid), Zn,

Fe] can be decomposed by gastric acid or protease in the digestive

tract (Thombre and Sarwade, 2005). Furthermore, various side-

chain functional groups (e.g., carboxyl, sulfhydryl, hydroxyl,

amino) on the poly (amino acid)s can be modified, allowing

PASP/Fe-Zn microrockets to serve as microcarriers via multiple

intermolecular interactions for a variety of bioapplications. The

motion speed of the real-time magnetically guided PASP/Fe−Zn

microrockets in the gastric acid simulant is measured as 29.2 ±

7.9 μm/s.

Besides active metals, carbonate can also be used to design

MNRs powered by biological media. Guix et al. (2016) have

demonstrated the feasibility of using biocompatible calcium

carbonate Janus motors moving without any surfactants and

external fuel additions but with the presence of fuel created in situ

by HeLa cells (Figure 4E). Calcium carbonate micromotors are

synthesized under sonication mixing conditions and

conveniently dispersed onto glass substrates to deposit a

0.8 nm cobalt layer. These Janus motors show a continuous

and directional motion with a speed of 0.544 μm/s in the Petri

dish with harbored HeLa cells (pH ≈ 6.5).

Inspired by endogenous biochemical reactions in the human

body involving the conversion of amino acid L-arginine to nitric

oxide by NO synthase or reactive oxygen species (ROS), Wan

et al. have reported a nanomotor made of hyperbranched

polyamide/L-arginine (HLA) (Wan et al., 2019). L-arginine

not only provides fuel for the production of NO that

generates driving force but also provides beneficial effects,

including promoting endothelialization and anticancer effects,

along with other valuable by-products like L-citrulline that can

improve immune system function, maintain joint function,

balance normal blood sugar levels, and contain rich

antioxidants that absorb harmful free radicals (Figure 4F)

(Lutgens et al., 2003; Fan et al., 2017). Furthermore, the self-

imaging of the nanomotors in the cellular condition is realized

with the help of the suitable fluorescent property of HPAM,

providing the possibility of tracking the devices in vivo in the

future. The speed was measured in vitro and proved to increase

with the concentration of the L-arginine during the synthesis

process (HLA10, HLA15, and HLA20 ≈ 3, 8, and 13 μm/s). Taking

account of the over-expression of FA receptors on cancer cells,

they adopt an FA-mediated targeting delivery strategy and

produce HFLA10 nanoparticles (heparin/FA/L-arginine).

Co-culturing HLA10 and HFLA10 with MCF-7 cells

demonstrated an enhanced cellular uptake by FA-

modification. Their work presents a zero-waste, self-destroyed,

and self-imaging nanomotor with the potential biological

application for the treatment of various diseases in different

tissues, including blood vessels and tumors.

Owing to the biocompatibility and self-propelling ability,

researchers confirmed the feasibility of applying biocompatible

fuel-powered MNRs to drug delivery and detoxification under

different circumstances (i.e., cell culture, biofluids, and living

mice) in many preclinical experiments. Although biocompatible

fuels may reduce the undesirable effects in the physiological

environment compared to toxic fuels, the accumulation of their

associated waste products may exert an undesired effect on

healthy tissues. Attempts have been made toward

biocompatible fuel-powered MNRs that will not produce

harmful waste, such as the above-mentioned human leukocyte

antigen (HLA) nanomotor. Furthermore, various biocompatible

fuels may provide MNRs with a powerful driving force, and thus

more effort needs to be put into exploration.

4.1.3 Enzyme-powered micro/nanorobots
Enzyme-powered MNRs rely on biocatalytic reactions of

widely available biocompatible fuel substrates. Therefore, they

can also be powered by biocompatible bioavailable fuels, such as

urease, glucose, and lipase, and are considered to be promising

drug-delivery platforms for tumor therapy.

Platelets play an essential role in the human body and can

target particular objectives (e.g., cancer cells, bacteria) via

their receptors expressed on the surface (Menter et al., 2014;

Garraud, 2015). Integrating platelets and synthetic materials

to produce cell-based MNRs is a novel attempt. Therefore,

Tang et al. (2020) presented an endogenous enzyme-powered

Janus platelet micromotor (JPL-motor) system prepared by

immobilizing urease asymmetrically onto the surface of

natural platelet cells (Figure 5A). The JPL-motor inherits

the bio-functionalities of the platelets, such as practical

targeting ability towards cancer cells and bacteria. The

Janus distribution of urease over the platelet surface results

in the asymmetric biocatalytic decomposition of urea into

ammonia and carbon dioxide. Subsequently, a concentration

gradient and active directional flow of reaction products

around JPL-motors are generated, which drives the JPL-

motor to undergo self-diffusiophoretic propulsion. They

demonstrated that the JPL-motor could achieve self-

propulsion in the presence of urease, specifically target

cancer cells and bacteria, and improve the anti-cancer and

bacteria efficacy.

To solve the problem of the weak driving force that limits the

biomedical application of enzyme-powered MNRs, Luo and

coworkers developed an approach to significantly enhance the

propulsion of enzyme-powered micromotors by the multilayered

assembly of enzymes (Luo et al., 2020) (Figure 5B). The urease-

powered micromotors consist of multilayered ureases

asymmetrically immobilized on biotinylated Janus Au/

magnetic microparticles through the assembly of biotinylated

ureases using streptavidins as cross-linkers. The magnetic

microparticles enable fast magnetic separation and the

guidance of the external magnetic field. They showed that
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micromotors could be self-propelled with an average speed up to

about 21.5 ± 0.8 μm/s at physiological urea concentrations

(10 mM). Their notable work makes it a step further toward

the drug delivery application of enzyme-powered MNRs.

Llopis-Lorente and coworkers reported enzyme-powered

gated mesoporous silica nanomotors for on-command

intracellular payload delivery (Figure 5C) (Llopis-Lorente

et al., 2019b). The nanomotors are made up of mesoporous

silica nanoparticles that have been functionalized with

benzimidazole groups, loaded with a dye {e.g., [Ru (bpy)3]

Cl2} or a model drug (e.g., DOX), and capped with

cyclodextrin-modified urease (CD-U) through the

formation of inclusion complexes between CD-U and the

benzimidazole. Cargo release is triggered when nanomotors

enter a low pH environment (e.g., tumor tissue) as

protonation of benzimidazole groups and dethreading of

the supramolecular ensemble. In contrast, at physiological

pH, the supramolecular benzimidazole:CD-U nanovalve can

act as a bulky stopper and prevents cargo release.

Furthermore, due to the acidity of lysosomal

FIGURE 5
Motile drug delivery by enzyme-powered MNRs. (A) Enzyme-powered Janus platelet micromotor. (Tang et al., 2020) Copyright 2020.
Reproduced with permission from American Association for the Advancement of Science. (B) Multilayer-urea-based Janus Au/magnetic
microparticles. (Luo et al., 2020) Copyright 2020. Reproduced with permission from American Chemical Society. (C) Enzyme-powered gated
mesoporous silica nanomotors. (Llopis-Lorente et al., 2019b) Copyright 2019. Reproduced with permission from American Chemical Society.
(D) Enzyme-powered Janus Au-mesoporous silica nanoparticles. (Llopis-Lorente et al., 2019a) Copyright 2019. Reproduced with permission from
The Royal Society of Chemistry.
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TABLE 2 External-field-powered MNRs for motile-targeting drug delivery.

Energy
sources

Representative examples Environment Motion behavior Loaded cargo/therapeutic
drugs

Biomedical application Ref.

Light NIR Pt NPs modified polymer multilayer micromotors In vitro Maximum speed
≈62 μm/s

N.A. Photothermal therapy Wu et al. (2014)

MPCM@JMSNMs In vitro 0.9 μm/s ~ 5.98 μm/s Propidium iodide Drug delivery for cancer Xuan et al. (2018)

Membrane-cloaked Janus polymeric motors In vitro 2.33 μm/s ~ 19.8 μm/s Heparin Drug delivery and Photothermal therapy for
thrombus

Shao et al. (2018)

Photothermally-driven polymersome
nanomotors

In vitro ≈1.9 μm/s ~ 6.2 μm/s Propidium iodide Intracellular Drug delivery Shao et al. (2020)

Platelet-derived porous nanomotors In vitro Maximum speed
≈4.5 μm/s

Urokinase Thrombus therapy Wan et al. (2020)

In vivo Heparin

Janus calcium carbonate particle micromotors In vitro 2.9 μm/s ~ 7.3 μm/s DOX Drug delivery Zhou et al. (2021)

X-ray Half-copper-coated silica (Cu/SiO2) Janus
microparticles

In vitro Maximum speed
≈1.2 μm/s

N.A. Potential for enhancing diagnosis and
radiotherapy

Xu Z et al. (2019)

UV Photoelectrochemical TiO2-Au-nanowire-based
motors

In vitro Speed of 5.6 ± 1.5 μm/s N.A. Ocular disease (neural RGC stimulation) Chen et al. (2021)

Ultrasound Asparaginase-modified nanowire motors In vitro 5 μm/s ~ 60 μm/s Asparaginase Cancer cells inhibition Uygun et al. (2017)

Cas9-sgRNA@AuNW motors In vitro ≈22 μm/s Cas9-sgRNA Complex Drug delivery (e.g., gene therapy) Hansen-Bruhn et al.
(2018)

Liquid metal nanomachines In vitro 4.6 μm, 420 kHz,
47.4 μm/s

N.A. Photothermal therapy for cancer Wang et al. (2018)

AuNS functionalized polymer multilayer tubular
nanoswimmers

In vitro 5 μm/s ~ 80 μm/s N.A. Potential for various biomedical applications
(e.g., gene delivery)

Wang Q et al. (2019)

RBCM-micromotors In vitro Maximum speed
≈56.5 μm/s

Oxygen and ICG Photodynamic cancer therapy Gao et al. (2019)

Magnetic field Multifunctional nanorobot systems (MF-NRS) In vitro 4.5 ± 2.2–10.37 ±
5.3 mm/s

DOX Chemo-phototherapy for cancer Jin et al. (2019)

In vivo

HADMSC-based medical microrobots In vitro N.A. Mesenchymal stem cell Cartilage repair Go et al. (2020)

In vivo

Bilayer hydrogel sheet-type intraocular
microrobots

In vitro N.A. DOX Ocular disease (e.g., retinoblastoma) Kim et al. (2020)

Leukocyte-inspired mult-ifunctional microrollers In vitro 600 μm/s DOX Various diseases (e.g., cancer) Alapan et al. (2020)

Photosynthetic bohybrid nanoswimmers In vitro Maximum speed
≈78.3 μm/s

Chlorophyll Cancer treatment Zhong et al. (2020)

In vivo

Sequential magneto-actuated and optics-triggered
biomicrorobots

In vitro Average speed: 13.3 ±
4.5 μm/s

ICG nanoparticles Various disease (e.g., cancer) Xing et al. (2021)

In vivo

ICG/R837 loading and DPA-PEG coating
magnetic nanoparticles

In vivo N.A. ICG and immune-ostimulator
R837 hydrochloride

Photothermal/immunotherapy for cancer Zhang et al. (2020)

(Continued on following page)
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compartments, their studies with HeLa cells show that the

presence of urea increases nanoparticle internalization and

intracellular release of both [Ru (bpy)3]Cl2 and DOX

(Figure 5D).

Most enzyme-powered MNRs take advantage of bio-friendly

fuels, such as urea, glucose, and lipid. Functional enzyme-

powered MNRs can respond to the environment or external

signals to realize enhanced drug delivery and controlled drug

release. Hence, multiple experiments have been carried out

in vitro or ex vivo and have verified their ability to treat the

tumor. Moreover, researchers have also successfully prolonged

their lifetime by introducing bio-compatible components or

surface functionalization. Despite the considerable progress,

the enzyme-powered MNRs still have some important

limitations, such as weak driving forces, high cost, difficult

preservation, and deficient stability. Nanozyme is a series of

artificial nanomaterials that can simulate biological enzyme

activity. Compared with natural enzymes, nanozymes can

achieve low-cost and large-scale production and maintain

stability in non-physiological environments for a long time

(Wang et al., 2022). Therefore, it can be used as an alternative

to power MNRs (Mujtaba et al., 2021).

It is worth noting that even state-of-the-art chemically-

powered MNRs, whether made of polymers, metals, oxides, or

enzymes, are seldom applicable for operations involving blood

flow and the intracellular environment, as they have some

inherent limitations. Chemically-powered MNRs are typically

very weak (velocities on the order of tens of lengths per second or

less) under biologically relevant conditions and are difficult to

control (speed, directionality, etc.). Nonetheless, researchers will

continue to find ways to facilitate their chemical propulsion in

biological fluids and target the tumor site for efficient anti-tumor

treatments.

4.2 Motile drug delivery by external-field-
powered micro/nanorobots

Those MNRs powered by external physical fields (such as

ultrasound, magnetic, and light fields) do not require chemical

fuels like chemically-propelled MNRs, and also show many

additional advantages like easy actuation, precise control, and

strong propulsion. Thus, they are widely employed to perform

drug delivery tasks. The representative examples are summarized

in Table 2.

4.2.1 Ultrasound-powered micro/nanorobots
Due to their biocompatibility, low-power ultrasonic waves

have been widely used in clinical applications, so the research of

nanomotors using ultrasound as propulsion has received

considerable attention. Ultrasound-powered MNRs require no

fuel and can change speed by adjusting the applied power.

Hansen-Bruhn and coworkers proposed a novel application ofT
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ultrasound-powered MNRs for rapid and efficient intracellular

delivery of functional Cas9-sgRNA complexes using the

knockout of the GFP encoding gene as a model (Hansen-

Bruhn et al., 2018) (Figure 6A). The Cas9-sgRNA@gold

nanowire (AuNW) motor was fabricated by immobilizing the

Cas9-sgRNA complex onto the surface of thiol functionalized

AuNWs through a reversible disulfide linkage via cysteine

residues within Cas9. These nanomotors could internalize into

GFP-expressing B16F10 cells and dramatically decrease the

fluorescence intensity through knockout of the GFP encoding

gene after GSH-mediated release of Cas9-sgRNA from the

nanomotors. They also confirmed that these Cas9-sgRNA-

loaded nanomotors are capable of rapidly penetrating cell

membranes and markedly improving the speed and efficiency

of the gene knockout process. In addition, further surface

modification, such as integrating with a specific receptor (e.g.,

FA receptor, HER-2 receptor) or antibodies, can facilitate

targeting drug delivery toward the tumor.

