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Micro/nanomotors (MNMs) have attracted tremendous interest of researchers owing to their ability to
mimic the function of natural microorganisms to complete tasks in biomedicine and other fields.

However, in order to realize their practical use in the biomedical field, MNMs are required to meet the
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biosafety standard, which has not been systematically reviewed. The most important thing of concern
for biosafety is to fabricate MNMs with good biodegradability, biocompatibility and biosafe propulsion.
We reviewed the state-of-the-art of biosafe MNMs, focusing on the biodegradability, biocompatibility,

biosafe propulsion and biosafety assessments of MNMs. The challenges and opportunities of biosafe

rsc.li/materials-advances

1. Introduction

With the rise in the exploration of the microcosm, the goal to
achieve complex tasks on demand in biomedical and environ-
mental fields has led to the development of micro/nanomotors
(MNMs). Various artificial MNMs have been fabricated sophisti-
catedly in an inherent asymmetric nature, with physically or
chemically responsive segments. The unique structure of artificial
MNMs has enabled the motors to have motion, propulsion, or
collective chemotaxis behavior. MNMs are desired for achieving
tasks in a controlled and dynamic fashion, such as drug delivery,
cancer diagnostics, manipulation of cells, detoxification, nano-
surgery, imaging guided therapy, sensing and environmental
remediation.'™ As a persistent endeavor, the application of MNMs
in the biomedical field is the most promising but challenging. For
application in the biomedical field, MNMs are expected to be
biosafe, highly efficient, flexible and controllable. With the in-
depth research, the progress of intelligent design, functionality
and controllability of MNMs has been fully studied and reviewed
during the past few years. There has been increasing interest in
exploring a wide range of biosafe MNMs for various medical
applications. However, the highly desirable biosafety of artificial
MNMs has not been systematically studied.

For biomedical application in practice, the biosafety issues
of artificial MNMs including the building blocks, propulsion

“School of Chemistry and Chemical Engineering, Harbin Institute of Technology,
Xidazhi Street, Nangang District, 150001 Harbin, No. 92, Heilongjiang Province,
China. E-mail: wzy219001@163.com; Fax: +86 0451 86282909;

Tel: +86 0451 86282909

b Key Laboratory of Micro-systems and Micro-structures Manufacturing (Ministry of

Education), Harbin Institute of Technology, 150080 Harbin, China

© 2021 The Author(s). Published by the Royal Society of Chemistry

MNMs for biomedical application are discussed.

mechanisms and assessment method are of great significance
to ensure the feasibility.° While many kinds of materials have
been explored to fabricate MNMs, some of the materials which
are non-degradable and non-biocompatible would be difficult to
implement for in vivo application. The use of biosafe materials and
propulsion may contribute to solving the bottleneck problems of
artificial MNMSs in practical applications and translate proof-of-
concept into next generation applications.

Here, we focus on the biosafety issues of artificial MNMs
including biodegradability, biocompatibility, biosafe propulsion as
well as biosafety assessments. Biodegradability and biocompatibility
problems should be carefully considered during biomedical MNMs’
design because these MNMs are expected to be expelled out and
pose no health hazard to the body. In addition, propulsion
mechanisms of MNMs need to be benign to the biotic environment.
The integration of biosafe materials and propulsion infuses new
energy in the fabrication of functional MNMs. Biodistribution and
toxicity in vitro and in vivo are explored to assess the biosafety issues.
For the final part, future perspectives and challenges of biosafe
MNMs are discussed.

2. Biodegradability

Some intravenously given artificial MNMs would interact with the
constituents of the blood and trigger immune response.®”"¢40:8>88
Degradable artificial MNMs are expected to be easily absorbed by
the organism when they have fulfilled the biological functions and
to reduce/avoid immune response caused by traditional materials
or medicine, while the intrinsic qualities of MNMs such as small
size and large surface area enable them to easily interact with
the constituents of blood and induce immune toxicity. There is
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a growing demand to develop various materials in order to reduce
immune toxicity, improve medical outcomes and promote practical
medical applications of MNMs.

2.1. Biodegradation mechanisms

Specifically, the biodegradation mechanisms of some common
materials such as natural and synthetic polymers involve
cellular activities and enzymatic reactions, while the biodegradation
mechanisms of biodegradable metals and carbonate systems
involve chemical reactions in the physiological environment.”
The biodegradation of materials starts immediately after the
materials enter the body and it causes physicochemical changes
including changes in size, weight, surface topography, mechanical
strength and density.® The degradation kinetics of biodegradable
materials is determined by both the physicochemical properties of
the materials and physiological states within living creatures.
Controlling the degradation kinetics of biodegradable materials
is crucial for their successful medical applications. Under ideal
conditions, the materials first maintain their integrity, perform
their role and function with no obvious mass loss and deforma-
tion. After the biological function is completed, the degradation
rate of the material is accelerated, so as to realize rapid mass loss
until the complete degradation of the material.

Biomaterials usually elicit a host response once they enter
the body and induce inflammation or proliferation.'”-8*86:87:96
The events relating to host response to biodegradable materials are
considered as stage-dependent. Some acute host response is
caused by protein adsorption onto the surface of materials when
the materials enter the body. The degree of host response is related
to the level of biodegradation kinetics and biodegradation
products. Host response also influences the biodegradation
process and the performance of materials, causing structural
and morphological development. The degradation of materials
may also be accompanied by some changes in the immediate
vicinity of the materials due to the production of intermediate
degradation products or soluble degradation products, and
these changes also affect host response.

2.2. Natural degradable polymers

Natural degradable polymers including proteins (urease and
bovine serum albumin), polypeptides (poly-L-lysine) and poly-
saccharides (alginate and chitosan) have drawn much attention
and been widely used in the fabrication of MNMs for biomedical
applications. Owing to the resemblance of natural degradable
polymers to biological macromolecules, natural polymers often
show promising biological activities, possess cell surface binding
ligands, are easier to be degraded by cell-mediated enzymes and
are susceptible to natural remodeling. Natural biodegradable
polymers are mainly degraded through enzymatic degradation,
oxidation and phagocytosis. After entering the body, the MNMs
fabricated using natural polymers are less likely to induce adverse
foreign-body reaction.

Alginate (ALG) and chitosan (CHI) as natural polysaccharides,
have controllable biodegradability, excellent biocompatibility and
viscosity. Yang et al.° had combined negatively charged ALG and
positively charged CHI to form biodegradable nanotubes via the
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layer-by-layer (LbL) assembly technique. The assembled nano-
tubes were degraded under the action of enzyme lipase as they
were immersed in pancreatin solution. This indicated that the
ALG/CHI nanotubes had good biodegradable feature. On the
basis of this research, Wu et al.'® assembled platinum nano-
particles (Pt NPs) within the inner surface of ALG/CHI nano-
tubes to catalyze the decomposition of hydrogen peroxide
(H»0,) into oxygen and water. The oxygen bubbles were released
from the opening of the nanorockets and in turn pushed the
vehicle along. In order to achieve controllable locomotion of the
biodegradable nanorockets, Fe;O, nanoparticles were modified
on the surface of the tubular nanorockets.

The versatility of the LbL technique allows the frame structure
properties of polyelectrolyte microcapsules to be modulated by
various functional components. Xuan et al.'’ reported the gold
nanorod (GNR) functionalized Janus ALG/CHI polyelectrolyte
microcapsule micromotor. Because of the photothermal effect of
GNRs, the asymmetric structure could be triggered using near-
infrared (NIR) light and realize the unidirectional movement. Hu
et al.*® fabricated a biodegradable star-shaped hydrogel MNM by
using poly(vinyl alcohol) and ALG; ALG as the main component of
the vehicle bestowed the MNM with good biodegradability, as it
was degraded by amylase. By adding magnetic nanoparticles, the
star-shaped hydrogel can achieve controlled motion in various
biofluids under an external magnetic field.

Natural polymers bovine serum albumin (BSA) and poly-i-
lysine (PLL) have been used as building units for the fabrication
of protein and polypeptide based rockets by Wu et al.'® As
shown in Fig. 1A, a heat-sensitive gelation hydrogel was also
integrated into the microtube along with gold nanoparticles
(Au NPs), doxorubicin (DOX) and catalase. The H,O0, fuel was
expected to diffuse from the surrounding liquid medium to
catalase and be catalyzed into water and oxygen bubbles which
were expelled via the opening of the microtubes to propel the
rockets. Upon NIR illumination, the gelatin hydrogel melted
and released the encapsulated DOX under the photo-thermal
effect of Au NPs. The good biodegradability of the rockets was
evaluated by incubating the rocket with a-chymotrypsin.