Wang et al. developed a shape-transformable and fusible

rodlike swimming liquid metal nanomachine based on the

biocompatible and transformable liquid metal gallium. They

can be propelled by an ultrasound-induced primary acoustic

radiation force in the levitation plane at a controllable speed

(Wang et al., 2018) (Figure 6B). A pressure-filter-template

technology was used to prepare these MNRs, and the

diameter and length could be controlled by adjusting the

nanoporous templates, filter time, and pressure. The resulting

propulsion force by acoustic energy can actively pierce and

internalize liquid metal MNRs into HeLa cells. The liquid

metal nanomachine can actively seek cancer cells and

transform from a rod to a droplet after drilling into cells

owing to the removal of gallium oxide layers in the acidic

endosomes. These transformed MNRs could fuse inside cells

and photothermally kill cancer cells under the illumination of

near-infrared light.

Gao and coworkers developed an acoustic-powered,

magnetic navigable red blood cell-mimicking (RBCM)

micromotor to transport oxygen and photosensitizers to

enhance the photodynamic therapeutic effect (Gao et al.,

2019) (Figure 6C). The RBCM micromotors consist of

biconcave RBC-shaped magnetic hemoglobin cores

encapsulating photosensitizers and natural RBC membrane

shells. External ultrasonic and magnetic fields can precisely

control the speed and direction of the RBCM micromotors.

Moreover, due to the RBC membrane coating, the RBCM

micromotors possess anti-biofouling capability and immune-

clearance escape capability that help them prolong the motion

time in blood. Upon irradiation of 808 nm light, the generated

photodynamic effect of RBCM micromotors could rapidly kill

cancer cells with an enhanced photodynamic cancer therapy

efficacy.

Ultrasound, as a biocompatible, contact-free, and non-

invasive energy source, can propel and manipulate the motion

of MNRs. Moreover, it can provide MNRs with adequate

propulsion in highly viscous and high-ionic bio-media. The

existing ultrasound-powered MNRs display efficient and

controllable movement in bio-media and perform on-demand

tasks such as intracellular enzyme delivery, cell penetration,

targeting gene knockout, and targeting photodynamic therapy.

However, they usually suffer from poor control in motion

directions and a limited transport space of their operating setups.

4.2.2 Magnetic-field-powered micro/
nanorobots

Magnetic-field-powered MNRs overcome most of the

shortcomings presented by other propulsion principles, such

as poor biocompatibility of chemical propulsion, lack of

directional control of ultrasonic actuation, etc. They are

actively studied as they are expected to enhance the targeting

capabilities of micro/nanoscale systems (e.g., drug delivery

systems).

Mesenchymal stem cells (MSCs) are used in cartilage

repair due to their notable advantages because they can

induce peripheral tolerance and migrate to injured tissues,

prevent arthritis by relieving inflammation, and treat joint

cartilage through chondrogenic differentiation to avoid or

delay joint replacement surgery (Mobasheri et al., 2014).

Due to the low targeting efficiency of MSCs, the current

MSC-based therapy requires a large number of cells for

intra-articular injection or invasive surgery for scaffold

implantation above millimeter size. Therefore, Go and

coworkers proposed a human adipose-derived MSC

(hADMSC)-based medical microrobot system that can

realize targeted MSC delivery while containing minimally

invasive procedures by needle-based injection, targeting,

and fixation of the microrobot (Go et al., 2020)

(Figure 7A). The microrobot system consists of a magnetic

microrobot body capable of supporting MSCs, an

electromagnetic actuation (EMA) system for 3D

microrobots targeting the damaged cartilage, and a magnet

for fixation of the microrobot. The experiments confirmed

the feasibility of this system in cartilage repair in vitro and

in vivo.

Ocular diseases such as retinoblastoma are challenging to

cure using a drug delivery strategy due to the eye barrier and

potential side effects (e.g., conjunctivitis, intraocular

inflammation, cataract, etc.). Hence, a drug delivery system

that can precisely control drug delivery is highly desirable.

Kim et al. proposed a bilayer hydrogel microrobot for drug

delivery capable of minimizing eye invasion, accurately

delivering the drug to the ocular lesion, and retrieving the

remaining part after drug delivery (Kim et al., 2020)

(Figure 7B). After the therapeutic layers (i.e., a therapeutic

layer of gelatin/PVA and PLGA-DOX) are dissolved, the

loaded drugs are released around the lesion, and the

remaining magnetic nanoparticle layer is retrieved using a
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magnetic field. The experiments were conducted in Roswell

Park Memorial Institute medium cultured with

retinoblastoma Y79 cancer cells, and the results confirmed

that the therapeutic layer of the bilayer hydrogel microrobot

has therapeutic effects on retinoblastoma Y79 cancer cells. In

addition, the targeting and retrieval ability of the bilayer

hydrogel MNRs are promising for treating eye diseases

such as retinoblastoma.

The circulatory system appears to be an ideal route for the

drug delivery of MNRs. The dynamic flow in the blood vessels

hinders the propulsion of these drug carriers (Abbott et al., 2007;

Soler et al., 2013). Considering the decreased flow velocities and a

cell-free layer near the vessel walls, surface-enabled propulsion of

MNRs (e.g., rolling or crawling) would be more efficient and

robust. Hereby, Yunus Alapan et al. designed the leukocyte-

inspired multifunctional microrollers (3.0 and 7.8 μm in

diameter), which are composed of spherical Janus

microparticles with a magnetically responsive half-side and a

silica half-side for biochemical functionalities (i.e., anti-body

HER2) and cargo loading (i.e., DOX) (Alapan et al., 2020)

(Figure 7C). Different targeting moieties and drugs can be

adopted according to cancer types or other diseases’ features.

They showed that the multifunctional microrollers could be

actuated and steered by external rotating magnetic fields,

reaching a translational speed of 600 μm/s (corresponding to

76 body lengths per second) for drug delivery.

Xing et al. reported a sequential magneto-actuated and

optics-triggered biomicrorobot (AI microrobot) for actively

FIGURE 6
Motile drug delivery by ultrasound-powered MNRs. (A) Red blood cell mimicking-micromotor. (Hansen-Bruhn et al., 2018) Copyright 2018.
Reproduced with permission from John Wiley and Sons. (B) Shape-transformable, fusible rodlike swimming liquid metal nanomachine. (Wang et al.,
2018) Copyright 2018. Reproduced with permission from American Chemical Society. (C) Cas9-sgRNA@gold nanowire (AuNW) motor. (Gao et al.,
2019) Copyright 2019. Reproduced with permission from American Chemical Society.
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FIGURE 7
Motile drug delivery by magnetic-field-powered MNRs. (A) Human adipose-derived mesenchymal stem cell (hADMSC)-based medical
microrobot. (Go et al., 2020) Copyright 2020. Reproduced with permission from American Association for the Advancement of Science. (B) Bilayer
hydrogel sheet-type intraocular microrobots. (Kim et al., 2020) Copyright 2020. Reproduced with permission from John Wiley and Sons. (C)
Leukocyte-inspiredmultifunctional microrollers. (Alapan et al., 2020) Copyright 2020. Reproduced with permission from American Association
for the Advancement of Science. (D) Sequential magneto-actuated and optics-triggered biomicrorobots. (Xing et al., 2021) Copyright 2021.
Reproduced with permission from John Wiley and Sons. (E) Photosynthetic biohybrid nanoswimmers. (Zhong et al., 2020) Copyright 2021.
Reproduced with permission from John Wiley and Sons.
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targeted cancer treatment (Xing et al., 2021) (Figure 7D). The AI

microrobot consists of two components. The first one is the

magnetospirillum magneticum (AMB-1), which provides the

ability to autonomously swim toward the tumor site via

internal hypoxia-driven effects and an externally applied

magnetic field. Besides, the applied magnetic field can also be

used to navigate the AI microrobots to facilitate drug delivery.

The other component is the indocyanine green nanoparticles,

which serve as a fluorescence imaging agent and a photothermal-

therapy agent. Thus, the distribution and location of AI

micromotors could be tracked in real-time. When applied to

NIR light, the indocyanine nanoparticles are activated to ablate

cancer cells by photothermal therapy. The results also showed

that the AI microrobots can sequentially migrate to the internal

hypoxic area of tumors and then effectively eradicate solid

tumors through photothermal treatment under NIR laser

irradiation.

Microalgae like Spirulina platensis have drawn much

attention. They have been widely studied due to their

advantageous features, which are biomass abundance in the

natural environment, the effective photosynthetic capacity of

oxygen production, inherent autofluorescent pigments, and so

on (Moreno-Garrido, 2008; El-Gamal, 2010). Therefore,

Zhong and coworkers proposed a multifunctional

theranostic agent by integrating Spirulina platensis with

low-cytotoxicity magnetite Fe3O4 NPs, which serves as a

magnetic navigation and magnetic resonance imaging

(MRI) contrast agent (Zhong et al., 2020) (Figure 7E).

Furthermore, the inherent pigment (i.e., chlorophyll) not

only serves as a photosensitizer for photodynamic therapy

due to ROS generation upon 650 nm laser irradiation, but it

also serves as a theranostic agent for fluorescence and

photoacoustic imaging due to its autofluorescence property

and absorbance peak at 680 nm (Pandey et al., 2006; Murchie

and Lawson, 2013; Rizzi et al., 2016). Besides, the

microswimmer can efficiently produce O2 to ameliorate

tumor hypoxia and enhance radiotherapy efficacy. Their

cancer cell-bearing mice experiments showed no noticeable

weight changes, substantial organ damage, or inflammatory

lesions. The tumor volume was significantly reduced by 98.7%

in vivo. Thus, their team presented an ideal candidate for

cancer diagnosis and multimodal therapy.

Magnetic-field-driven MNRs have drawn a lot of attention

due to their versatility. They can be used in tumor targeting

therapy and treat other diseases or environmental remediation.

They can achieve highly controllable motion and move to

inaccessible areas for drug delivery or targeted therapy. The

magnetic component can serve as motion control and can be

used as imaging contrast. However, it is notable that

non-biocompatible magnetic elements cause potential risks. In

future studies, it is imperative to find a safe and non-invasive way

to remove them from the human body.

4.2.3 Light-driven micro/nanorobots
Three types of light sources are used to propel MNRs,

including ultraviolet, visible, and near-infrared light.

Moreover, the light field can also be used to induce

swarming behaviors, act as a motion switch, or drug release

trigger. Under proper irradiation time, light-propelled MNRs

can carry out the on-demand mission with minimal invasion.

Additionally, these MNRs exhibit special abilities such as

immunity, selective targeting, and tissue penetrating with

surface modification.

4.2.3.1 NIR light

Wu and coworkers demonstrated that the NIR-triggered “on/

off” motion of platinum nanoparticles (PtNPs)-modified

polymer multilayer micromotors coated with a thin gold

nanoshell (AuNS) and a tumor-targeted peptide can be

achieved at a critical concentration of a peroxide fuel (0.1%,

v/v) (Wu et al., 2014) (Figure 8A). Moreover, they proved that the

photothermal effect could alone activate the on-demand motion

of these micromotors in the absence of the peroxide fuel. The

template-assisted layer-by-layer assembly and subsequent

deposition of PtNPs inside and a thin AuNS outside were

used to create these polymer multilayer motors. To make

these micromotors suitable for conducting selective and

minimally invasive treatment of cancer, the AuNSs of these

motors are modified with a mixed monolayer of a tumor-

targeted peptide and an antifouling PEG. Their experiments

on targeted recognition ability and killing of HeLa cells by the

photothermal effects are also illustrated successfully. Xuan et al.

reported a near-infrared (NIR)-light-powered Janus mesoporous

silica nanomotor (JMSNM) cloaked with the macrophage cell

membrane (MPCM) that is capable of actively seeking cancer

cells and thermomechanically percolating cell membrane

(Figure 8B). The MPCM coating enables the nanomotors to

inherit the immunological capability of the mother macrophages

for specific recognition and their anti-bioadhesion properties,

which results in good mobility of the NIR-powered nanomotors

in biological media. Illuminated by NIR light, the locally

generated temperature gradient forms a self-thermophoretic

force along the asymmetric structure of MPCM@JMSNMs to

achieve a directional motion. In addition, the synergistic effect

between self-propulsion and the MPCM coating enables these

nanomotors to thermomechanically open pores in the

cytomembranes of cancer cells for guest molecule injection.

They also showed the speed in PBS, cell culture medium

(CM), and fetal bovine serum (FBS) at average velocities of

5.98 μm/s, 2.42 μm/s, and 0.91 μm/s, respectively (Xuan et al.,

2018).

Venous thrombus is a frequently occurred but life-

threatening disease. However, existing remedies have many

limitations, such as the low drug utilization caused by the lack

of targeting ability of thrombolytic drugs (Kobayashi et al., 2014).
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FIGURE 8
Motile drug delivery by light-driven MNRs. (A) Platinum nanoparticle (Pt NP)-modified polymer multilayer micromotors. (Wu et al., 2014)
Copyright 2014. Reproduced with permission from American Chemical Society. (B) Macrophage cell membrane (MPCM)-camouflaged Janus
mesoporous silica nanomotor (JMSNM). (Xuan et al., 2018) Copyright 2018. Reproduced with permission from John Wiley and Sons. (C) Platelet-
derived porous nanomotors. (Wan et al., 2020) Copyright 2020. The Authors, some rights reserved; exclusive licensee American Association for
the Advancement of Science. (D) Photothermally-driven polymersome nanomotors. (Shao et al., 2018) Copyright 2018. The Authors, some rights
reserved; exclusive licensee American Chemical Society. (E) Membrane-cloaked Janus polymeric motors. (Shao et al., 2020) Copyright 2020. The
Authors, some rights reserved; exclusive licensee JohnWiley and Sons. (F) Janus calcium carbonate particlemicromotors (JCPMs). (Zhou et al., 2021)
Copyright 2021. Reproduced with permission from Elsevier Inc. (G) Photoelectrochemical TiO2-Au-nanowire-based motor. (Chen et al., 2021)
Copyright 2021. Reproduced with permission from John Wiley and Sons.
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To solve this problem with advanced MNRs, Wan et al.

developed mesoporous/macroporous silica/platinum

nanomotors with platelet membrane (PM) modification

(MMNM/PM) for sequentially targeting the delivery of

thrombolytic and anticoagulant drugs for thrombus treatment

(Wan et al., 2020) (Figure 8C). The drug delivery process consists

of three stages. In stage 1: Due to the functionalization of the PM,

these nanomotors can realize effective aggregation in the

thrombus site. In stage 2, the applied NIR light is absorbed by

the unevenly distributed Pt nanoparticles and generates a non-

uniform heat distribution. Driven through thermophoresis, they

can move into the thrombus, thus increasing the penetration

depth and retention ratio of MMNM/PM nanomotors at the

thrombus site. Then, PM can rupture under near-infrared (NIR)

irradiation to achieve desirable sequential drug release, including

the rapid release of thrombolytic urokinase (3 h) and the slow

release of anticoagulant heparin (>20 days). Their experimental

results confirmed that the synergistic effect of targeting ability

from PM and motion ability from nanomotors could notably

enhance the thrombolysis effect in both static and dynamic

thrombus and rat models.

The cell membranes are the biological barriers that

hamper intracellular drug delivery. To overcome this

biological barrier, Shao et al. adopt a cell membrane

disruption strategy to facilitate drug delivery, which takes

advantage of the external-stimuli-induced effects (e.g.,

photothermal effects) that can locally disrupt cell

membranes (Figure 8D) (Shao et al., 2018). They also use

biodegradable poly (ethylene glycol)-b-poly (d, l-lactide)

(PEG-PDaLLA) block copolymers, with the two blocks

linked by a pH-sensitive imine bond, to create nanoscopic

polymersomes, which are then modified with a hemispherical

gold nanocoating. Upon NIR light illumination, the as-result

nanomotors undergo autonomous motion in the direction

opposite the source of light and display a laser-power-

dependent speed that ranges from 1.9 ± 0.25 μm/s to 6.2 ±

1.10 μm/s. These nanomotors can traverse biological

membranes and penetrate tumor tissues (Figure 8E) (Shao

et al., 2020).

Successive biological barriers, as one of the challenges, could

hinder the application of tumor therapy. Zhou et al. recently

reported that Janus calcium carbonate particle micromotors

(JCPMs) could achieve precise drug (i.e., DOX) delivery via a

multistage self-adapted strategy that combines NIR-light driven

navigation, photothermal cytomembrane traversing,

autonomous tumor penetration, and microenvironment

triggered CO2-propulsion in a cascaded manner to overcome

sequential biological barriers (Zhou et al., 2021) (Figure 8F). The

notable mobile ability of JCPMs comes from the self-

thermophoretic force and thermomechanical perforation of

the cytomembrane by the photothermal effect and the CO2

generation of CaCO3-based JCPMs under an acidic lysosomal

microenvironment. The facilely fabricated biocompatible JCPMs

with drug-specific-release capability exhibit potential for

transporting multiple kinds of drugs.

4.2.3.2 Ultraviolet light

Neuronal retinal ganglion cells (RGCs) are crucial in

converting light into neural signals. Thus, failing to activate

RGCs can lead to irreversible visual impairment or even more

severe situations like blindness (Masland, 2012; Pearson et al.,

2012; Packer et al., 2013). Existing treatments such as

surgically implanting artificial photoreceptors and

optogenetics either cause an invasive problem or are

challenging. Chen and coworkers developed a minimally

invasive and highly controllable approach to achieve RGC

stimulation (Chen et al., 2021). In their work, the propulsion

of the TiO2-Au nanowire-based motor takes advantage of UV-

induced self-electrophoresis. It can be steered by adjusting the

light direction to reach the RGCs with high precision

(Figure 8G). They showed that these nanomotors display

efficient propulsion i.e., a speed of 5.6 ± 1.5 μm/s in

deionized water (pH = 7.1) when applied to an extremely

low-intensity UV light field (50 mW/cm2). Once they reached

the RGCs, the locally generated electric signals were

transmitted to the targeted neuronal RGC, induced calcium

response, and eventually triggered cell activation.

Accordingly, the photoelectricity, calcium response, and

cell activation state can be precisely adjusted by tuning the

UV intensity. To the best of our knowledge, for the first time,

their team demonstrated that the photoelectric conversion

capabilities of MNRs can not only provide propulsion and be

utilized for precise modulation of neuronal activities.

4.2.3.3 X-ray

Conventional UV−vis/NIR light sources hold insufficient

penetrating power deep into the biological medium, limited to

a few millimeters (Ash et al., 2017). However, X-ray has been

used in medical imaging and radiotherapy due to its powerful

whole-body penetrating ability. Xu et al. first employed X-ray

as the power source to generate propulsion for micromotors in

an aqueous medium (Xu et al., 2019). The propulsion

mechanism is based on the radiolysis of water, in which the

particle motion follows the growth of the H2 bubble under

X-ray irradiation. They showed that the instantaneous speed

could be controlled by the variation of radiation dose.

Although further effort must be put into studying the

radiation-related safety problems, motors’ functionalization,

etc., their micromotors hold the potential for diagnosis and

radiotherapy in the future.

Even though external-field-powered MNRs have been

widely used in tumor-target drug delivery, there are still

some limitations in their future practical applications. For

instance, ultrasound-powered MNRs are biocompatible but

lack directional control. Light-driven MNRs may need H2O2

and high-intensity light sources, which may increase their
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toxicity. In contrast, magnetic-field-powered MNRs can

overcome most of the shortcomings of other propulsion

principles and are expected to be combined with MRI

systems to enable imaging and tracking of MNRs and their

propulsion and motion control.

4.3 Motile drug delivery by biohybrid
micro/nanorobots

Biohybrid MNRs usually integrate synthetic nanoparticles

or nanostructures with living cells (e.g., sperm, neutrophils,

macrophages, etc.) or micro-organisms (e.g., erythrocytes,

microalgae, E. coli, etc.) controlled by external or local

stimuli to achieve precisely targeted tumor therapy. The

biological section of the biohybrid MNRs employs an

actuator and a sensor (Wang et al., 2022). Meanwhile, their

artificial section offers support and other functions. Biohybrid

MNRs have attracted significant attention due to their

excellent biocompatibility, extremely low toxicity, high

properties in drug protection, targeted transportation by

special migration (e.g., chemotaxis and aerotaxis), and

environmental-sensitive responses. The representative

examples of biohybrid MNRs for motile drug delivery are

summarized in Table 3.

4.3.1 Sperm-based micro/nanorobots
Sperms have a variety of functional characteristics that aid

in medical applications (e.g., drug delivery). First, they can

generate powerful propulsion by beating sperm flagella, which

makes them an ideal actuator for MNRs. Second, sperm have

specific proteins on their membranes that can inhibit

inflammation and proteasome suppressing

immunoreactions. Most importantly, their ability to swim

against blood flow (rheotaxis) and close to the boundaries

(thigmotaxis) is beneficial for locomotion in the circulatory

system (Miki and Clapham, 2013; Ishimoto and Gaffney,

2016).

Xu et al. (2018) first developed the sperm-driven

microrobot for drug delivery, which comprises a motile

sperm cell that serves as the motile actuator and drug

carrier, integrated with a 3D-printed magnetic 4-arm

tubular microstructure (i.e., “tetrapod”) used for magnetic

guidance and drug release (Figure 9A). The sperm-based

MNR with a large drug capacity can efficiently swim in the

physiological environment for a long time without causing a

harmful immune response. Their experiment used bovine

sperm as model cells to load DOX-HCl to treat cultured

HeLa cells. The DOX-HCl was locally distributed into the

spheroids, showing higher tumor cell-killing efficacy (87%)

within the first 72 h compared to a simple drug solution (55%)

with the same dose. Such sperm-hybrid MNRs have potential

applicability for gynecologic cancer treatment and the therapy

of other diseases in the female reproductive tract. Then, they

presented streamlined-horned cap (SHC) hybrid sperm

micromotors, which can efficiently and controllably swim

against flowing blood (Xu et al., 2020a) (Figure 9B). These

streamline-horned sperm micromotors can work as

individuals or swarms to execute the task of heparin cargo

delivery in flowing blood. These micromotors can carry out a

controllable train-like assembly to further control the drug

dose. Microcaps’ functionalization (e.g., antibodies,

ligands, coagulation factors, equipment of stimuli-

responsive materials) can make these micromotors capable

of performing more complex tasks for biomedical

applications.

Later, another example of the human-sperm-based hybrid

MNRs was also reported by Xu and coworkers (Figure 9C) (Xu

et al., 2020b). The micromotors display fast movement in the

sperm medium by asymmetrically beating their flagellum, and

the external magnetic field can guide them to achieve precise

drug delivery when equipped with magnetic microcaps. They

adopt a novel drug combination strategy by encapsulating

DOX in the sperm nuclei and coupling hydrophobic drugs like

CPT onto the microcaps. When the micromotors reach the

target, the DOX can be efficiently taken up by cells, and

hydrophobic drugs (e.g., camptothecin, CPT) function as

complementary for sustained anti-cancer therapy due to

their slow-release process. Besides, CPT can be changed

into the active lactone form when existing in a relatively

low pH range (tumor microenvironment pH 5–6). CPT’s

pH-sensitive properties endow microcaps with tumor-

selective ability, which improves the therapeutic effect on

tumor tissue while reducing toxicity for normal cells

nearby. In future studies, the MNRs can be functionalized

with imaging agents, smart lysosomes, or polymers for further

application.

4.3.2 Bacteria-based micro/nanorobots
Although bacteria have been extensively used as actuators

in the design of biohybrid MNRs, their possible acute toxicity

and rapid growth in physiological environments limit their

clinical application. Therefore, novel biohybrid MNRs with

higher biocompatibility are highly desired for application in

tumor-targeted therapy (Akolpoglu et al., 2022). Alapan and

coworkers developed a multifunctional biohybrid micromotor

composed of bioengineered bacteria (E. coli MG1655) and

RBCs loaded with model drugs (i.e., DOX) and

superparamagnetic iron oxide nanoparticles (Alapan et al.,

2018) (Figure 9D). The RBC microswimmers can be propelled

by the beating of bacteria flagella and steered by the external

magnetic field, and the measured average velocity is 10.2 ±

3.5 μm/s. In addition, an on-demand NIR-activated

hyperthermia termination switch is engineered for RBC

MNRs to control the bacteria population after cargo

delivery operations. Upon NIR light irradiation,
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indocyanine-green-loaded RBCs absorb the energy and

convert it to heat, which results in a local temperature

increment and kills the bacteria.

Another research led by Yasa presented a biocompatible

biohybrid MNR powered by a unicellular freshwater green

microalga (i.e., Chlamydomonas reinhardtii) (Yasa et al.,

2018) (Figure 9E). Polyelectrolyte (PE)-functionalized

magnetic spherical cargoes (1 µm in diameter) are

attached to the surface of the microalgae via non-covalent

interactions. The mobility test showed that the speed is

relevant to the attaching position of the PE-functionalized

PS microparticles on the microalgae, and the uniform-

magnetic-field-steered microswimmers have a mean

swimming speed of 51.44 ± 2.16 μm/s in the x-direction in

2D swimming analysis and a mean swimming speed of

156.13 ± 9.66 μm/s in 3D swimming analysis. Moreover,

cytocompatibility of the microalgae and the biohybrid

algal microswimmers is confirmed in cervical cancer

(HeLa) cells, ovarian cancer (OVCAR-3) cells, and healthy

cells (NIH 3T3). Furthermore, they verify the ability to

deliver drugs by loading and transporting

fluorescent isothiocyanate (FITC) labeled dextran to HeLa

cells.

Recent research has reported that photosensitizers can

damage bacteria membranes upon light irradiation and help

achieve controllable drug release. Wu and coworkers

developed biohybrid MNRs to achieve enhanced cancer

cell imaging and effective photodynamic cancer therapy

(Wu et al., 2019) (Figure 9F). The biohybrid system is

composed of E. coli and the polymer matrix formed by

photosensitizer nanoparticles (TDNPP) layer, which is

fabricated by encapsulating aggregation-induced emission

photosensitizers with a biocompatible block lipid-PEG

copolymer to form TDNPP that are then coated by

cationic polymer polyethyleneimine (PEI). The experiment

showed that the bacteria-mediated photosensitizer delivery

increases the protein release from E. coli and kills cancer cells

by efficiently producing ROS upon light irradiation.

TABLE 3 Biohybrid MNRs for motile-targeting drug delivery.

Energy sources Representative
examples

Experimental
environment

Motion
behavior

Loaded cargo/
therapeutic
drugs

Biomedical
application

Ref.