The functional unit protein is the common component to be
integrated into microtubes or capsules, affording them respon-
siveness to various stimuli. Sugai et al.'* presented “all-protein”
microtube motors with a urease interior surface which were
fabricated via template-assisted LbL assembly and Avi-biotin
interaction (as shown in Fig. 1B). Such protein microtubes
having nontoxic urea fuel can be propelled by the Ure reaction
(urea — NH; + CO,). The protein based MNMs having good
biodegradability could be broken down in acidic water and
completely digested by proteases. As depicted in Fig. 1C, Pena-
Francesch et al."® reported biodegradable and multifunctional
self-propelled protein-based MNMs to overcome the material
and performance limitations (low efficiency, toxicity and lack of
locomotion direction control) of self-propelled MNMs based on
Marangoni propulsive forces. Squid ring teeth (SRT) proteins
and hexafluoroisopropanol (HFIP) were applied to fabricate the
chemical motors. Through regulating the nanostructure of SRT
proteins and the interaction with HFIP fuel, the self-propelled

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Natural degradable polymer based MNMs. (A) Scheme illustrating the fabrication and light-triggered drug release process of protein-based
rockets and SEM images of these rockets before and after incubating with a-chymotrypsin solution. (B) Schematic illustration of the Avi/bUre microtube,
TEM image and morphology changes of the prepared motors over time in Pronase solution at 37 °C. (C) Schematic illustration of protein motor on-
demand termination and degradation for cargo delivery. (A) Reproduced with permission.'* Copyright 2015, American Chemical Society. (B) Reproduced
with permission.** Copyright 2019, Wiley-VCH. (C) Reproduced with permission.*> Copyright 2019, Springer Nature.

protein-based MNMs outperformed previous chemical motors
by several orders of magnitude: programmable locomotion,
on-demand termination and degradation. In addition, the pro-
tein matrix could be naturally degraded and release the encap-
sulated drugs in an acidic environment. The contributions
introduced in this section offer great potential toward the develop-
ment of biodegradable MNMs by choosing natural polymers which
resemble biological macromolecules for medical applications.

2.3. Synthetic degradable polymers

Unlike natural degradable polymers, synthetic polymers demon-
strate a good remanufacturability with controlled composition,
allowing one to adjust the physicochemical properties of materials
and improve the functions of MNMs. Additionally, the degradation
kinetics of synthetic polymers could be tuned by modulating the
physicochemical properties of the polymers, blending, copolymer-
ization or surface modifications. Since the synthesis of the first
degradable suture using the synthetic polymer polyglycolide in the
1960s, various degradable synthetic polymers such as polycapro-
lactone (PCL), polyglycolide (PGA), polylactide (PLA) and polyur-
ethanes have been produced. With the in-depth research of MNMs
during the past decade, a growing number of researchers began to
pay attention to the application of degradable synthetic polymers
in MNMs. Synthetic polymers degrade via hydrolysis, oxidation
and enzymatic degradation. During the course of hydrolysis of the
ester bond in the polymer chain, some synthetic polymers
including polyesters, polyorthoesters, polycarbonates, poly-
anhydrides and polyamides were degraded into oligomers or
monomers, which could be cleared by the organism.'® In
particular, the hydrolytic products of some synthetic polymers
including PCL, PGA and PLA are small molecules, such as lactic
acid, glycolic acid and 6-hydroxyhexanoic acid, and these acidic

© 2021 The Author(s). Published by the Royal Society of Chemistry

degradation products could be oxidized in the tricarboxylic acid
cycle and provide energy for organisms.'®'” Synthetic polymers
could also be degraded gradually by some enzymes that are
present in the blood or secreted by immune cells which could
break apart the chemical bonds in polymer chains, or degraded
through phagocytosis by macrophages or other cells. Besides,
synthetic polymers could be depolymerized by oxygen free radicals
which were released from some inflammatory cells via oxidation."®

As shown in Fig. 2B, the magnetic composite non-toxic and
biodegradable photocrosslinkable hydrogel gelatin methacryloyl
(GelMA) had been applied to manufacture 3D printed soft helical
MNMs.'® Based on the intrinsic soft nature of GelMA, the
fabricated helical MNMs can keep their forward velocity as the
rotating frequency increases, suggesting a unique self-adaptive
behavior. Full GelMA MNM microstructures were proteolytically
biodegradable by collagenases in the extracellular matrix. GelMA
MNMs, the GelMA precursor and the degradation products of
magnetic-composite GelMA MNMs were all nontoxic.

There are more and more research studies on the characters
and applications of PCL, which is an FDA-approved biodegrad-
able synthetic polymer. A kind of biodegradable MNM was
fabricated by a scalable self-assembly method using PCL single
crystals and silver nanoparticles as the framework.>’ Due to the
nature of polymer single crystals and nanoparticles, the reported
MNMs exhibited multiple functions such as molecular detection,
autonomous movement, and sustained and controlled drug release.
A kind of “all-polymer” MNM containing PCL single crystals as the
main part and catalase as the engine was reported by Liu et al*
With catalase immobilized onto the surface of PCL crystals by
chemical reactions, this all-polymer MNM performed self-
propelled motion where catalase functioned as an engine to
catalytically decompose H,O, to water and oxygen.

Mater. Adv., 2021, 2, 3441-3458 | 3443
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Fig. 2 Synthetic degradable polymer based MNMs. (A) Schematic illustration of the fabrication process and enzymatically triggered disintegration of
micromotors, consecutive image frames of enzymatically triggered disassembly of these micromotors, nanosphere release, and degradation of the
whole transport system. (B) Schematic illustration of fabrication of biodegradable GelMA helical micromotors. Optical image of helical micromotors
decorated with magnetic nanoparticles, illustration of enzymatic degradation of GelMA and images of partially degraded GelMA helical microstructures
after incubation with HaCaT cells. (C) Schematic illustration of polymeric nanomotors with spatial control over the catalyst and Cryo-TEM pictures of
poly(ethylene glycol)-b-poly(p,L-lactide) stomatocytes after reduction with TCEP beads and subsequent reaction with NHS functionalized gold
nanoparticles. (D) Schematic diagram for the preparation of motored PLGA particles. (A) Reproduced with permission.?> Copyright 2019, American
Chemical Society. (B) Reproduced with permission.*® Copyright 2018, Wiley-VCH. (C) Reproduced with permission.?> Copyright 2019, Springer Nature.

(D) Reproduced with permission.2® Copyright 2019, Wiley-VCH.

Spindle-like MNMs consisting of PCL and an anionic surfactant
were fabricated using a one-step electrospinning method.>* The
spindle-like MNMs were self-propelled based on Marangoni
propulsive forces on the surface of water. The release of the
anionic surfactant, sodium 1-dodecanesulfonate, from the
spindle-like MNMs induced propulsive Marangoni forces. As
indicated in Fig. 2A, Kroupa et al.>® presented the novel concept
of a degradable mothership based on PCL polymers capable of
delivering cargo-carrying nanospheres to target sites. The main
part of the polymer mothership (PCL-SH) was synthesized through
green ring-opening polymerization. PCL-SH was then coated with a
compact platinum (Pt) layer to make sheet-like and tubular
MNMs after sonication. A biodegradable self-assembled poly-
meric stomatocyte MNM for drug delivery was built using a
mixture of poly(ethylene glycol)-b-poly(e-caprolactone) and the
well-documented vesicle former poly(ethylene glycol)-b-poly-
styrene.>* DOX was encapsulated in the lumen of the micro-
structure while Pt NPs acting as the engine were loaded in the
cavity of the polymeric stomatocyte structure. A high proportion
of PCL mixed in the structure of the hybrid vehicle resulted in
the formation of PCL domains. During the degradation of PCL,
the membrane of the stomatocyte would collapse and release
the encapsulated drugs after the MNMs were taken by tumor
cells. Owing to the biodegradability of PCL, all the above
mentioned MNMs based on PCL could be disassembled into
tiny pieces and trigger drug release with the action of enzymes.
As indicated in Fig. 2C, a multivalent design of biodegradable
polymeric MNMs was proposed for the preparation of stomato-
cytes.”® Stomatocytes were made from biodegradable synthetic

3444 | Mater. Adv, 2021, 2, 3441-3458

polymers poly(ethylene glycol)-b-poly(p,L-lactide) including azide
terminated polymers as functional handles. Two different
functional handles on the inner and outer surface provided
spatial control over the catalyst. Catalase along with glucose
oxidase was loaded inside the cavity to propel the polymeric
MNMs in the presence of fuel.