Living cells Sperm hybrid
micromotors

In vitro Average speed:
41 ± 10 μm/s

DOX hydrochloride Drug delivery (e.g.,
cancer, diseases in
the female reproductive
system)

Xu et al.
(2018)

SHC hybrid sperm
micromotors

In vitro Average speed:
76 ± 17 μm/s in
blood

Heparin Diseases in the circulatory
system (e.g., blood clot)

Xu et al.
(2020a)

Human-sperm-based
hybrid micromotors

In vitro N.A. DOX and CPT Gynecologic diseases (e.g.,
cervical cancer, ovarian
cancer)

Xu et al.
(2020b)

Neutrobots In vitro Maximum speed:
16.4 μm/s

Paclitaxel Drug delivery Zhang H
et al.
(2021)

In vitro

Micro-
organisms

Microalga Microalga-powered
biohybrid microswimmers

In vitro Average speed:
156.13 ±
9.66 μm/s

FITC labeled dextran Drug delivery Yasa et al.
(2018)

E. coli Soft erythrocyte-based
bacterial microswimmers

In vitro Average speed:
10.2 ± 3.5 μm/s

DOX and
superparamagnetic iron
oxide nanoparticle

Drug delivery Alapan
et al.
(2018)

TDNPP-coated E. coli In vitro N.A. TDNPPs Photodynamic cancer
therapy Intracellular cargo
(e.g., protein) delivery

Wu M
et al.
(2019)

Engineered probiotics In vitro N.A. PD-L1 and CTLA-4
antagonists

Immunotherapy Canale
et al.
(2021)

In vivo

Magnetic-sensing E. coli In vitro Average speed:
5µm/
min ±2 μm/min

N.A. Potential for drug delivery Aubry
et al.
(2020)

Frontiers in Bioengineering and Biotechnology frontiersin.org23

Zhang et al. 10.3389/fbioe.2022.1002171

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1002171


5 Conclusion and perspective

Researchers have devoted massive energy to moving forward

withMNRs for the past two decades. Accordingly, there is a variety of

MNRs with different advantageous characteristics that come to the

fore. Despite bringing us a deeper understanding of propelling

mechanisms, motion control, imaging technology, and so on, they

still confront many challenges in “motile-targeting” drug delivery.

FIGURE 9
Motile drug delivery by biohybrid MNRs. (A) Sperm hybrid micromotors. (Xu et al., 2018) Copyright 2018. Reproduced with permission from
American Chemical Society. (B) Streamlined-horned cap (SHC) hybrid sperm micromotors. (Xu et al., 2020a) Copyright 2020. Reproduced with
permission from American Chemical Society. (C) Human-sperm based hybrid micromotors. (Xu et al., 2020b) Copyright 2020. Reproduced with
permission from The Royal Society of Chemistry. (D) Soft erythrocyte-based bacterial microswimmers. (Alapan et al., 2018) Copyright 2018.
Reproduced with permission from American Association for the Advancement of Science. (E)Microalga-powered biohybrid microswimmers. (Yasa
et al., 2018) Copyright 2018. Reproduced with permission from John Wiley and Sons. (F) Poly-ethylenimine aggregation-induced emission
photosensitizer nanoparticles (TDNPP)-coated E. coli. (Wu M et al., 2019) Copyright 2019. Reproduced with permission from American Chemical
Society.
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Compared with the conventional drug delivery system,

chemically-powered MNRs can achieve self-propelled drug

delivery. However, most of them are limited by their low

biocompatibility, weak driving force, and short lifetime. Recent

developments in external-field-propelled MNRs mainly utilize

four external fields, including electric, ultrasound, light, and

magnetic fields. Light-driven MNRs have many notable

advantages; for example, they are easy to manipulate, fast to

respond to light stimuli, and so on. Besides, near-infrared light

also has the promising potential for controllable drug release and

optical imaging (tracking the real-time location of MNRs) without

causing any noticeable damage to the human body.

Notwithstanding, the motion of the light-driven MNRs

propelled by self-phoresis may be hampered by the high ionic

environment in the human body. As for electrically-propelled

MNRs, two non-negligible deficiencies preclude them from clinical

applications—the local circuitry and enormous potential in the soft

matter environment may lead to safety problems, and the electric

field weakens rapidly with increasing distance. Because of their

inherent advantages, ultrasound-driven and magnetically-

propelled MNRs have received a lot of attention in recent

decades. Ultrasound can provide MNRs with strong propulsion

in biofluids with high viscosity and ionic strength. Furthermore,

ultrasound can penetrate biological tissues deeply, almost without

deleterious effects on biological systems, holding the potential for

active drug delivery in vivo. Ultrasound-driven MNRs can be

transported at a very high speed in aqueous solutions.

Magnetically-propelled MNRs have the following advantages:

First, a homogeneous magnetic field can be applied from a

distance and holds a significant tissue penetrating ability.

Second, the magnetic field can be used to image and control

drug release. Third, under the actuation of the magnetic field, they

can transport at a relatively high speed in biofluids. However,

applying them to clinical trials has to overcome challenges of low

intelligence (or poor autonomy) and the limited transport space of

their operating setups. The above synthetic MNRs usually lack

multifaceted biointerfacing capabilities and suffer from random

agglomeration, non-specific bio-adhesion, cytotoxicity, and/or

immune clearance when operating in in-vivo bioenvironments

like blood vessels. Motile microorganism-based or cell-based

biohybrid MNRs are promising candidates for drug delivery.

Firstly, they have the potential to seek sites of disease because

they inherit the actuating and sensing abilities of the

microorganisms or cells. Secondly, they can take advantage of

the nutrients in the environment and convert chemical energy into

mechanical work to propel themselves. Thirdly, biohybrid

microrobots can adapt themselves to the environment and have

the ability to self-repair and self-assemble. Nevertheless, the

biohybrid MNRs are still restrained by complex preparation,

difficult preservation, and easy deactivation. Owing to the above

challenges, many research attempts in “motile-targeting” drug

delivery are limited to in vitro experiments, and only a few are

demonstrated in animal models.

Future development of the MNRs for “motile-targeting” drug

delivery should focus on their biological safety and functional efficacy

in vivo. Regarding biological safety, biocompatible and biodegradable

materials should be used to design and manufacture MNRs so that

the synthesized MNRs do not cause organ damage and leave no

residues after completing the drug delivery task. Secondly, proper

biointerfacing strategies (e.g., polymer-brush grafting and cell-

membrane cloaking) should be employed to engineer MNRs to

enable them to simultaneously avoid random agglomeration,

cytotoxicity, and immune clearance when working in in-vivo

bioenvironments (Agrahari et al., 2020). In terms of the

functional efficacy of MNRs in vivo, there are a few promising

strategies or technologies that might facilitate drug delivery ofMNRs.

Firstly, nanozymes and single-atom catalysts catalyzing the

conversion of endogenous chemicals (Lyu et al., 2020; Wu et al.,

2020; Ding et al., 2021) should be employed to design chemically-

poweredMNRs owing to their superior performance in adjustability,

stability, and easy synthesis compared to biological enzymes.

Secondly, synthetic biology, as an emerging and converging

scientific field, may bring new opportunities for biohybrid MNRs,

including knocking out toxic genes, regulating and controlling the

population ofmicroorganisms, and even allowingmicroorganisms to

synthesize drugs and deliver them to the target site (Danino et al.,

2010; Danino et al., 2012; Liao et al., 2019). Thirdly, novel motile cell-

based microrobots should be developed as they may simultaneously

exhibit high biocompatibility, self-propelled ability, and intrinsic

chemotaxis, and thus are envisioned to be less likely to be

recognized by the immune system and deliver drugs in a self-

targeting manner (Zhang et al., 2021). Fourth, although there are

limited successful examples of the targeted drug delivery of swarming

MNRs in vivo, swarming MNRs hold the potential to perform better

in targeted drug delivery than single MNRs due to their collective

effects, such as quorum sensing ability, higher imaging contrast,

better motion controllability, bigger drug capacity, and so on (Jin and

Zhang, 2021). Fifth, hierarchical multistage targeting strategies to

deliver drugs can increase drug delivery accuracy and aggregation at

the targeting sites. Sixth, real-time tracking and drug-delivery

monitoring may facilitate the autonomous navigation and

therapeutic performance of MNRs in vivo. For instance, the

acoustic report gene has been proven effective in the

gastrointestinal tract and cancer models and can provide an

image with better resolution than fluorescent protein imaging

(Bourdeau et al., 2018). Last but not least, besides the circulatory

system, extra attention should be paid to the “motile-targeting” drug

delivery of MNRs in less-harsh environments like the urinary,

digestive, and reproductive systems, which may expedite the

clinical translation of the MNRs.

In summary, recent breakthroughs have beenmade in the “motile-

targeting” drug delivery platforms based on MNRs, with which they

can deliver drugs in biofluids with strong thrust, high biocompatibility,

and easy navigation. In contrast to traditional TDDSs, they have

shown great potential to improve targeting efficiency and reduce side

effects. Among the developed MNRs, magnetically-powered and
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biohybrid MNRs are the most promising candidates to execute drug

delivery safely and effectively in vivo. Even though there are various

challenges, we can foresee and expect clinical trials in the near future,

and the great vision of theMNRsoperating in humanbodies for tumor

treatment will finally become reality with continued innovations in

design strategies, biointerfacing techniques, swarming control, real-

time in-vivo imaging, and novel targeting strategies.

Author contributions

DZ and SL contributed to this work equally. All the authors

contributed to the discussion and reviewed the manuscript.

Funding

This work was supported by the National Natural Science

Foundation of China (Nos. 52073222 and 21875175), National

Key Research and Development Project (No. 2021YFA1201400),

and the Natural Science Foundation of Hubei Province (Nos.

2019CFA048).

Acknowledgments

The authors acknowledge Manyi Yang, Shu Su, Hongrui

Zhang and Junhao Qiu for their valuable discussion of the

manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Abbott, J. J., Nagy, Z., Beyeler, F., and Nelson, B. J. (2007). Robotics in the small, Part I:
Microbotics. IEEE Robot. Autom. Mag. 14 (2), 92–103. doi:10.1109/mra.2007.380641

Agrahari, V., Agrahari, V., Chou, M.-L., Chew, C. H., Noll, J., and Burnouf, T.
(2020). Intelligent micro-/nanorobots as drug and cell carrier devices for biomedical
therapeutic advancement: Promising development opportunities and translational
challenges. Biomaterials 260, 120163. doi:10.1016/j.biomaterials.2020.120163

Akolpoglu, M. B., Alapan, Y., Dogan, N. O., Baltaci, S. F., Yasa, O., Tural, G. A.,
et al. (2022). Magnetically steerable bacterial microrobots moving in 3D biological
matrices for stimuli-responsive cargo delivery. Sci. Adv. 8 (28), eabo6163. doi:10.
1126/sciadv.abo6163

Alapan, Y., Bozuyuk, U., Erkoc, P., Karacakol, A. C., and Sitti, M. (2020).
Multifunctional surface microrollers for targeted cargo delivery in physiological
blood flow. Sci. Robot. 5 (42), eaba5726. doi:10.1126/scirobotics.aba5726

Alapan, Y., Yasa, O., Schauer, O., Giltinan, J., Tabak, A. F., Sourjik, V., et al.
(2018). Soft erythrocyte-based bacterial microswimmers for cargo delivery. Sci.
Robot. 3 (17), eaar4423. doi:10.1126/scirobotics.aar4423

Alexis, F., Pridgen, E. M., Langer, R., and Farokhzad, O. C. (2010). Nanoparticle
technologies for cancer therapy. Handb. Exp. Pharmacol. 197, 55–86. doi:10.1007/
978-3-642-00477-3_2

Andhari, S. S., Wavhale, R. D., Dhobale, K. D., Tawade, B. V., Chate, G. P., Patil,
Y. N., et al. (2020). Self-propelling targeted magneto-nanobots for deep tumor
penetration and pH-responsive intracellular drug delivery. Sci. Rep. 10 (1), 4703.
doi:10.1038/s41598-020-61586-y

Ash, C., Dubec, M., Donne, K., and Bashford, T. (2017). Effect of wavelength and
beam width on penetration in light-tissue interaction using computational
methods. Lasers Med. Sci. 32, 1909–1918. doi:10.1007/s10103-017-2317-4

Aubry, M., Wang, W. A., Guyodo, Y., Delacou, E., Guigner, J. M., Espeli, O.,
et al. (2020). Engineering E. coli for magnetic control and the spatial
localization of functions. ACS Synth. Biol. 9 (11), 3030–3041. doi:10.1021/
acssynbio.0c00286

Aydin, O., Zhang, X., Nuethong, S., Pagan-Diaz, G. J., Bashir, R., Gazzola, M.,
et al. (2019). Neuromuscular actuation of biohybrid motile bots. Proc. Natl. Acad.
Sci. U. S. A. 116 (40), 19841–19847. doi:10.1073/pnas.1907051116

Aziz, A., Pane, S., Iacovacci, V., Koukourakis, N., Czarske, J., Menciassi, A., et al.
(2020). Medical imaging of microrobots: Toward in vivo applications. Acs Nano 14
(9), 10865–10893. doi:10.1021/acsnano.0c05530

Bae, Y. H., and Park, K. (2011). Targeted drug delivery to tumors: Myths, reality and
possibility. J. Control. Release 153 (3), 198–205. doi:10.1016/j.jconrel.2011.06.001

Bourdeau, R. W., Lee-Gosselin, A., Lakshmanan, A., Farhadi, A., Kumar, S. R.,
Nety, S. P., et al. (2018). Acoustic reporter genes for noninvasive imaging of
microorganisms in mammalian hosts. Nature 553 (7686), 86–90. doi:10.1038/
nature25021

Calvo-Marzal, P., Sattayasamitsathit, S., Balasubramanian, S., Windmiller, J. R.,
Dao, C., and Wang, J. (2010). Propulsion of nanowire diodes. Chem. Commun. 46
(10), 1623–1624. doi:10.1039/b925568k

Camp, E. R., Wang, C., Little, E. C., Watson, P. M., Pirollo, K. F., Rait, A., et al.
(2013). Transferrin receptor targeting nanomedicine delivering wild-type p53 gene
sensitizes pancreatic cancer to gemcitabine therapy. Cancer Gene Ther. 20 (4),
222–228. doi:10.1038/cgt.2013.9

Canale, F. P., Basso, C., Antonini, G., Perotti, M., Li, N., Sokolovska, A., et al. (2021).
Metabolic modulation of tumours with engineered bacteria for immunotherapy. Nature
598 (7882), 662–666. doi:10.1038/s41586-021-04003-2