As shown in Fig. 2D, through the functionalized poly(lactic-
co-glycolic acid) (PLGA) microparticles with catalase, a bio-
degradable MNM performing autonomous motion was designed
to deliver drugs to inflammatory lesions.”® PLGA MNMs moved
faster with increasing levels of H,0,, and finally they performed
directional movement toward macrophages where H,0, was found
at elevated levels. The core/shell polymeric microtube motors made
of PLGA and polyethylene oxide were fabricated by coelectrospin-
ning and cryosectioning.”” The use of synthetic biodegradable
polymers as the backbone of microtubes allowed for taking advan-
tages of their phase changes, resulting in the shape reconfiguration
of microtubes when exposed to ultrasound. This approach allowed
for converting the microtubes into picoliter-scale containers. MNMs
based on metal was not applicable in biological settings. Toebes
et al.”® reported the first biodegradable polymersome MNMSs with a
tubular shape. The framework of the polymeric MNMs was made
from poly(ethylene glycol)-b-poly(p,i-lactide). Poly(p,i-lactide) as an
FDA-approved biodegradable synthetic polymer is a promising
candidate for MNM materials. The tubular shaped polymersome
MNMs were decorated with catalase to provide propulsion through
catalytic decomposition of H,0O, into oxygen and water.

The use of various synthetic polymers offers great potential
toward the development of biodegradable and intelligent drug

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00174d

Open Access Article. Published on 01 April 2021. Downloaded on 11/6/2025 9:34:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

delivery systems through controlling the composition and
physicochemical properties of synthetic polymers for the con-
struction of MNMs. The assembled MNMs are usually sensitive
to changes in the environment, including chemical, physical or
biological stimuli.

2.4. Biodegradable metals

Unlike polymers, metals with better mechanical properties and
shorter degradation periods, have attracted more and more
attention. Biodegradable metals such as magnesium (Mg), iron
(Fe), and zinc (Zn) and their alloys are defined as metals
expected to degrade via chemical reactions in physiological
environments. Besides, metal debris after the chemical reaction can
also be phagocytosed. Biodegradable metals react with water
through a range of anodic and cathodic reactions to generate
hydrogen bubbles and hydroxides, and can thus be regarded
as powering MNMs. Furthermore, Mg, Fe and Zn are metal trace
elements which are essential to maintain health and body
functions. Mg has a high daily allowable dose of approximately
400 mg, while Fe and Zn as micronutrients have a daily
allowable dose of less than 100 mg.?°*' Biodegradable metals
possess a broad development prospect as chemical propellents
due to their biodegradability, biocompatibility and transient
nature in organisms.

Alkali earth metals capable of reacting with water to form
hydrogen bubbles could be regarded as constituents for activating
MNMs. However, alkali earth metals including Na and Ca cannot
be electrodeposited; besides their reactions with water are too
violent to be controlled due to their intrinsic chemistry nature.
One of the earliest examples of water-driven bubble-propelled
MNMs using biodegradable metals was proposed by Gao et al.*>
The aluminum-gallium (Al-Ga) binary alloy microsphere was
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propelled by hydrogen bubbles through the reaction of Al-alloy
with water. Compared with reactive alkali metals, Al-alloy based
MNMs offered better stability and lower costs. However, the
fabricated Al-alloy based MNMs were toxic because Al and Ga
species could be continuously released into the microenviron-
ment. Transition metals including Fe and Zn are considered as
alternative chemical propellents because of their transient nature,
biodegradability as well as biocompatibility with organisms. Gao
et al.®® had fabricated poly(3,4-ethylenedioxythio-phene)/Zn MNMs
through a membrane templating process and examined their
behaviors along with functionalities under in vivo conditions for
the first time. Zn-based MNMs had distinct advantages in biome-
dical applications especially for gastric drug delivery due to their
unique characteristics such as acid-powered propulsion, nontoxic
self-destruction and autonomous delivery. The Zn part of MNMs
was dissolved in the acidic environment, then the motors were
self-destroyed, releasing the loaded cargoes, and left nothing toxic
behind. As shown in Fig. 3B, Zhou et al.>* had presented a drug-
loading biodegradable microrocket with a core of Zn, a thin Fe
intermediate layer and an outer poly(aspartic acid) layer. The
galvanic corrosion of Zn particles promoted by the Fe inter-
mediate layer could propel the microrockets via producing
hydrogen bubbles in the gastric acid environment. In addition,
the Fe intermediate layer also facilitated magnetic guidance of
microrockets. As all materials used in the microrockets were
biodegradable under the action of gastric fluid or protease, the
motors could be self-destroyed with non-harmful residue in vivo.

However, transition metals usually corrode slowly in neutral
water resulting in inefficient bubble-recoiling propulsion. It is
worth mentioning that Mg has been considered as a promising
candidate material for its moderate reaction rate with water,
biodegradability as well as biocompatibility with organisms.**

Fig. 3 Degradable metal and ceramics based MNMs. (A) Illustration of in vivo operation of the enteric magnesium micromotors, propulsion snapshot of
a single and multiple motors in the intestinal fluid. (B) Application of the poly(aspartic acid) iron-zinc microrocket in the stomach and SEM images of
motors before and after the metal-acid reaction. (C) Schematic illustration of CaCOs particles releasing CO, and propelling themselves and their cargo
when placed in water. (A) Reproduced with permission.®” Copyright 2016, American Chemical Society. (B) Reproduced with permission.>* Copyright
2019, American Chemical Society. (C) Reproduced with permission.*?> Copyright 2015, The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science.
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Chen et al*® demonstrated the propulsion and degradation
characteristics of different Janus MNMs based on Zn/Fe,
Zn, Mg/ZnO and Mg/Si materials. The self-destroyed MNMs
dissolved harmlessly in the physiological environment after
accomplishing a specific task. The degradation properties of
these MNMs depended on the different corrosion rates of the
constituent transient materials. As shown in Fig. 34, a desirable
gastrointestinal tract delivery system was developed based on a
drug-loaded Mg MNM body with enteric polymer coating.’” The
enteric coating could protect the drugs en route and dissolved
at the target site because it was stable in the acidic gastric
fluid but soluble in the intestinal fluid. Upon arrival at the
target site, the MNMs were exposed to the fuel, leading to the
activation of their propulsion and the complete unloading of
cargos. An antibacterial approach was proposed which coupled
the degradable Mg-based MNMs with bacteria killing properties
of CHL>® The self-propelled Janus microspheres containing a
Mg-based framework were coated with biodegradable polymers
PLGA, ALG and CHI. The highly degradable MNM-based anti-
bacterial approach offered significant improvements in the
antibacterial efficiency than static CHI-coated microparticles.
Lopez-Ramirez et al.>® had proposed a biodegradable, active and
autonomous microneedle delivery platform based on the encap-
sulation of Mg microparticles within the degradable polymeric
microneedle patch, thus avoiding unnecessary external systems
for triggering active microneedle delivery.

Biodegradable metal-based micromotors hold great promise
in various applications because their fuel - water - is clean, safe
and ubiquitous to both environmental ecological system and
biological system. Those biodegradable metal-based MNMs are
easily degraded in neutral or acidic water, with nontoxic
residues from the functionalized components. MNMs mainly
consisting of Mg, Zn or Fe matrices can not only be applied as
drug delivery systems, but also as nutritional supplements due
to their inherent properties.

2.5. Carbonate systems

Some carbonate systems such as calcium carbonate (CaCOj3)
can degrade in vivo, while their degradation behaviors depend on
the chemical composition and microstructure of the material.*
Carbonate systems have attracted researchers’ attention because of
their biodegradability, biocompatibility, pH-sensitive dissolution
along with easy-loading and functionalization. Their distinct
advantages make them suitable as an antacid or drug delivery
system in acidic conditions. Guix et al.*' had prepared biodegrad-
able Janus CaCO; MNMs which moved in acidic environments
attributed to cancer cell growth. CaCO; MNMs exhibited move-
ment and dissolution in acidic conditions which were produced by
quickly propagating HeLa cells. Baylis et al.*> proposed the first
report of active self-fueled MNMs consisting of carbonate and
tranexamic acid being used to transport drugs upstream through
blood and deliver the functional protein cargo millimeters into the
vasculature of wounds (as shown in Fig. 3C). The prepared MNMs
generated vigorous reaction, and rapidly travelled through the
whole blood through a combination of lateral propulsion, buoyant
rise and convection, thus transporting drugs into the vasculature
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of wounds through flowing blood. The reaction was self-buffering
because much of organic acid protonated tranexamic acid was
neutralized as CaCO; releasing CO,. MNMs with both decreasing
blood loss and blood clotting functions were prepared by adsorb-
ing thrombin onto porous CaCO;.

Choi et al.*’ had fabricated a biodegradable nanomotor for
active drug delivery to cancer cells using a Pt deposited complex
of CaCO; and CB[6] conjugated hyaluronate (Pt/CaCO;@
HA-CB[6]). The biodegradable nanomotor was propelled by
oxygen bubbles produced from Pt-catalyzed decomposition of
H,0,. CaCO; as the main part of the drug delivery system was
decomposed in tumor acidic microenvironments and the
loaded HA-CB[6] was released. The drug loaded HA conjugate
was taken into cancer cells through HA receptor-mediated
endocytosis. The model drug was delivered to cancer cells via
dual stimuli-responsive nanomotors: pH-responsive dissolution of
CaCO; in tumor acidic microenvironments and cancer targeting
capability of drug loaded HA-CB through HA receptors on
cancer cells.

3. Biocompatibility

The biocompatibility of MNMs has attracted tremendous interest
because biomedical MNMs are directly in contact with the body
fluid, cells or tissues in the internal environment of the body.
Biocompatibility is a term used to describe the ability of a material
to perform in a specific application with an appropriate host
response.”* It is applicable for some nondegradable inorganic
materials such as Ti, SiO,, etc., and it is also applicable for lots
of biodegradable materials. The typical examples of biodegradable
and biocompatible MNMs are summarized in Table 1.

3.1. Inorganic materials

Besides the materials with both biodegradability and biocom-
patibility mentioned in Section 2, some representative non-
degradable materials such as Au, Pt, Fe;O,4, SiO,, graphene
and hydroxyapatite have been proved to be biocompatible with
organisms. The biocompatibility of these materials has made
them good candidates for fabrication of MNMs for biomedical
applications. As shown in Fig. 4A, Esteban-Fernandez de Avila
and co-workers*® described ultrasound powered gold nanowires
(Au NWs) loaded with an interfering RNA for gene silencing.
DNA structures were wrapped on Au NWs and served as an
anchor for siRNA. Once inside the cell, the loaded siRNA was
responsible for rapidly suppressing target gene expression. Different
from traditional siRNA carrier methods, these Au NW nanomotors
capable of penetrating and traveling through the cell resulted
in a 13 fold higher silencing response. A diversity of methods to
prepare biocompatible MNMs including Janus micro-/nano-
structures based on Au have been developed. For instance,
Luo et al.*® fabricated self-propelled MNMs which consisted of
multilayered assembly of ureases being asymmetrically immo-
bilized on Janus Au/magnetic microparticles. The as-prepared
MNMs could move much faster (5-fold) than monolayered motors.
Besides, due to the intrinsic nature of magnetic microparticles,
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Table 1 Typical examples of biodegradable and biocompatible MNMs
Biodegradation Propulsion
Main composition Fabrication method Design method mechanism Applications Ref.
Natural polymers
Alginate/chitosan Rolled-up technique and  Nanorocket — Pt (H,0,) Drug delivery 10
template electrosynthesis
Alginate/chitosan Template-assisted Janus — Light (NIR, Au) Potential biomedical 11
layer-by-layer self-assembly microcapsule application
Poly(vinyl alcohol)/alginate Gelation Star-shaped Amylase Magnetic field Drug delivery 12
(main component) hydrogel (Fe304)
micromotor
Bovine serum albumin/ Template-assisted Rocket a-Chymotrypsin Light (NIR, Au) Drug delivery 13
poly--lysine layer-by-layer self-assembly propulsion/
magnetic guidance
Human serum albumin/  Template-assisted Microtube Proteases Enzyme (urease) Potential biomedical 14
urease layer-by-layer self-assembly application
Squid ring teeth proteins  Extraction and purification, Natural structure pH stimulus and Marangoni Environmental 15
preparation of motor of Squid ring proteolysis propulsion/ remediation and
solution, protein film teeth proteins magnetic steer (iron drug delivery
casting and laser oxide nanoparticles)
micromachining
Synthetic polymers
Methacryloyl 3D print Soft helical Collagenase Magnetic field Support cell 19
micromotor (Fe304) attachment and
growth
Polycaprolactone Self-assembly Polymer single  Lipase Ag (H,0,) Detection of a 20
crystals solute, drug delivery
Polycaprolactone/catalase  Self-seeding Polymer single  Lipase Catalase (H,0,) Gas sensing 21
crystals
Polycaprolactone/sodium  One-step electrospinning  Spindle-like Lipase Marangoni effect PpH sensing 22
1-dodecanesulfonate micromotor
Polycaprolactone Single emulsion and Motherships Lipase Pt (H,0,) Targeted cargo- 23
solvent evaporation carrying nanospheres
method delivery
Poly(ethylene glycol)-b- Self-assembly Stomatocyte pH stimulus Pt (H,0,) Drug delivery 24
poly(e-caprolactone)/
poly(ethylene glycol)-b-
polystyrene
Poly(ethylene glycol)-b- Self-assembly Stomatocyte — Glucose oxidase — 25
poly(p,.-lactide) (glucose)/catalase
(H,0,)
Poly(lactic-co-glycolic acid) Electrospray technique Microparticle — Catalase (H,0,) Drug delivery 26
Poly(lactic-co-glycolic acid)/ Coelectrospinning and Rocket — Pt/Ag/catalase Potential biomedical 27
polyethylene oxide cryosectioning (H,0,) application
Poly(ethylene glycol)-b- Self-assembly Nanotube — Catalase (H,0,) Drug delivery 28
poly(p,.-lactide)
Biodegradable metals
Al-Ga Template-assisted Janus Reaction with water Al (H,O) Potential biomedical 32
electrodeposition micromotor application
Fe/Zn Template-assisted Microtube Reaction with gastric Zn (H') Drug delivery 33
electrodeposition acid
Poly(aspartic acid)/Fe/Zn ~ Template-assisted Rocket Reaction with gastric Zn (H') Drug delivery 34
electrodeposition and acid/proteases
electrostatic interaction
Mg/ZnO, Mg/Si, Zn/Fe, Zn Template-assisted Janus Reaction with gastric Mg (H,0), Zn (H'), Potential biomedical 36
electrodeposition micromotor acid/water Fe (H") application
Enteric polymer/Mg Template-assisted Microtube Reaction with Mg (H,0) Drug delivery 37
electrodeposition intestinal fluids
Poly(lactic-co-glycolic acid)/ Template-assisted Janus Reaction with water Mg (H,O) Antibacterial activity 38
alginate/chitosan/Mg layer-by-layer self-assembly micromotor
Carbonate systems
CaCO; Inorganic chemical Janus Reaction in the acidic CaCO; (H") Potential biomedical 41
reaction micromotor microenvironment application
generated by cancer
cells
CaCO; Inorganic chemical Particle Reaction with loaded CaCOj; (tranexamic Drug delivery 42
reaction drug tranexamic acid acid)
CaCOj/hyaluronate Chemical reaction Janus Reaction in the acidic Pt (H,O,) Drug delivery 43
nanoparticles microenvironment
generated by cancer
cells
Au Template-assisted Nanowires — Ultrasound Gene silencing 45
electrodeposition propulsion
© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2021, 2, 3441-3458 | 3447
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Table 1 (continued)
Biodegradation Propulsion