Ceylan, H., Dogan, N. O., Yasa, I. C., Musaoglu, M. N., Kulali, Z. U., and Sitti, M.
(2021). 3D printed personalized magnetic micromachines from patient blood-
derived biomaterials. Sci. Adv. 7 (36), eabh0273. doi:10.1126/sciadv.abh0273

Che, S., Zhang, J., Mou, F., Guo, X., Kauffman, J. E., Sen, A., et al. (2022). Light-
programmable assemblies of isotropic micromotors. Research 2022, 1–12. doi:10.
34133/2022/9816562

Chen, B., Liu, L., Liu, K., Tong, F., Wang, S., Fu, D., et al. (2021). Photoelectrochemical
TiO2-Au-Nanowire-Based motor for precise modulation of single-neuron activities. Adv.
Funct. Mat. 31 (10), 2008667. doi:10.1002/adfm.202008667

Chen, C., Mou, F., Xu, L., Wang, S., Guan, J., Feng, Z., et al. (2017). Light-steered
isotropic semiconductor micromotors. Adv. Mat. 29 (3), 1603374. doi:10.1002/
adma.201603374

Chen, L., Sun, X., Wang, H., and Zhang, Z. (2020). Preparation of dual-drive hybrid
micromotors by swelling and selective surface modification of polymeric colloids. Colloid
Interface Sci. Commun. 38, 100300. doi:10.1016/j.colcom.2020.100300

Chen, X., Zhou, C., and Wang, W. (2019). Colloidal motors 101: a beginner’s guide to
colloidal motor research. Chem. Asian J. 14 (14), 2388–2405. doi:10.1002/asia.201900377

Corot, C., Robert, P., Idee, J.-M., and Port, M. (2006). Recent advances in iron
oxide nanocrystal technology for medical imaging. Adv. Drug Deliv. Rev. 58 (14),
1471–1504. doi:10.1016/j.addr.2006.09.013

Frontiers in Bioengineering and Biotechnology frontiersin.org26

Zhang et al. 10.3389/fbioe.2022.1002171

https://doi.org/10.1109/mra.2007.380641
https://doi.org/10.1016/j.biomaterials.2020.120163
https://doi.org/10.1126/sciadv.abo6163
https://doi.org/10.1126/sciadv.abo6163
https://doi.org/10.1126/scirobotics.aba5726
https://doi.org/10.1126/scirobotics.aar4423
https://doi.org/10.1007/978-3-642-00477-3_2
https://doi.org/10.1007/978-3-642-00477-3_2
https://doi.org/10.1038/s41598-020-61586-y
https://doi.org/10.1007/s10103-017-2317-4
https://doi.org/10.1021/acssynbio.0c00286
https://doi.org/10.1021/acssynbio.0c00286
https://doi.org/10.1073/pnas.1907051116
https://doi.org/10.1021/acsnano.0c05530
https://doi.org/10.1016/j.jconrel.2011.06.001
https://doi.org/10.1038/nature25021
https://doi.org/10.1038/nature25021
https://doi.org/10.1039/b925568k
https://doi.org/10.1038/cgt.2013.9
https://doi.org/10.1038/s41586-021-04003-2
https://doi.org/10.1126/sciadv.abh0273
https://doi.org/10.34133/2022/9816562
https://doi.org/10.34133/2022/9816562
https://doi.org/10.1002/adfm.202008667
https://doi.org/10.1002/adma.201603374
https://doi.org/10.1002/adma.201603374
https://doi.org/10.1016/j.colcom.2020.100300
https://doi.org/10.1002/asia.201900377
https://doi.org/10.1016/j.addr.2006.09.013
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1002171


Dai, L., Liu, J., Luo, Z., Li, M., and Cai, K. (2016). Tumor therapy: targeted
drug delivery systems. J. Mat. Chem. B 4 (42), 6758–6772. doi:10.1039/
c6tb01743f

Danino, T., Lo, J., Prindle, A., Hasty, J., and Bhatia, S. N. (2012). In vivo gene
expression dynamics of tumor-targeted bacteria. ACS Synth. Biol. 1 (10), 465–470.
doi:10.1021/sb3000639

Danino, T., Mondragon-Palomino, O., Tsimring, L., and Hasty, J. (2010). A
synchronized quorum of genetic clocks. Nature 463 (7279), 326–330. doi:10.1038/
nature08753

De la Asuncion-Nadal, V., Franco, C., Veciana, A., Ning, S., Terzopoulou, A.,
Sevim, S., et al. (2022). MoSBOTs: Magnetically driven biotemplated MoS2-based
microrobots for biomedical applications. Small 18, 2203821. doi:10.1002/smll.
202203821

Dehaini, D., Fang, R. H., and Zhang, L. (2016). Biomimetic strategies for
targeted nanoparticle delivery. Bioeng. Transl. Med. 1 (1), 30–46. doi:10.1002/
btm2.10004

Ding, S., Lyu, Z., Fang, L., Li, T., Zhu, W., Li, S., et al. (2021). Single-atomic site
catalyst with heme enzymes-like active sites for electrochemical sensing of hydrogen
peroxide. Small 17 (25), 2100664. doi:10.1002/smll.202100664

Dreyfus, R., Baudry, J., Roper, M. L., Fermigier, M., Stone, H. A., and Bibette, J.
(2005). Microscopic artificial swimmers. Nature 437 (7060), 862–865. doi:10.1038/
nature04090

El-Gamal, A. (2010). Biological importance of marine algae. Saudi Pharm. J. SPJ
18, 1–25. the official publication of the Saudi Pharmaceutical Society. doi:10.1016/j.
jsps.2009.12.001

Esteban-Fernandez de Avila, B., Angsantikul, P., Li, J., Lopez-Ramirez, M. A.,
Ramirez-Herrera, D. E., Thamphiwatana, S., et al. (2017). Micromotor-enabled
active drug delivery for in vivo treatment of stomach infection. Nat. Commun. 8,
272. doi:10.1038/s41467-017-00309-w

Fan, W., Lu, N., Huang, P., Liu, Y., Yang, Z., Wang, S., et al. (2017).
Rücktitelbild: Glucose-Responsive sequential generation of hydrogen
peroxide and nitric oxide for synergistic cancer starving-like/gas therapy
(angew. Chem. 5/2017). Angew. Chem. Int. Ed. Engl. 129, 1446. doi:10.
1002/ange.201612479

Fernandez-Medina, M., Ramos-Docampo, M. A., Hovorka, O., Salgueirino, V.,
and Stadler, B. (2020). Recent advances in nano- and micromotors. Adv. Funct.
Mat. 30 (12), 1908283. doi:10.1002/adfm.201908283

Gao, C., Lin, Z., Wang, D., Wu, Z., Xie, H., and He, Q. (2019). Red blood cell-
mimicking micromotor for active photodynamic cancer therapy. ACS Appl. Mat.
Interfaces 11 (26), 23392–23400. doi:10.1021/acsami.9b07979

Gao, L., Akhtar, M. U., Yang, F., Ahmad, S., He, J., Lian, Q., et al. (2021). Recent
progress in engineering functional biohybrid robots actuated by living cells. Acta
Biomater. 121, 29–40. doi:10.1016/j.actbio.2020.12.002

Gao, Y., Li, Z., Xie, X., Wang, C., You, J., Mo, F., et al. (2015). Dendrimeric
anticancer prodrugs for targeted delivery of ursolic acid to folate receptor-
expressing cancer cells: Synthesis and biological evaluation. Eur. J. Pharm. Sci.
70, 55–63. doi:10.1016/j.ejps.2015.01.007

Garraud, O. (2015). Editorial: Platelets as immune cells in physiology
and immunopathology. Front. Immunol. 6, 274. doi:10.3389/fimmu.2015.
00274

Go, G., Jeong, S.-G., Yoo, A., Han, J., Kang, B., Kim, S., et al. (2020). Human
adipose-derived mesenchymal stem cell-based medical microrobot system for knee
cartilage regeneration in vivo. Sci. Robot. 5 (38), eaay6626. doi:10.1126/scirobotics.
aay6626

Guix, M., Meyer, A. K., Koch, B., and Schmidt, O. G. (2016). Carbonate-based
Janus micromotors moving in ultra-light acidic environment generated by HeLa
cells in situ. Sci. Rep. 6, 21701. doi:10.1038/srep21701

Guo, R., Yao, Y., Cheng, G., Wang, S. H., Li, Y., Shen, M., et al. (2012). Synthesis of
glycoconjugated poly(amindoamine) dendrimers for targeting human liver cancer
cells. RSC Adv. 2 (1), 99–102. doi:10.1039/c1ra00320h

Hansen-Bruhn, M., de Avila, B. E.-F., Beltran-Gastelum, M., Zhao, J., Ramirez-
Herrera, D. E., Angsantikul, P., et al. (2018). Active intracellular delivery of a cas9/
sgRNA complex using ultrasound-propelled nanomotors. Angew. Chem. Int. Ed. 57
(10), 2657–2661. doi:10.1002/anie.201713082

Hasebe, A., Suematsu, Y., Takeoka, S., Mazzocchi, T., Vannozzi, L., Ricotti,
L., et al. (2019). Biohybrid actuators based on skeletal muscle-powered
microgrooved ultrathin films consisting of poly(styrene-block-butadiene-
block-styrene). ACS Biomater. Sci. Eng. 5 (11), 5734–5743. doi:10.1021/
acsbiomaterials.8b01550

Hortelao, A. C., Patino, T., Perez-Jimenez, A., Blanco, A., and Sanchez, S. (2018).
Enzyme-powered nanobots enhance anticancer drug delivery. Adv. Funct. Mat. 28
(25), 1705086. doi:10.1002/adfm.201705086

Ibragimova, M. K., Tsyganov, M. M., and Litviakov, N. V. (2017). Natural and
chemotherapy-induced clonal evolution of tumors. Biochem. Mosc. 82 (4), 413–425.
doi:10.1134/S0006297917040022

Ishimoto, K., and Gaffney, E. (2016). Mechanical tuning of mammalian
sperm behaviour by hyperactivation, rheology and substrate adhesion: A
numerical exploration. J. R. Soc. Interface 13, 20160633. doi:10.1098/rsif.
2016.0633

Jain, R. K., and Stylianopoulos, T. (2010). Delivering nanomedicine to solid
tumors. Nat. Rev. Clin. Oncol. 7 (11), 653–664. doi:10.1038/nrclinonc.2010.139

Jin, D., and Zhang, L. (2021). Collective behaviors of magnetic active matter:
Recent progress toward reconfigurable, adaptive, and multifunctional swarming
micro/nanorobots. Acc. Chem. Res. 55 (1), 98–109. doi:10.1021/acs.accounts.
1c00619

Jin, Z., Kim Tien, N., Go, G., Kang, B., Min, H.-K., Kim, S.-J., et al. (2019).
Multifunctional nanorobot system for active therapeutic delivery and synergistic
chemo-photothermal therapy. Nano Lett. 19 (12), 8550–8564. doi:10.1021/acs.
nanolett.9b03051

Joseph, A., Contini, C., Cecchin, D., Nyberg, S., Ruiz-Perez, L., Gaitzsch, J., et al.
(2017). Chemotactic synthetic vesicles: Design and applications in blood-brain
barrier crossing. Sci. Adv. 3 (8), e1700362. doi:10.1126/sciadv.1700362

Ju, E., Li, Z., Liu, Z., Ren, J., and Qu, X. (2014). Near-infrared light-triggered drug-
delivery vehicle for mitochondria-targeted chemo-photothermal therapy. ACS
Appl. Mat. Interfaces 6 (6), 4364–4370. doi:10.1021/am5000883

Karaca, G. Y., Kuralay, F., Uygun, E., Ozaltin, K., Demirbuken, S. E., Garipcan, B.,
et al. (2021). Gold-nickel nanowires as nanomotors for cancer marker biodetection
and chemotherapeutic drug delivery. ACS Appl. Nano Mat. 4 (4), 3377–3388.
doi:10.1021/acsanm.0c03145

Karshalev, E., Zhang, Y., de Avila, B. E.-F., Beltran-Gastelum, M., Chen, Y.,
Mundaca-Uribe, R., et al. (2019). Micromotors for active delivery of minerals
toward the treatment of iron deficiency anemia. Nano Lett. 19 (11), 7816–7826.
doi:10.1021/acs.nanolett.9b02832

Kim, D.-I., Lee, H., Kwon, S.-H., Sung, Y. J., Song, W. K., and Park, S. (2020).
Bilayer hydrogel sheet-type intraocular microrobot for drug delivery and magnetic
nanoparticles retrieval. Adv. Healthc. Mat. 9 (13), 2000118. doi:10.1002/adhm.
202000118

Kobayashi, H., Watanabe, R., and Choyke, P. L. (2014). Improving conventional
enhanced permeability and retention (EPR) effects; what is the appropriate target?
Theranostics 4 (1), 81–89. doi:10.7150/thno.7193

Kumari, P., Ghosh, B., and Biswas, S. (2016). Nanocarriers for cancer-targeted
drug delivery. J. Drug Target. 24 (3), 179–191. doi:10.3109/1061186x.2015.1051049

Lee, C. C., MacKay, J. A., Frechet, J. M. J., and Szoka, F. C. (2005). Designing
dendrimers for biological applications. Nat. Biotechnol. 23 (12), 1517–1526. doi:10.
1038/nbt1171

Li, T., Wan, M., and Mao, C. (2020). Research progress of micro/nanomotors
for cancer treatment. Chempluschem 85 (12), 2586–2598. doi:10.1002/cplu.
202000532

Li, Z., Seo, Y., Aydin, O., Elhebeary, M., Kamm, R. D., Kong, H., et al. (2019).
Biohybrid valveless pump-bot powered by engineered skeletal muscle. Proc. Natl.
Acad. Sci. U. S. A. 116 (5), 1543–1548. doi:10.1073/pnas.1817682116

Liang, X., Mou, F., Huang, Z., Zhang, J., You, M., Xu, L., et al. (2020). Hierarchical
microswarms with leader–follower-like structures: Electrohydrodynamic
self-organization and multimode collective photoresponses. Adv. Funct. Mat. 30
(16), 1908602. doi:10.1002/adfm.201908602