Main composition Fabrication method Design method mechanism Applications Ref.
Au/magnetic material/ Sputtering method/ Janus — Enzyme (urease)/ Potential biomedical 46
urease bioconjugate microparticles magnetic steer application

(magnetic

microparticles)
TiO,/Au/Ag Solvothermal method/ Janus — Light (UV, TiO,) — 47

electron beam evaporation/
sputtering method

microparticles

Graphene oxide/Ni/Pt NPs Electrosynthesis Microparticles
Graphdiyne Template-assisted Microtubular
deposition
Fe/Pt Glancing angle deposition Helical
nanomotors

Biohybrid material
Erythrocyte membrane/
chitosan/heparin

Template-assisted
layer-by-layer self-assembly

Janus polymeric
motors

Erythrocyte membrane/ Template-assisted Red blood

hemoglobin layer-by-layer self-assembly cell-mimicking
micromotor
Neutrophils Vesicle-fusion strategy Living
neutrophils
Red blood cell Hypotonic dilution Cell-based
encapsulation method micromotor
Red blood cell Hypotonic dilution Cell-based
encapsulation method micromotor
Sperm Endocytosis Cell-based
micromotor
Serratia marcescens bac- Natural adherence Cell-based
teria/polystyrene beads micromotor
Spirulina microalgae Dip-coating process Helical
micromotors
Sporopollenin exine Vacuum-assisted loading  Janus spiky
capsules technology micromotors
Pine pollen Defatting and Pine pollen
vacuum-assisted loading  based
technology micromotors

the as-obtained MNMs exhibited controllable motion under an
external magnetic field. Au/Ag bimetallic coating was also employed
to enhance the speed of TiO, Janus MNMs."” The two metal layers
(Au/Ag bimetallic coating) worked in photocatalytic synergy to
increase the speed of as-prepared MNMs 2-fold compared to either
metal alone. Molinero-Fernandez and co-workers*® have proposed
MNM-based immunoassay for C-reactive protein determination.
The MNMs with analysis ability contained three layers, outer layer
(reduced graphene oxide for antibody functionalization), interlayer
(Ni for magnetic control) and inner layer (Pt NPs for catalytic
decomposition of H,0, for bubble propulsion). Reduced graphene
oxide allowed immobilizing biomolecules on the surface and high
MNM propulsion efficiency when catalysts used in the inner layer.
Although graphene and graphene oxide as the widely studied 2D
nanomaterials had been widely used for biomedical applications,
some graphene analogs such as graphdiyne exhibited improved
biocompatibility and lower toxicity than graphene. Yuan et al*®
illustrated the use of graphdiyne based MNMs for drug delivery and
sensing of toxins. The tubular structures of graphdiyne based

3448 | Mater. Adv., 2021, 2, 3441-3458

— Pt (H,0,)/magnetic C-reactive protein 48

steer (Ni layer) determination
— Pt (H,0,) Drug delivery 49
— Magnetic Cell targeting and 50
propulsion transfection

Charge shielding Thrombus ablation 57

induced by PBS and

the effect of osmotic

pressure

— Ultrasound
propulsion/magnetic
guidance (F30,)

Light (NIR, Au)

Actively transporting 58
oxygen and photo-
sensitizers for

enhanced photo-
dynamic therapy

— Chemotaxis Drug delivery 59
— Ultrasound — 60
propulsion/magnetic
guidance (F;0,)
— Ultrasound Theranostic 61
propulsion/magnetic applications
guidance (F;0,)
— Chemotaxis Drug delivery 62
— Chemotaxis — 63

37 °C DPBS solution Magnetic field Imaging-guided 64

(Fe304) therapy
— Pt (H,0,) Absorbing heavy 65
metals
— Magnetic field Drug delivery 66

(Fe304)

MNMs were fabricated by template deposition on membrane
templates (as indicated in Fig. 4B). The inner Pt patch was used
for propulsion at H,O, solutions. In the case of moving MNMs, high
cell viability (almost 100%) was noted when incubated with HeLa
cells. The traditional magnetic materials such as Ni and Fe;0, suffer
from some drawbacks due to either toxic nature or weak magnetiza-
tion. Kadiri et al>® demonstrated ferromagnetic helical MNMs
which were prepared by co-depositing Fe and Pt onto SiO, in one
single annealing procedure. As shown in Fig. 4C, the obtained
nanopropellers containing ferromagnetic L1, FePt could be
magnetically steered to a specific cell and achieved cell transfection.
Cancer cells which were incubated with helices expressed enhanced
green fluorescent protein than control cells. Besides, nanopropellers
have been proved to be noncytotoxic and fully biocompatible with
A549 and HEK cells.

3.2. Biohybrid material

The practical use of MNMs in organisms requires the development
of fully biocompatible designs facilitating MNMs’ movement in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Inorganic material based biocompatible MNMs. (A) Schematic of the nanomotor-based gene silencing approach and optical images of the

acoustic movement of the motors inside living cells. (B) Schematic of the graphdiyne micromotors for DOX delivery, cancer cell killing, fluorescent "OFF—
ON" sensing of toxins, confocal fluorescence microscopy images of motors’ in vitro cancer cell killing ability and control experiments. (C) Illustration of
FePt nanopropellers, cytotoxicity and oxidative stress of these propellers. (A) Reproduced with permission.*®> Copyright 2016, American Chemical Society.
(B) Reproduced with permission.*® Copyright 2020, Wiley-VCH. (C) Reproduced with permission.>® Copyright 2020, Wiley-VCH.

the internal environment without producing harmful effects and
achieving the desired functions at the target location. The applica-
tion of biohybrid materials to synthetic MNMs has resulted
in biomimetic micromotors with enhanced capabilities and
functionalities. The different designs of biohybrid MNMs in
recent years are divided into three groups: cell membrane-
coated MNMs, cell-based MNMs and plant-based MNMs.*"
Due to the inherent biocompatibility of biohybrid materials,
the fabricated biohybrid MNMs cannot trigger an immune
reaction while taking advantages of the robust but random
autonomous movement of synthetic components or depending
on slow but chemotactic movement of biological components.
The coupling of biohybrid materials and synthetic components
has led to active biohybrid MNMs with expanded therapeutic
and detoxification capabilities compared with individual bio-
logical or artificial components.

The application of membranes derived from natural cells to
the synthetic micro/nanoparticles allows researchers to easily achieve
native biological functions. Hu et al.>® reported a biomimetic
approach for nanoparticle functionalization by extruding bio-
degradable PLGA nanoparticles in the presence of erythrocyte
membranes. The prepared erythrocyte-mimicking nanoparticles
with the erythrocyte exterior showed superior circulation half-
life while retaining the applicability of the PLGA core. The
successful translocation of erythrocyte membranes and their
functionalities to the surface of nanoparticles lay the foundation
for future study. Hu et al.>* also presented biomimetic toxin

© 2021 The Author(s). Published by the Royal Society of Chemistry

nanosponges with a PLGA core wrapped in natural erythrocyte
membranes. The proposed toxin nanosponges functioned as a
toxin decoy in vivo. The natural erythrocyte membranes acted as a
substrate mimicry to absorb pore-forming toxins (staphylococcal
alpha-haemolysin) and diverted the toxins away from their cellular
targets. The inner PLGA core in nanosponges stabilized the
erythrocyte membrane shell, so as to realize the prolonged
systemic circulation and absorb membrane-damaging toxins in
organisms. This nanotoxoid platform was generalized for the
neutralization and delivery of non-disrupted pore-forming tox-
ins to create safe and effective vaccination. Compared with
vaccination with toxin neutralization by heat, the proposed
nanotoxoid vaccine exhibited stronger immunogenicity and super-
ior efficacy.>® Chen et al.® tested the erythrocyte membrane-coated
nanosponges with different pore-forming toxins including melittin
and found that they were effective in completely neutralizing
toxins’ hemolytic activity. Furthermore, the nanosponge-detained
toxins posed negligible toxicity to cells and live animals.
Recently, the proposed cell membrane coating technology
has been utilized in MNMs for numerous medical applications.
Shao et al.® fabricated erythrocyte membrane-coated MNMs
which were triggered by NIR laser irradiation. CHI and heparin
were used as naturally occurring building blocks to construct
capsules via LbL assembly technology. In addition, heparin was
used not only as a building block but also as a therapeutic agent
for thrombus ablation. NIR laser propulsion was achieved by
partially coating the capsules with a gold shell. The reversible
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00174d