Liao, M. J., Din, M. O., Tsinring, L., and Hasty, J. (2019). Rock-paper-scissors:
Engineered population dynamics increase genetic stability. Science 365 (6457),
1045–1049. doi:10.1126/science.aaw0542

Lin, R., Yu, W., Chen, X., and Gao, H. (2021). Self-propelled micro/nanomotors
for tumor targeting delivery and therapy. Adv. Healthc. Mat. 10 (1), 2001212.
doi:10.1002/adhm.202001212

Liu, X., Chen, W., Zhao, D., Liu, X., Wang, Y., Chen, Y., et al. (2022).
Enzyme-powered hollow nanorobots for active microsampling enabled by
thermoresponsive polymer gating. ACS Nano 16, 10354–10363. doi:10.1021/
acsnano.2c00401

Liu, Z., Chen, K., Davis, C., Sherlock, S., Cao, Q., Chen, X., et al. (2008). Drug
delivery with carbon nanotubes for in vivo cancer treatment. Cancer Res. 68 (16),
6652–6660. doi:10.1158/0008-5472.Can-08-1468

Liu, Z., Sun, X., Nakayama-Ratchford, N., and Dai, H. (2007). Supramolecular
chemistry on water-soluble carbon nanotubes for drug loading and delivery. Acs
Nano 1 (1), 50–56. doi:10.1021/nn700040t

Llopis-Lorente, A., Garcia-Fernandez, A., Lucena-Sanchez, E., Diez, P.,
Sancenon, F., Villalonga, R., et al. (2019a). Stimulus-responsive nanomotors
based on gated enzyme-powered Janus Au-mesoporous silica nanoparticles for

Frontiers in Bioengineering and Biotechnology frontiersin.org27

Zhang et al. 10.3389/fbioe.2022.1002171

https://doi.org/10.1039/c6tb01743f
https://doi.org/10.1039/c6tb01743f
https://doi.org/10.1021/sb3000639
https://doi.org/10.1038/nature08753
https://doi.org/10.1038/nature08753
https://doi.org/10.1002/smll.202203821
https://doi.org/10.1002/smll.202203821
https://doi.org/10.1002/btm2.10004
https://doi.org/10.1002/btm2.10004
https://doi.org/10.1002/smll.202100664
https://doi.org/10.1038/nature04090
https://doi.org/10.1038/nature04090
https://doi.org/10.1016/j.jsps.2009.12.001
https://doi.org/10.1016/j.jsps.2009.12.001
https://doi.org/10.1038/s41467-017-00309-w
https://doi.org/10.1002/ange.201612479
https://doi.org/10.1002/ange.201612479
https://doi.org/10.1002/adfm.201908283
https://doi.org/10.1021/acsami.9b07979
https://doi.org/10.1016/j.actbio.2020.12.002
https://doi.org/10.1016/j.ejps.2015.01.007
https://doi.org/10.3389/fimmu.2015.00274
https://doi.org/10.3389/fimmu.2015.00274
https://doi.org/10.1126/scirobotics.aay6626
https://doi.org/10.1126/scirobotics.aay6626
https://doi.org/10.1038/srep21701
https://doi.org/10.1039/c1ra00320h
https://doi.org/10.1002/anie.201713082
https://doi.org/10.1021/acsbiomaterials.8b01550
https://doi.org/10.1021/acsbiomaterials.8b01550
https://doi.org/10.1002/adfm.201705086
https://doi.org/10.1134/S0006297917040022
https://doi.org/10.1098/rsif.2016.0633
https://doi.org/10.1098/rsif.2016.0633
https://doi.org/10.1038/nrclinonc.2010.139
https://doi.org/10.1021/acs.accounts.1c00619
https://doi.org/10.1021/acs.accounts.1c00619
https://doi.org/10.1021/acs.nanolett.9b03051
https://doi.org/10.1021/acs.nanolett.9b03051
https://doi.org/10.1126/sciadv.1700362
https://doi.org/10.1021/am5000883
https://doi.org/10.1021/acsanm.0c03145
https://doi.org/10.1021/acs.nanolett.9b02832
https://doi.org/10.1002/adhm.202000118
https://doi.org/10.1002/adhm.202000118
https://doi.org/10.7150/thno.7193
https://doi.org/10.3109/1061186x.2015.1051049
https://doi.org/10.1038/nbt1171
https://doi.org/10.1038/nbt1171
https://doi.org/10.1002/cplu.202000532
https://doi.org/10.1002/cplu.202000532
https://doi.org/10.1073/pnas.1817682116
https://doi.org/10.1002/adfm.201908602
https://doi.org/10.1126/science.aaw0542
https://doi.org/10.1002/adhm.202001212
https://doi.org/10.1021/acsnano.2c00401
https://doi.org/10.1021/acsnano.2c00401
https://doi.org/10.1158/0008-5472.Can-08-1468
https://doi.org/10.1021/nn700040t
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1002171


enhanced cargo delivery. Chem. Commun. 55 (87), 13164–13167. doi:10.1039/
c9cc07250k

Llopis-Lorente, A., Garcia-Fernandez, A., Murillo-Cremaes, N., Hortelao, A. C.,
Patino, T., Villalonga, R., et al. (2019b). Enzyme-powered gated mesoporous silica
nanomotors for on-command intracellular payload delivery. Acs Nano 13 (10),
12171–12183. doi:10.1021/acsnano.9b06706

Luo, M., Feng, Y., Wang, T., and Guan, J. (2018). Micro-/Nanorobots at work in
active drug delivery. Adv. Funct. Mat. 28 (25), 1706100. doi:10.1002/adfm.
201706100

Luo, M., Li, S., Wan, J., Yang, C., Chen, B., and Guan, J. (2020). Enhanced
propulsion of urease-powered micromotors by multilayered assembly of ureases on
Janus magnetic microparticles. Langmuir. 36 (25), 7005–7013. doi:10.1021/acs.
langmuir.9b03315

Lutgens, L., Deutz, N., Gueulette, J., Cleutjens, J., Berger, M., Wouters, B.,
et al. (2003). Citrulline: A physiologic marker enabling quantitation and
monitoring of epithelial radiation-induced small bowel damage. Int.
J. Radiat. Oncology*Biology*Physics 57, 1067–1074. doi:10.1016/S0360-
3016(03)00781-8

Lyu, Z., Ding, S., Zhang, N., Zhou, Y., Cheng, N., Wang, M., et al. (2020). Single-
atom nanozymes linked immunosorbent assay for sensitive detection of A beta 1-
40: A biomarker of alzheimer’s disease. Research 2020, 4724505. doi:10.34133/2020/
4724505

Manjare, M., Yang, B., and Zhao, Y. P. (2013). Bubble-propelled microjets:
Model and experiment. J. Phys. Chem. C 117 (9), 4657–4665. doi:10.1021/
jp311977d

Masland, R. H. (2012). The neuronal organization of the retina. Neuron 76 (2),
266–280. doi:10.1016/j.neuron.2012.10.002

Medina-Sanchez, M., Xu, H., and Schmidt, O. G. (2018). Micro- and nano-
motors: the new generation of drug carriers. Ther. Deliv. 9 (4), 303–316. doi:10.
4155/tde-2017-0113

Menter, D., Tucker, S., Kopetz, S., Sood, A., Crissman, J., and Honn, K. (2014).
Platelets and cancer: A casual or causal relationship: Revisited. Cancer Metastasis
Rev. 33, 231–269. doi:10.1007/s10555-014-9498-0

Miki, K., and Clapham, D. (2013). Rheotaxis guides mammalian sperm. Curr.
Biol. 23, 443–452. doi:10.1016/j.cub.2013.02.007

Mobasheri, A., Kalamegam, G., Musumeci, G., and Batt, M. E. (2014).
Chondrocyte and mesenchymal stem cell-based therapies for cartilage repair in
osteoarthritis and related orthopaedic conditions. Maturitas 78 (3), 188–198.
doi:10.1016/j.maturitas.2014.04.017

Mody, V. V., Siwale, R., Singh, A., and Mody, H. R. (2010). Introduction to
metallic nanoparticles. J. Pharm. Bioallied Sci. 2 (4), 282–289. doi:10.4103/0975-
7406.72127

Moreno-Garrido, I. (2008). Microalgae immobilization: Current techniques
and uses. Bioresour. Technol. 99, 3949–3964. doi:10.1016/j.biortech.2007.
05.040

Mou, F., Chen, C., Ma, H., Yin, Y., Wu, Q., and Guan, J. (2013). Self-propelled
micromotors driven by the magnesium–water reaction and their hemolytic
properties. Angew. Chem. Int. Ed. 52 (28), 7208–7212. doi:10.1002/anie.201300913

Mou, F., Chen, C., Zhong, Q., Yin, Y., Ma, H., and Guan, J. (2014). Autonomous
motion and temperature-controlled drug delivery of Mg/Pt-
poly(N-isopropylacrylamide) Janus micromotors driven by simulated body fluid
and blood plasma. ACS Appl. Mat. Interfaces 6 (12), 9897–9903. doi:10.1021/
am502729y

Mou, F., Xie, Q., Liu, J., Che, S., Bahmane, L., You, M., et al. (2021). ZnO-based
micromotors fueled by CO2: the first example of self-reorientation-induced
biomimetic chemotaxis. Natl. Sci. Rev. 8 (11), nwab066. doi:10.1093/nsr/nwab066

Mou, F., Zhang, J., Wu, Z., Du, S., Zhang, Z., Xu, L., et al. (2019). Phototactic
flocking of photochemical micromotors. Iscience 19, 415–424. doi:10.1016/j.isci.
2019.07.050

Mourran, A., Zhang, H., Vinokur, R., and Moeller, M. (2017). Soft microrobots
employing nonequilibrium actuation via plasmonic heating. Adv. Mat. 29 (2),
1604825. doi:10.1002/adma.201604825

Mujtaba, J., Liu, J., Dey, K. K., Li, T., Chakraborty, R., Xu, K., et al. (2021). Micro-
Bio-Chemo-Mechanical-Systems: Micromotors, microfluidics, and nanozymes for
biomedical applications. Adv. Mat. 33 (22), 2007465. doi:10.1002/adma.202007465

Murchie, E. H., and Lawson, T. (2013). Chlorophyll fluorescence analysis: a guide
to good practice and understanding some new applications. J. Exp. Bot. 64 (13),
3983–3998. doi:10.1093/jxb/ert208

Nakamura, J., Kobayashi, K., Fumoto, S., Nishi, J., Mukai, T., Nakashima, M.,
et al. (2005). Stomach and site-selective delivery of 5Fluorouracil following its
application on the gastric serosal surface in rats. Biol. Pharm. Bull. 28, 1049–1053.
doi:10.1248/bpb.28.1049

Packer, A., Roska, B., and Hausser, M. (2013). Targeting neurons and photons for
optogenetics. Nat. Neurosci. 16, 805–815. doi:10.1038/nn.3427

Palagi, S., Mark, A. G., Reigh, S. Y., Melde, K., Qiu, T., Zeng, H., et al. (2016).
Structured light enables biomimetic swimming and versatile locomotion of
photoresponsive soft microrobots. Nat. Mat. 15 (6), 647–653. doi:10.1038/
nmat4569

Pandey, R. K., Goswami, L. N., Chen, Y., Gryshuk, A., Missert, J. R., Oseroff, A.,
et al. (2006). Nature: A rich source for developing multifunctional agents. Tumor-
imaging and photodynamic therapy. Lasers Surg. Med. 38 (5), 445–467. doi:10.
1002/lsm.20352

Park, B.-W., Zhuang, J., Yasa, O., and Sitti, M. (2017). Multifunctional bacteria-
driven microswimmers for targeted active drug delivery. Acs Nano 11 (9),
8910–8923. doi:10.1021/acsnano.7b03207

Pavlick, R. A., Sengupta, S., McFadden, T., Zhang, H., and Sen, A. (2011). A
polymerization-powered motor. Angew. Chem. Int. Ed. Engl. 50 (40), 9546–9549.
doi:10.1002/ange.201103565

Paxton, W. F., Kistler, K. C., Olmeda, C. C., Sen, A., Angelo, St.S. K., Cao, Y., et al.
(2004). Catalytic nanomotors: Autonomous movement of striped nanorods. J. Am.
Chem. Soc. 126 (41), 13424–13431. doi:10.1021/ja047697z

Pearson, R., Barber, A., Rizzi, M., Hippert, C., Xue, T., West, E. L., et al. (2012).
Restoration of vision after transplantation of photoreceptors. Nature 485, 99–103.
doi:10.1038/nature10997

Peng, F., Men, Y., Tu, Y., Chen, Y., and Wilson, D. A. (2018). Nanomotor-based
strategy for enhanced penetration across vasculature model. Adv. Funct. Mat. 28
(25), 1706117. doi:10.1002/adfm.201706117

Peyer, K., Zhang, L., and Nelson, B. (2012). Bio-inspired magnetic swimming
microrobots for biomedical applications. Nanoscale 5, 1259–1272. doi:10.1039/
c2nr32554c

Punia, P., Bharti, M. K., Chalia, S., Dhar, R., Ravelo, B., Thakur, P., et al. (2021).
Recent advances in synthesis, characterization, and applications of nanoparticles for
contaminated water treatment- A review. Ceram. Int. 47 (2), 1526–1550. doi:10.
1016/j.ceramint.2020.09.050

Ramos-Docampo, M. A., Fernandez-Medina, M., Taipaleenmaki, E., Hovorka,
O., Salgueirino, V., and Stadler, B. (2019). Microswimmers with heat delivery
capacity for 3D cell spheroid penetration. ACS Nano 13 (10), 12192–12205. doi:10.
1021/acsnano.9b06869

Rizzi, V., Fini, P., Fanelli, F., Placido, T., Semeraro, P., Sibillano, T., et al. (2016).
Molecular interactions, characterization and photoactivity of Chlorophyll a/
chitosan/2-HP-beta-cyclodextrin composite films as functional and active
surfaces for ROS production. Food Hydrocoll. 58, 98–112. doi:10.1016/j.foodhyd.
2016.02.012