Open Access Article. Published on 01 April 2021. Downloaded on 11/6/2025 9:34:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

“on/off” motion of MNMs and their extent of movement were
tuned by NIR laser intensity. Again, NIR irradiation can also be
used for photothermal ablation of thrombus. To avoid immune
response caused by the foreign materials, MNMs were coated
with the erythrocyte membrane. Through coating with the
erythrocyte membrane, MNMs exhibited a long-circulation
behavior in a biological environment. Due to the combined
properties of the fabricated MNMs, these biocompatible motors
exhibited good performance in thrombus ablation in vivo. Gao
et al.”® reported red blood cell-mimicking MNMs with oxygen- and
photosensitizer-carrying capacity for enhancing photodynamic
therapy. The red blood cell-mimicking MNMs consisted of red
blood cell-shaped hemoglobin, Fe;O, nanoparticles, indocyanine
green and the red blood cell membrane. These MNMs were
navigated by an external magnetic field and propelled by ultra-
sound. The prepared MNMs were capable of avoiding biofouling
and immune clearance, actively transporting oxygen and photo-
sensitizers for photodynamic therapy.

In addition to red blood cells, other blood cells can also be
transformed into biohybrid MNMs with excellent biocompatibility.
For instance, living neutrophils with intrinsic chemotaxis ability
had been transformed into autonomous biohybrid MNMs for
targeted drug transport. Shao et al*>® had cloaked drug-loaded
mesoporous silica nanoparticles with E. coli membranes and then
incubated them with neutrophils to prepare biohybrid neutrophil
MNMs via an engulfing process (as shown in Fig. 5A).
Camouflaging of mesoporous silica with E. coli membranes not
only reduced the leakage of the model drug from nanoparticles,
but also enabled the uptake of drug-loaded nanoparticles into
neutrophils without loss of cell viability as well as chemotaxis
capability. The fabricated biohybrid MNMs exhibited chemotaxis
toward chemoattractant gradients caused by E. coli.
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Cell-based MNMs are expected to bridge the gap between
artificial MNMs and biological world. As indicated in Fig. 5B,
Wu et al.®® presented a natural red blood cell-based motor with
ultrasound powered and magnetically guided propulsion. The
proposed motors were fabricated via the hypotonic dilution
encapsulation method to load magnetic nanoparticles into red
blood cells. Due to the asymmetric distribution of magnetic
nanoparticles within the cells, a net magnetization was produced
and allowed magnetic alighment and guidance under ultrasound
propulsion. The prepared red blood cell-based motor exhibited
controlled motion through whole blood and avoided the detec-
tion and uptake by macrophages. Then on the basis of this
research, Wu et al.®* proposed a new red blood cell-based motor
capable of transporting theranostic cargoes. Quantum dots, DOX
and magnetic nanoparticles were simultaneously encapsulated
within red blood cells. The magnetically guided acoustic
propelled transport of multicargo-loaded red blood cells was
demonstrated via a microfluidic channel.

The chemotactic movement of sperm cells was implemented
to develop self-propelled MNMs for application in biomedical
fields. The natural sperm cells were translated into MNMs by
functionalizing them with different synthetic payloads, such as
CdSe/ZnS quantum dots, fluorescein isothiocyanate modified
Pt NPs and DOX coated iron-oxide nanoparticles, through a
well-known endocytosis process.’”> The sperm cell-based MNMs
acted as a power source for movement under the guidance of
egg secretions. The flagellar lengths of the sperm motors were
tailored by adjusting the solution osmolarity that would lead to
changes in the speed of motors. The drug loading and releasing
ability of motors was studied in an acidic environment where
a change in cell membrane permeability of sperm allowed
the release of loaded drug. The potential biomedical utility of
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Fig. 5 Biohybrid material based MNMs. (A) Schematic of the synthesis process of neutrophil micromotors composed of mesoporous silica nanoparticles
coated with E. coli membranes. (B) Schematic illustration of preparation of red blood cell-based micromotors in whole blood. (C) Schematic of the
dip-coating process of S. platensis in a suspension of FesO4 NPs and time-lapse image sequences of controlled locomotion. (A) Reproduced with
permission.>® Copyright 2017, Wiley-VCH. (B) Reproduced with permission.?® Copyright 2014, American Chemical Society. (C) Reproduced with
permission.®* Copyright 2017, The Authors, some rights reserved:; exclusive licensee American Association for the Advancement of Science.
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sperm motors was illustrated using SKOV-3 ovarian cancer cells.
Zhuang et al.*® developed the multi-bacteria-driven MNMs, studied
their chemotaxis behavior towards the chemoattractant r-serine
and elucidated their associated collective chemotaxis behavior
through statistical analysis. A heading bias was found on the
proposed MNMs under the r-serine gradient and it was the crucial
reason that led to the cooperative chemotaxis behavior among the
attached bacteria. The chemotactic drift velocity of motors
increased super quadratically with their mean speed.

Other biological substances such as plant tissues are also
involved as constituents of MNMs. Yan et al.* reported a type of
MNMs endowed with multifunctional capabilities by dip-coating of
Spirulina microalgae in magnetite suspensions (as shown in
Fig. 5C). The multifunctional capabilities of MNMs aimed at
imaging-guided therapy including in vivo imaging capability
(fluorescence imaging and inherent magnetic resonance contrast),
biodegradation (degradation time span was adjusted by controlling
dip-coating time) and selective cytotoxicity to cancer cells. Further-
more, a swarm of MNMs inside the rat’s stomach were propelled by
an external magnetic field and could be observed via magnetic
resonance imaging. Wang et al.®> proposed the plant-based MNMs
with unique spiky morphology. The spiky MNMs consisted of a
BSA-loaded sporopollenin exine capsules’ body and were partially
coated with Pt on their surface. These bioinspired MNMs were
powered by oxygen bubbles produced by Pt-catalyzed decom-
position of H,0,. Furthermore, the bioinspired MNMs with a
large internal cavity could serve as natural capsules for macro-
molecular encapsulation via suction through the pores using
vacuum-assisted loading technology. Moreover, sporopollenin
with a polymeric porous structure was capable of absorbing
heavy metals from water. Sun et al.®® reported pine pollen-based
MNMs and studied their potential applications in biomedical
fields. The proposed biohybrid MNMs were fabricated by encap-
sulating both magnetic nanoparticles and drugs within two
hollow air sacs of pine pollen using vacuum-assisted loading
technology. The loaded magnetic nanoparticles endowed the
individual and swarm MNMs with precisely and controlled
movement in complex biological fluids through regulating the
external magnetic field. In addition, the biohybrid MNMs were
triggered to release the loaded drug on demand. Magnetic
nanoparticles aggregated into rods in a high-intensity magnetic
field, which would generate a fluid field to release the loaded
drug when a rotating magnetic field was applied.

The biohybrid MNMs based on synthetic or biological compo-
nents have been developed for diverse applications. The biohybrid
materials themselves (cell membranes, cells or plant tissues) have
absolute advantages in biocompatibility and bioactivity due to their
biological nature, which can endow the MNMs with functionalities
such as versatile drug delivery, improved and prolonged propulsion
in complex biofluids and an accelerated biodetoxification process.

4. Biosafe propulsion

The remarkable performance of MNMs with various propulsion
mechanisms has provided an inspiration for development of
artificial MNMs to achieve different applications. For the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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biomedical application, it is quite essential to propel MNMs
in a variety of complex biofluids. The characteristics of locally
supplied fuels, chemical reactions and external fields that offer
propulsion energy to fuel or fuel-free MNMs should be biosafe,
ease of application and feasible within the organisms. Two
main MNMs based on propulsion mechanisms, such as biosafe
fuel-powered MNMs and fuel-free MNMs (external field actuation
and biohybrid MNMs), are discussed in this section.

4.1. Biosafe fuel-powered MNMs

A variety of MNMs are based on biosafe fuel powered motors.
There exist two means, asymmetric chemical gradient and bubble
thrust, to achieve biosafe fuel propulsion of MNMs. The general
design strategy for biosafe fuel-powered MNMs is to establish an
asymmetric structure to form a chemical gradient and bubble
thrust, and select suitable chemical reactions with a rapid product
formation rate to power MNMs.*”%®

Chemically powered MNMs based on catalytic reactions
result in an asymmetric chemical gradient (concentration,
electrical or temperature) and the gradient induces the movement.
As indicated in Fig. 6A, Sugai et al.'* presented the “all protein”
microtubes comprising human serum albumin and Ure enzyme.
These biodegradable microtube motors could be fully digested by
proteases. Their driving force was the concentration gradient of
the products (NH,CONH, + H,0 — 2NH; + CO,) from one-
dimensional pore space to the bulk aqueous solution. Bubble
thrust is a very important aspect in biosafe fuel powered MNMs.
Bubble propelled MNMs are usually based on noble metal-enabled
catalysis and chemical reactions between active metals and water.
Their movement relies on decomposition of H,0,,%° water,**
urea,”® gastrointestinal fluid”* and other emerging materials’ to
generate bubbles. In addition, for applying H,O, chemical fuel in
realistic physiological conditions, excessive H,O, may induce
oxidative stress and damage of living tissues. Therefore, alternative
powered methods to reduce the toxicity of H,0, fuel or develop-
ment of other biocompatible fuels is desired. As indicated in
Fig. 6B, Wu and co-workers® presented a kind of catalase functio-
nalized Janus MNM which could be self-propelled through bioca-
talytic decomposition of H,O, at low concentration (0.1%, a
biocompatible concentration). A microtube motor consisting of
poly(aspartic acid), an Fe intermediate layer and a core of Zn was
fabricated by Zhou et al.>* The proposed microrocket could be
actuated using gastric acid as fuel, and be magnetically guided to
induce prospective tracks and for targeted and sustained release
of the loaded drug in the acidic stomach environment. After
fulfilling the tasks, the microtube was completely degraded by
gastric acid or proteases in the digestive tract. Wan et al.”*> had
proposed NO-propelled MNMs in which the reactant and
by-products all provided beneficial effects on the human body
(as shown in Fig. 6C). The prepared zero-waste and self-
destroyed MNMs utilized r-arginine as fuel for the conversion
of NO. In addition, the framework of the NO-propelled MNMs
including hyperbranched polyamide also served as a nontoxic
fluorescent dye to tract the vehicle in vitro.

Biosafe fuel propulsion is well developed for MNMs. How-
ever, it should be noted that MNMs propelled by chemical

Mater. Adv,, 2021, 2, 3441-3458 | 3451
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reaction between MNMs and chemical fuels would make the
movement difficult to be reversible and controllable. In the
bubble propulsion model, their applicability suffers drawbacks
such as the possible gas embolism induced by the generated
bubbles and the short lifetime caused by depletion of the
propellant.”® Therefore, it is essential to develop biosafe fuel
powered MNMs using in vivo fuels and monitor their surrounding
chemical environment.

4.2. Fuel-free MNMs

Fuel-free MNMs propelled by external fields and living organisms
have shown good performance in achieving complex tasks due to
their precise controlled movement, long lifetime and excellent
biocompatibility compared with fuel powered MNMs. The external
fields that provide energy to power MNMs can be classified
according to their sources into light, ultrasound and magnetic
fields. MNMs propelled by living organisms have attracted
much attention because of their excellent biocompatibility
and self-propulsion.

Light-powered MNMs. The application of light-driven MNMs
has addressed some of the limitations in chemical propulsion,
and light as a renewable and easily controlled energy source has
been widely used to power MNMs with high spatial and temporal
resolution.”* The mechanism of light powered MNMs is usually
referred to as photothermal propulsion. Gold as a kind of noble
metal is one of the most widely used light-responsive materials in
MNMs’ design. Light-triggered thermophoresis is employed to
power MNMs using a light induced temperature gradient. As
illustrated in Fig. 7A, Xuan et al.'' had reported a Janus micro-
motor powered by light. GNRs were modified on one side of CHI/
ALG multilayer capsules to generate a thermal gradient due to
their photothermal effect and thus propelled the micromotors
under NIR illumination.
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Light-powered MNMs have overcome some inherent limitations
in chemical propulsion. However, light-powered MNMs are still
accompanied by some drawbacks which should be considered. For
example, the limited penetration of light in tissues may restrict their
biomedical application.

Ultrasound-powered MNMs. Ultrasound has been widely
used for basic and clinical research due to its noninvasive
and harmless properties. The utility of ultrasound energy in
MNM propulsion has provided a robust actuation strategy and
fast motion even in complex biofluids.”®> Gao et al.® fabricated
an ultrasound propelled and magnetically guided red blood cell-
mimicking micromotor (as shown in Fig. 7B). The asymmetric
structure and high material density resulted in pressure gradients
and thus effectively affected the motion speed of prepared MNMs
compared with normal red blood cells. Upon exposure to an
ultrasound field, the obtained MNMs could move autonomously
in biological media with a speed up to 56.5 pum s ' (28.2 body
lengths s ') by converting ultrasound energy into mechanical
force. However, ultrasound actuation suffers from specialized
equipment, limited chamber size and difficulties in controlling
the motion of individual MNMs.

Magnetically powered MNMs. Magnetic propulsion has been
widely used in the biomedical field for powering MNMs
because magnetic fields with low strength are harmless to cells
and tissues. Magnetic fields can be used not only to control the
directional motion but also to propel MNMs. The prevalent number
of magnetically propelled MNMs are with helical or flexible
structures.”®”’® Wang et al.'® presented 3D printed biodegrad-
able soft helical MNMs. The soft MNMs with helical geometry
were decorated with magnetic nanoparticles and rendered
magnetically responsive (as shown in Fig. 7C). Compared with
rigid helical MNMs, the soft helical MNMs could get into the
corkscrew region stably with a relatively high forward velocity as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the rotating frequency of the magnetic field continuously
increased, suggesting a unique self-adaptive swimming behavior.
Magnetic propulsion also suffers from difficulties in the complex
fabrication route and the demand for specialized equipment.
MNMs driven by living organisms. There has been consider-
able interest in the fabrication of biohybrid MNMs which
combine organism with artificial micro/nanostructures. Biohy-
brid MNMs are capable of expanding the scope of movement of
synthetic MNMs in complex biofluids, and may provide a better
understanding of the natural movement mechanisms at the
micro-/nanoscale.” Biohybrid MNMs constitute an important
alternative to synthetic MNMs due to their self-propulsion,
excellent biocompatibility and biodegradability. Shao et al.>°
presented biohybrid MNMs fabricated by integrating drug-
loaded mesoporous silica nanoparticles with neutrophils. The
resulting hybrid MNMs showed chemotactic behavior induced
by a gradient of chemoattractant secreted by E. coli. Besides, the
activated neutrophils could also remove dead E. coli bacteria
due to their inherent phagocytic activity. Functionalized sperm
micromotors with intrinsic chemotactic motile behavior were
reported.®” The activated sperm micromotors exhibited self-guided

© 2021 The Author(s). Published by the Royal Society of Chemistry
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s

Fig. 7 Fuel-free MNMs. (A) Schematic illustration of Janus (CHI/ALG)s capsule micromotors and video frames of these micromotors under continuous
NIR laser illumination. (B) Schematic illustration of a red blood cell-mimicking micromotor and “on/off"” motion of micromotors in serum propelled by an
external ultrasound field. (C) Schematic illustration of GelMA helical micromotors decorated with magnetic nanoparticles and swimming characterization
of these micromotors. (D) Chemotactic motion of hybrid neutrophil micromotors and time-lapse CLSM images of these motors with and without E. coli.
(A) Reproduced with permission.!* Copyright 2015, Elsevier B.V. (B) Reproduced with permission.°® Copyright 2019, American Chemical Society.
(C) Reproduced with permission.'® Copyright 2018, Wiley-VCH. (D) Reproduced with permission.>® Copyright 2017, Wiley-VCH.

motion along a gradient of egg secretions toward the target area due
to their chemotactic nature. The speed of the obtained sperm
micromotors was regulated by decreasing osmolarity pressure
in the surroundings that led to shortening of the flagellum
length. A shorter flagellum beating in the surroundings would
result in a smaller net displacement than sperm with normal
flagellum length. Zhuang et al.®® developed a biohybrid MNM
system propelled by multiple bacteria with a chemotactic
response to r-serine (chemoattractant).