Safdar, M., Simmchen, J., and Janis, J. (2017). Light-driven micro-and
nanomotors for environmental remediation. Environ. Sci. Nano 4 (8),
1602–1616. doi:10.1039/c7en00367f

Sahoo, S. K., and Labhasetwar, V. (2003). Nanotech approaches to drug delivery and
imaging. Drug Discov. Today 8 (24), 1112–1120. doi:10.1016/s1359-6446(03)02903-9

Samad, A., Sultana, Y., and Aqil, M. (2007). Liposomal drug delivery systems:
an update review. Curr. Drug Deliv. 4 (4), 297–305. doi:10.2174/
156720107782151269

Senzer, N., Nemunaitis, J., Nemunaitis, D., Bedell, C., Edelman, G., Barve, M.,
et al. (2013). Phase I study of a systemically delivered p53 nanoparticle in advanced
solid tumors. Mol. Ther. 21 (5), 1096–1103. doi:10.1038/mt.2013.32

Shao, J., Abdelghani, M., Shen, G., Cao, S., Williams, D. S., and van Hest,
J. C. M. (2018). Erythrocyte membrane modified Janus polymeric motors for
thrombus therapy. ACS Nano 12 (5), 4877–4885. doi:10.1021/acsnano.
8b01772

Shao, J., Cao, S., Williams, D. S., Abdelmohsen, L. K. E. A., and van Hest, J. C. M.
(2020). Photoactivated polymersome nanomotors: Traversing biological barriers.
Angew. Chem. Int. Ed. 59 (39), 16918–16925. doi:10.1002/anie.202003748

Shao, J., Xuan, M., Zhang, H., Lin, X., Wu, Z., and He, Q. (2017). Chemotaxis-
guided hybrid neutrophil micromotors for targeted drug transport. Angew. Chem.
Int. Ed. 56 (42), 12935–12939. doi:10.1002/anie.201706570

Soler, L., Martinez-Cisneros, C., Swiersy, A., Sanchez, S., and Schmidt, O. G.
(2013). Thermal activation of catalytic microjets in blood samples using
microfluidic chips. Lab. Chip 13 (22), 4299–4303. doi:10.1039/c3lc50756d

Song, X., Chen, Z., Zhang, X., Xiong, J., Jiang, T., Wang, Z., et al. (2021). Magnetic
tri-bead microrobot assisted near-infrared triggered combined photothermal and
chemotherapy of cancer cells. Sci. Rep. 11 (1), 7907. doi:10.1038/s41598-021-
87010-7

Soto, F., Martin, A., Ibsen, S., Vaidyanathan, M., Garcia-Gradilla, V., Levin, Y.,
et al. (2016). Acoustic microcannons: Toward advanced microballistics. ACS Nano
10 (1), 1522–1528. doi:10.1021/acsnano.5b07080

Frontiers in Bioengineering and Biotechnology frontiersin.org28

Zhang et al. 10.3389/fbioe.2022.1002171

https://doi.org/10.1039/c9cc07250k
https://doi.org/10.1039/c9cc07250k
https://doi.org/10.1021/acsnano.9b06706
https://doi.org/10.1002/adfm.201706100
https://doi.org/10.1002/adfm.201706100
https://doi.org/10.1021/acs.langmuir.9b03315
https://doi.org/10.1021/acs.langmuir.9b03315
https://doi.org/10.1016/S0360-3016(03)00781-8
https://doi.org/10.1016/S0360-3016(03)00781-8
https://doi.org/10.34133/2020/4724505
https://doi.org/10.34133/2020/4724505
https://doi.org/10.1021/jp311977d
https://doi.org/10.1021/jp311977d
https://doi.org/10.1016/j.neuron.2012.10.002
https://doi.org/10.4155/tde-2017-0113
https://doi.org/10.4155/tde-2017-0113
https://doi.org/10.1007/s10555-014-9498-0
https://doi.org/10.1016/j.cub.2013.02.007
https://doi.org/10.1016/j.maturitas.2014.04.017
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.1016/j.biortech.2007.05.040
https://doi.org/10.1016/j.biortech.2007.05.040
https://doi.org/10.1002/anie.201300913
https://doi.org/10.1021/am502729y
https://doi.org/10.1021/am502729y
https://doi.org/10.1093/nsr/nwab066
https://doi.org/10.1016/j.isci.2019.07.050
https://doi.org/10.1016/j.isci.2019.07.050
https://doi.org/10.1002/adma.201604825
https://doi.org/10.1002/adma.202007465
https://doi.org/10.1093/jxb/ert208
https://doi.org/10.1248/bpb.28.1049
https://doi.org/10.1038/nn.3427
https://doi.org/10.1038/nmat4569
https://doi.org/10.1038/nmat4569
https://doi.org/10.1002/lsm.20352
https://doi.org/10.1002/lsm.20352
https://doi.org/10.1021/acsnano.7b03207
https://doi.org/10.1002/ange.201103565
https://doi.org/10.1021/ja047697z
https://doi.org/10.1038/nature10997
https://doi.org/10.1002/adfm.201706117
https://doi.org/10.1039/c2nr32554c
https://doi.org/10.1039/c2nr32554c
https://doi.org/10.1016/j.ceramint.2020.09.050
https://doi.org/10.1016/j.ceramint.2020.09.050
https://doi.org/10.1021/acsnano.9b06869
https://doi.org/10.1021/acsnano.9b06869
https://doi.org/10.1016/j.foodhyd.2016.02.012
https://doi.org/10.1016/j.foodhyd.2016.02.012
https://doi.org/10.1039/c7en00367f
https://doi.org/10.1016/s1359-6446(03)02903-9
https://doi.org/10.2174/156720107782151269
https://doi.org/10.2174/156720107782151269
https://doi.org/10.1038/mt.2013.32
https://doi.org/10.1021/acsnano.8b01772
https://doi.org/10.1021/acsnano.8b01772
https://doi.org/10.1002/anie.202003748
https://doi.org/10.1002/anie.201706570
https://doi.org/10.1039/c3lc50756d
https://doi.org/10.1038/s41598-021-87010-7
https://doi.org/10.1038/s41598-021-87010-7
https://doi.org/10.1021/acsnano.5b07080
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1002171


Soto, F., Wang, J., Ahmed, R., and Demirci, U. (2020). Medical micro/nanorobots
in precision medicine. Adv. Sci. (Weinh). 7 (21), 2002203. doi:10.1002/advs.
202002203

Sun, J., Mathesh, M., Li, W., and Wilson, D. A. (2019). Enzyme-powered
nanomotors with controlled size for biomedical applications. ACS Nano 13 (9),
10191–10200. doi:10.1021/acsnano.9b03358

Sun, L., Yu, Y., Chen, Z., Bian, F., Ye, F., Sun, L., et al. (2020). Biohybrid robotics
with living cell actuation. Chem. Soc. Rev. 49 (12), 4043–4069. doi:10.1039/
d0cs00120a

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A.,
et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Ca. A Cancer J. Clin. 71 (3),
209–249. doi:10.3322/caac.21660

Tang, S., Zhang, F., Gong, H., Wei, F., Zhuang, J., Karshalev, E., et al. (2020).
Enzyme-powered Janus platelet cell robots for active and targeted drug delivery. Sci.
Robot. 5 (43), eaba6137. doi:10.1126/scirobotics.aba6137

Thombre, S., and Sarwade, B. (2005). Synthesis and biodegradability of
polyaspartic acid: A critical review. J. Macromol. Sci. Part A 42, 1299–1315.
doi:10.1080/10601320500189604

Torchilin, V. P. (2002). PEG-based micelles as carriers of contrast agents for
different imaging modalities. Adv. Drug Deliv. Rev. 54 (2), 235–252. doi:10.1016/
s0169-409x(02)00019-4

Torchilin, V. P. (2005). Recent advances with liposomes as pharmaceutical
carriers. Nat. Rev. Drug Discov. 4 (2), 145–160. doi:10.1038/nrd1632

Uygun, M., Jurado-Sanchez, B., Uygun, D. A., Singh, V. V., Zhang, L., and Wang,
J. (2017). Ultrasound-propelled nanowire motors enhance asparaginase enzymatic
activity against cancer cells. Nanoscale 9 (46), 18423–18429. doi:10.1039/
c7nr07396h

Wan, M., Chen, H., Wang, Q., Niu, Q., Xu, P., Yu, Y., et al. (2019). Bio-inspired
nitric-oxide-driven nanomotor. Nat. Commun. 10, 966. doi:10.1038/s41467-019-
08670-8

Wan, M., Wang, Q., Wang, R., Wu, R., Li, T., Fang, D., et al. (2020). Platelet-
derived porous nanomotor for thrombus therapy. Sci. Adv. 6 (22), eaaz9014. doi:10.
1126/sciadv.aaz9014

Wang, B., Kostarelos, K., Nelson, B. J., and Zhang, L. (2021). Trends in micro-/
nanorobotics: Materials development, actuation, localization, and system
integration for biomedical applications. Adv. Mat. 33 (4), 2002047. doi:10.1002/
adma.202002047

Wang, B., Kostarelos, K., Nelson, B. J., and Zhang, L. (2020). Trends in micro-/
nanorobotics: Materials development, actuation, localization, and system
integration for biomedical applications. Adv. Mat. 33 (4), 2002047. doi:10.1002/
adma.202002047

Wang, C., de Avila, B. E. F., Mundaca-Uribe, R., Lopez-Ramirez, M. A., Ramirez-
Herrera, D. E., Shukla, S., et al. (2020). Active delivery of VLPs promotes anti-tumor
activity in a mouse ovarian tumor model. Small 16 (20), e1907150. doi:10.1002/smll.
201907150

Wang, D., Gao, C., Wang, W., Sun, M., Guo, B., Xie, H., et al. (2018). Shape-
transformable, fusible rodlike swimming liquid metal nanomachine. ACS Nano 12
(10), 10212–10220. doi:10.1021/acsnano.8b05203

Wang, J., and Gao, W. (2012). Nano/microscale motors: Biomedical
opportunities and challenges. Acs Nano 6 (7), 5745–5751. doi:10.1021/
nn3028997

Wang, J., Soto, F., Liu, S., Yin, Q., Purcell, E., Zeng, Y., et al. (2022). Volbots:
Volvox microalgae-based robots for multimode precision imaging and therapy.
Adv. Funct. Mat., 2201800. doi:10.1002/adfm.202201800

Wang, K., Liu, J., Wang, X., Liu, X., Hu, J., Li, E., et al. (2022). Ratiometric
fluorescent detection system based on dual-driving catalysis of CuO nanozyme
with a classical univariate calibration for the determination of ascorbic acid in
serum and fruits.Microchem. J. 172, 106921. doi:10.1016/j.microc.2021.106921

Wang, Q., Jiang, N., Fu, B., Huang, F., and Liu, J. (2019). Self-assembling peptide-based
nanodrug delivery systems. Biomater. Sci. 7 (12), 4888–4911. doi:10.1039/c9bm01212e

Wang, W., Castro, L. A., Hoyos, M., and Mallouk, T. E. (2012). Autonomous
motion of metallic microrods propelled by ultrasound. Acs Nano 6 (7), 6122–6132.
doi:10.1021/nn301312z

Wang, W., Wu, Z., Lin, X., Si, T., and He, Q. (2019). Gold-nanoshell-
functionalized polymer nanoswimmer for photomechanical poration of
single-cell membrane. J. Am. Chem. Soc. 141 (16), 6601–6608. doi:10.1021/
jacs.8b13882

Wavhale, R. D., Dhobale, K. D., Rahane, C. S., Chate, G. P., Tawade, B. V., Patil, Y.
N., et al. (2021). Water-powered self-propelled magnetic nanobot for rapid and
highly efficient capture of circulating tumor cells. Commun. Chem. 4 (1), 159.
doi:10.1038/s42004-021-00598-9

Wicki, A., Witzigmann, D., Balasubramanian, V., and Huwyler, J. (2015).
Nanomedicine in cancer therapy: Challenges, opportunities, and clinical
applications. J. Control. Release 200, 138–157. doi:10.1016/j.jconrel.2014.12.030

Wilhelm, S., Tavares, A. J., Dai, Q., Ohta, S., Audet, J., Dvorak, H. F., et al. (2016).
Analysis of nanoparticle delivery to tumours. Nat. Rev. Mat. 1 (5), 16014. doi:10.
1038/natrevmats.2016.14

Williams, B. J., Anand, S. V., Rajagopalan, J., and Saif, M. T. A. (2014). A self-
propelled biohybrid swimmer at low Reynolds number. Nat. Commun. 5, 3081.
doi:10.1038/ncomms4081

Wrede, P., Degtyaruk, O., Kalva, S. K., Dean-Ben, X. L., Bozuyuk, U., Aghakhani,
A., et al. (2022). Real-time 3D optoacoustic tracking of cell-sized magnetic
microrobots circulating in the mouse brain vasculature. Sci. Adv. 8 (19),
eabm9132. doi:10.1126/sciadv.abm9132

Wu, M., Wu, W., Duan, Y., Li, X., Qi, G., and Liu, B. (2019). Photosensitizer-bacteria
biohybrids promote photodynamic cancer cell ablation and intracellular protein delivery.
Chem. Mat. 31 (18), 7212–7220. doi:10.1021/acs.chemmater.9b01518

Wu, W., Huang, L., Wang, E., and Dong, S. (2020). Atomic engineering of single-
atom nanozymes for enzyme-like catalysis. Chem. Sci. 11 (36), 9741–9756. doi:10.
1039/d0sc03522j

Wu, Z., Li, L., Yang, Y., Hu, P., Li, Y., Yang, S.-Y., et al. (2019). A
microrobotic system guided by photoacoustic computed tomography for
targeted navigation in intestines in vivo. Sci. Robot. 4 (32), eaax0613.
doi:10.1126/scirobotics.aax0613

Wu, Z., Lin, X., Wu, Y., Si, T., Sun, J., and He, Q. (2014). Near-infrared light-
triggered "On/Off" motion of polymer multi layer rockets. Acs Nano 8 (6),
6097–6105. doi:10.1021/nn501407r

Xi, W., Solovev, A. A., Ananth, A. N., Gracias, D. H., Sanchez, S., and
Schmidt, O. G. (2013). Rolled-up magnetic microdrillers: towards remotely
controlled minimally invasive surgery. Nanoscale 5 (4), 1294–1297. doi:10.
1039/c2nr32798h

Xing, J., Yin, T., Li, S., Xu, T., Ma, A., Chen, Z., et al. (2021). Sequential magneto-
actuated and optics-triggered biomicrorobots for targeted cancer therapy. Adv.
Funct. Mat. 31 (11), 2008262. doi:10.1002/adfm.202008262

Xiong, K., Xu, L., Lin, J., Mou, F., and Guan, J. (2020). Mg-based micromotors
with motion responsive to dual stimuli. Research 2020, 6213981–6214012. doi:10.
34133/2020/6213981

Xu, B., Han, X., Hu, Y., Luo, Y., Chen, C. H., Chen, Z., et al. (2019). A remotely
controlled transformable soft robot based on engineered cardiac tissue construct.
Small 15 (18), e1900006. doi:10.1002/smll.201900006

Xu, H., Medina-Sanchez, M., Magdanz, V., Schwarz, L., Hebenstreit, F., and
Schmidt, O. G. (2018). Sperm-hybrid micromotor for targeted drug delivery. Acs
Nano 12 (1), 327–337. doi:10.1021/acsnano.7b06398

Xu, H., Medina-Sanchez, M., Maitz, M. F., Werner, C., and Schmidt, O. G.
(2020a). Sperm micromotors for cargo delivery through flowing blood. ACS Nano
14 (3), 2982–2993. doi:10.1021/acsnano.9b07851

Xu,H.,Medina-Sanchez,M., Zhang,W., Seaton,M. P.H., Brison, D. R., Edmondson, R.
J., et al. (2020b). Human spermbots for patient-representative 3D ovarian cancer cell
treatment. Nanoscale 12 (39), 20467–20481. doi:10.1039/d0nr04488a

Xu, L., Mou, F., Gong, H., Luo, M., and Guan, J. (2017). Light-driven micro/
nanomotors: from fundamentals to applications. Chem. Soc. Rev. 46 (22),
6905–6926. doi:10.1039/c7cs00516d

Xu, T., Xu, L.-P., and Zhang, X. (2017). Ultrasound propulsion of micro-/
nanomotors. Appl. Mater. Today 9, 493–503. doi:10.1016/j.apmt.2017.07.011

Xu, Z., Chen, M., Lee, H., Feng, S.-P., Park, J. Y., Lee, S., et al. (2019). X-ray-
Powered micromotors. ACS Appl. Mat. Interfaces 11 (17), 15727–15732. doi:10.
1021/acsami.9b00174

Xuan, M., Shao, J., Gao, C., Wang, W., Dai, L., and He, Q. (2018). Self-propelled
nanomotors for thermomechanically percolating cell membranes. Angew. Chem.
Int. Ed. 57 (38), 12463–12467. doi:10.1002/anie.201806759

Yamatsuta, E., Beh, S. P., Uesugi, K., Tsujimura, H., and Morishima, K. (2019). A
micro peristaltic pump using an optically controllable bioactuator. Engineering 5
(3), 580–585. doi:10.1016/j.eng.2018.11.033

Yang, Q., Xu, L., Zhong, W., Yan, Q., Gao, Y., Hong, W., et al. (2020). Recent
advances in motion control of micro/nanomotors. Adv. Intell. Syst. 2 (8), 2000049.
doi:10.1002/aisy.202000049

Yasa, O., Erkoc, P., Alapan, Y., and Sitti, M. (2018). Microalga-powered
microswimmers toward active cargo delivery. Adv. Mat. 30 (45), 1804130.
doi:10.1002/adma.201804130

Ye, H., Ma, G., Kang, J., Sun, H., and Wang, S. (2018). Pt-Free microengines at
extremely low peroxide levels. Chem. Commun. 54 (37), 4653–4656. doi:10.1039/
c8cc01548a

Frontiers in Bioengineering and Biotechnology frontiersin.org29

Zhang et al. 10.3389/fbioe.2022.1002171

https://doi.org/10.1002/advs.202002203
https://doi.org/10.1002/advs.202002203
https://doi.org/10.1021/acsnano.9b03358
https://doi.org/10.1039/d0cs00120a
https://doi.org/10.1039/d0cs00120a
https://doi.org/10.3322/caac.21660
https://doi.org/10.1126/scirobotics.aba6137
https://doi.org/10.1080/10601320500189604
https://doi.org/10.1016/s0169-409x(02)00019-4
https://doi.org/10.1016/s0169-409x(02)00019-4
https://doi.org/10.1038/nrd1632
https://doi.org/10.1039/c7nr07396h
https://doi.org/10.1039/c7nr07396h
https://doi.org/10.1038/s41467-019-08670-8
https://doi.org/10.1038/s41467-019-08670-8
https://doi.org/10.1126/sciadv.aaz9014
https://doi.org/10.1126/sciadv.aaz9014
https://doi.org/10.1002/adma.202002047
https://doi.org/10.1002/adma.202002047
https://doi.org/10.1002/adma.202002047
https://doi.org/10.1002/adma.202002047
https://doi.org/10.1002/smll.201907150
https://doi.org/10.1002/smll.201907150
https://doi.org/10.1021/acsnano.8b05203
https://doi.org/10.1021/nn3028997
https://doi.org/10.1021/nn3028997
https://doi.org/10.1002/adfm.202201800
https://doi.org/10.1016/j.microc.2021.106921
https://doi.org/10.1039/c9bm01212e
https://doi.org/10.1021/nn301312z
https://doi.org/10.1021/jacs.8b13882
https://doi.org/10.1021/jacs.8b13882
https://doi.org/10.1038/s42004-021-00598-9
https://doi.org/10.1016/j.jconrel.2014.12.030
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1038/ncomms4081
https://doi.org/10.1126/sciadv.abm9132
https://doi.org/10.1021/acs.chemmater.9b01518
https://doi.org/10.1039/d0sc03522j
https://doi.org/10.1039/d0sc03522j
https://doi.org/10.1126/scirobotics.aax0613
https://doi.org/10.1021/nn501407r
https://doi.org/10.1039/c2nr32798h
https://doi.org/10.1039/c2nr32798h
https://doi.org/10.1002/adfm.202008262
https://doi.org/10.34133/2020/6213981
https://doi.org/10.34133/2020/6213981
https://doi.org/10.1002/smll.201900006
https://doi.org/10.1021/acsnano.7b06398
https://doi.org/10.1021/acsnano.9b07851
https://doi.org/10.1039/d0nr04488a
https://doi.org/10.1039/c7cs00516d
https://doi.org/10.1016/j.apmt.2017.07.011
https://doi.org/10.1021/acsami.9b00174
https://doi.org/10.1021/acsami.9b00174
https://doi.org/10.1002/anie.201806759
https://doi.org/10.1016/j.eng.2018.11.033
https://doi.org/10.1002/aisy.202000049
https://doi.org/10.1002/adma.201804130
https://doi.org/10.1039/c8cc01548a
https://doi.org/10.1039/c8cc01548a
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1002171


You, Y., Xu, D., Pan, X., and Ma, X. (2019). Self-propelled enzymatic
nanomotors for enhancing synergetic photodynamic and starvation therapy
by self-accelerated cascade reactions. Appl. Mater. Today 16, 508–517. doi:10.
1016/j.apmt.2019.07.008

Yu, Y., Shang, L., Gao, W., Zhao, Z., Wang, H., and Zhao, Y. (2017). Microfluidic
lithography of bioinspired helical micromotors. Angew. Chem. Int. Ed. 56 (40),
12127–12131. doi:10.1002/anie.201705667

Zhang, C., Wang, W., Xi, N., Wang, Y., and Liu, L. (2018). Development and
future challenges of bio-syncretic robots. Engineering 4 (4), 452–463. doi:10.1016/j.
eng.2018.07.005

Zhang, F., Lu, G., Wen, X., Li, F., Ji, X., Li, Q., et al. (2020). Magnetic
nanoparticles coated with polyphenols for spatio-temporally controlled cancer
photothermal/immunotherapy. J. Control. Release 326, 131–139. doi:10.1016/j.
jconrel.2020.06.015

Zhang, F., Mundaca-Uribe, R., Gong, H., de Avila, B. E.-F., Beltran-Gastelum, M.,
Karshalev, E., et al. (2019). A macrophage-magnesium hybrid biomotor:
Fabrication and characterization. Adv. Mat. 31 (27), 1901828. doi:10.1002/adma.
201901828

Zhang, H., Duan, W., Liu, L., and Sen, A. (2013). Depolymerization-powered
autonomous motors using biocompatible fuel. J. Am. Chem. Soc. 135 (42),
15734–15737. doi:10.1021/ja4089549

Zhang, H., Li, Z., Gao, C., Fan, X., Pang, Y., Li, T., et al. (2021). Dual-responsive
biohybrid neutrobots for active target delivery. Sci. Robot. 6 (52), eaaz9519. doi:10.
1126/scirobotics.aaz9519

Zhang, L., Gu, F. X., Chan, J. M., Wang, A. Z., Langer, R. S., and Farokhzad, O. C.
(2008). Nanoparticles in medicine: Therapeutic applications and developments.
Clin. Pharmacol. Ther. 83 (5), 761–769. doi:10.1038/sj.clpt.6100400

Zhang, Y., Huang, Z., Cai, Z., Ye, Y., Li, Z., Qin, F., et al. (2021). Magnetic-
actuated "capillary container" for versatile three-dimensional fluid interface
manipulation. Sci. Adv. 7 (34), eabi7498. doi:10.1126/sciadv.abi7498

Zhong, D., Li, W., Qi, Y., He, J., and Zhou, M. (2020). Photosynthetic biohybrid
nanoswimmers system to alleviate tumor hypoxia for FL/PA/MR imaging-guided
enhanced radio-photodynamic synergetic therapy. Adv. Funct. Mat. 30 (17),
1910395. doi:10.1002/adfm.201910395

Zhou, M., Hou, T., Li, J., Yu, S., Xu, Z., Yin, M., et al. (2019). Self-propelled and
targeted drug delivery of poly(aspartic acid)/iron-zinc microrocket in the stomach.
Acs Nano 13 (2), 1324–1332. doi:10.1021/acsnano.8b06773

Zhou, X., Huang, X., Wang, B., Tan, L., Zhang, Y., and Jiao, Y. (2021). Light/gas
cascade-propelled Janus micromotors that actively overcome sequential and multi-
staged biological barriers for precise drug delivery. Chem. Eng. J. 408, 127897.
doi:10.1016/j.cej.2020.127897

Zhu, W., Li, J., Leong, Y. J., Rozen, I., Qu, X., Dong, R., et al. (2015). 3D-
Printed artificial microfish. Adv. Mat. 27 (30), 4411–4417. doi:10.1002/adma.
201501372

Zhu, Y., Song, Y., Cao, Z., Dong, L., Lu, Y., Yang, X., et al. (2021). Magnetically
actuated active deep tumor penetration of deformable large nanocarriers for
enhanced cancer therapy. Adv. Funct. Mat. 31 (35), 2103655. doi:10.1002/adfm.
202103655

Frontiers in Bioengineering and Biotechnology frontiersin.org30

Zhang et al. 10.3389/fbioe.2022.1002171

https://doi.org/10.1016/j.apmt.2019.07.008
https://doi.org/10.1016/j.apmt.2019.07.008
https://doi.org/10.1002/anie.201705667
https://doi.org/10.1016/j.eng.2018.07.005
https://doi.org/10.1016/j.eng.2018.07.005
https://doi.org/10.1016/j.jconrel.2020.06.015
https://doi.org/10.1016/j.jconrel.2020.06.015
https://doi.org/10.1002/adma.201901828
https://doi.org/10.1002/adma.201901828
https://doi.org/10.1021/ja4089549
https://doi.org/10.1126/scirobotics.aaz9519
https://doi.org/10.1126/scirobotics.aaz9519
https://doi.org/10.1038/sj.clpt.6100400
https://doi.org/10.1126/sciadv.abi7498
https://doi.org/10.1002/adfm.201910395
https://doi.org/10.1021/acsnano.8b06773
https://doi.org/10.1016/j.cej.2020.127897
https://doi.org/10.1002/adma.201501372
https://doi.org/10.1002/adma.201501372
https://doi.org/10.1002/adfm.202103655
https://doi.org/10.1002/adfm.202103655
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1002171

	“Motile-targeting” drug delivery platforms based on micro/nanorobots for tumor therapy
	1 Introduction
	2 Targeting drug delivery systems for tumor therapy
	2.1 Passively targeted drug delivery systems
	2.2 Active targeted drug delivery systems

	3 Micro/nanorobots
	3.1 Chemically-powered micro/nanorobots
	3.2 External-field-powered micro/nanorobots
	3.3 Biohybrid micro/nanorobots

	4 Motile drug delivery by micro/nanorobots
	4.1 Chemically-powered micro/nanorobots
	4.1.1 Peroxide-powered micro/nanorobots
	4.1.2 Biocompatible fuel-powered micro/nanorobots
	4.1.3 Enzyme-powered micro/nanorobots

	4.2 Motile drug delivery by external-field-powered micro/nanorobots
	4.2.1 Ultrasound-powered micro/nanorobots
	4.2.2 Magnetic-field-powered micro/nanorobots
	4.2.3 Light-driven micro/nanorobots
	4.2.3.1 NIR light
	4.2.3.2 Ultraviolet light
	4.2.3.3 X-ray

	4.3 Motile drug delivery by biohybrid micro/nanorobots
	4.3.1 Sperm-based micro/nanorobots
	4.3.2 Bacteria-based micro/nanorobots


	5 Conclusion and perspective
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