5. Biosafety assessments of MNMs

The review of biosafety assessments of MNMs is an under-
explored area. However, the application of MNMs in the biomedical
field demands a clear-cut understanding of their biosafety in vitro
and in vivo. It is noticeable that the concept “biosafe” does not
mean that the materials must be completely nontoxic and harmless.
Make sure materials is safe to use and it is low toxicity, tolerable
and can’t cause a severe damage in the human body. To meet
the biomedical application requirement, two main strategies

Mater. Adv., 2021, 2, 3441-3458 | 3453
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including biodistribution and toxicity are explored to assess the
biosafety issue of MNMs using cell and animal models.
Biodistribution of MNMs in organisms needs to be evaluated
because foreign materials may accumulate in different organs
and cause health hazards due to their potential toxicity. On the
other hand, the study of biodistribution of MNMs is also
important to realize their theranostic potential. Theranostics
as an emerging concept which integrates therapy and diagnosis
has become one of the hot investigations in the field of medical
MNMs. After the biomedical MNMs enter the body through
injection, oral administration, inhalation or other ways, it is
expected to monitor these MNMs in organs and the targeted
disease site. Thus, MNMs can be monitored noninvasively and
provide people with more medical information through a single

A Kldney Liver

Spleen Tumor
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administration. Wang and coworkers’® evaluated the biodistri-
bution of prepared biocompatible and biodegradable MNMs in
tumor tissues and major organs via ex vivo imaging (as shown in
Fig. 8A). The results showed that the autonomous propulsion
of MNMs could greatly improve their local distribution and
retention time in the targeted peritoneal cavity. The quantitative
accumulation of payloads released from MNMs in tumor and
major organs was studied. To be specific, the prepared MNMs
exhibited better biodistribution and longer retention time in
not only tumor but also major organs such as liver, kidney
and colon. In general, the biodistribution of MNMs is highly
dependent on their surface coverage and core diameter. Li
et al.’” studied the biodistribution and retention of MNMs with
different enteric coating thickness in the stomach and several
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Fig. 8 Biosafety assessment of MNMs. (A) Representative IVIS images of organs at 24 h after micromotor treatment. (B) Cell viability, IC50 and flow
cytometry analysis of HepG2 cells after different treatments. (C) Mouse body weight log from day 0 to day 6 of the toxicity study and histological staining
of different sections for in vivo toxicity evaluation of Mg-based micromotors. (D) Comprehensive blood chemistry panel taken from nontreated mice and
mice treated for 30 days with Fe/Se-loaded micromotors. (A) Reproduced with permission.”® Copyright 2020, Wiley-VCH. (B) Reproduced with
permission.8® Copyright 2019, Elsevier B.V. (C) Reproduced with permission.”* Copyright 2017, Springer Nature. (D) Reproduced with permission.®!
Copyright 2019, American Chemical Society.
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segments of the gastrointestinal tract such as duodenum,
jejunum and ileum. The results demonstrated that the coating
thickness could greatly affect the biodistribution of MNMs in
the gastrointestinal tract. In addition, cell-membrane coated
MNMs or cell-based MNMs are expected to reduce/avoid bio-
fouling and immune clearance and circulate in the body.

Researchers usually study the toxicity of MNMs via in vitro or
in vivo assessments. In vitro assessment is usually conducted by
cell cultivation. In in vitro experiments, the usually used cells
include tumor cells (such as HepG2, H22,%° ID8-Defb29/VEGF-
A,”° A549°"), normal cells (ECs, human umbilical vein endothelial
cells®®) and immune cells (macrophages”®). The most commonly
used method to evaluate the cytotoxicity of MNMs is assessing
cell viability and proliferation. Lactate dehydrogenase analysis
and the hemolysis test are conducted to investigate the cytotoxi-
city of MNMs on the stability of the cell membrane. Flow
cytometry is used to study the changes in tumor cell apoptosis
and cell cycle consequential to different treatments. Chen et al.*°
explored the cytotoxicity of MNMs using HepG2 and H22 cell
models and compared the IC50 values of different treatments (as
depicted in Fig. 8B). Apoptosis induction of MNMs to cancer cells
was analyzed with flow cytometry.

Before MNMs are applied in real clinical research, it is
pivotal to investigate their biosafety issues in vivo. The in vivo
assessments of MNMs’ toxicity are much more complicated than
in vitro experiments. Some physical signs such as body weight,
tumor size and excrement analysis are necessary to investigate
the toxicity of MNMs in vivo. In addition, the histological
structures of main organs such as heart, liver, spleen, lung,
kidney, thymus and other organs in mice are employed to assess
the MNMs'’ toxicity. By means of routine HE staining, immuno-
histochemistry and electron microscopy, the histological charac-
teristics and degrees of inflammation are observed. As indicated
in Fig. 8C, the toxicity profile of biomedical MNMs for stomach
infection was evaluated in the stomach and the lower gastro-
intestinal tract using a mouse model.”* Body weight changes of
the mice were recorded as an aspect of the toxicity assessment.
The stomach and lower gastrointestinal tract sections were
stained with HE. Histopathology alteration, sign of inflammation
and mouse body weight were evaluated to study the MNMs’
toxicity in vivo. Karshalev et al.®" evaluated the toxicity of medical
MNMs to blood composition, blood cell populations and tissue
histology of major organs in the mouse (as shown in Fig. 8D). No
evident difference was found in blood analytical indices and appear-
ance of major organs between the MNM treatment group and the
healthy mice group. In addition, the potential toxicity of MNMs can
be further evaluated using TUNEL assay to study the level of cell
apoptosis as an indicator of homeostasis in related tissues.®>**

However, the present toxicity assessment of MNMs based on
cell and animal models is relatively rudimentary, and it can’t
evaluate the toxicity in a systematic and comprehensive way.
Here, we make a non-exhaustive list of some biosafety issues
which need to be addressed for application of MNMs in the
healthcare field:

(1) The design of biosafe MNMs demands reasonable optimi-
zation of some essential features including shape, size, surface

© 2021 The Author(s). Published by the Royal Society of Chemistry
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charge, composition and biofunctionalized decoration. On the
other hand, it is necessary to investigate the relationship between
physicochemical properties of MNMs and biosafety outcomes.** %

(2) The biosafety of micro/nanoparticles is associated with
different transport ways. In general, compared with other trans-
port pathways, namely, ingestion, injection and skin absorption,
micro/nanoparticle inhalation is regarded as the most hazardous
route.”” When assessing the biosafety of MNMs, it is necessary to
elucidate all the transport pathways and transport-related changes
including the stability of MNMs in the organism.

(3) For the biodistribution study of MNMs, novel analytical
methods are needed for quantitative determination of MNMs
in different organs and tissues, as well as properties of certain
MNMs such as surface free energy.®®

(4) For in vitro assay of MNMs, some micro/nanoparticles
might distort the MTT and MTS cell viability assay along with
LDH release assay.®>® Thus, additional alternative assays are
recommended for certain kinds of MNMs. Multi-omics technology
can be applied in the nanotoxicology study and provide information
for the future study of molecular mechanisms.®>°"%>

(5) For MNMs designed for long term biomedical usage, the
potential genotoxicity needs to be ruled out using cell and
animal models. Besides, a subchronic toxicity study is needed
when MNMs showed no detected genotoxic effect. Also, the
subchronic toxicity study has to include toxicokinetic analysis
to examine the level of systemic MNM uptake.”

(6) As reported the cytotoxicity of micro/nanoparticles in
both bacterial®* and mammalian cells®® is mainly attributed to
plasma membrane damage. However, the complex interaction
between MNMs and the plasma membrane has made it difficult to
translate the cytotoxicity results to properties of MNMs. Therefore,
greater insights into the mechanisms of the interaction between
MNMs and the cell plasma membrane might provide vital infor-
mation about the cytotoxicity of MNMs and explain how the
MNMs alter or disrupt the plasma membrane.®®

(7) Some computational modes in terms of the relationships
between nanostructures and their activity profiles need to be
further improved to identify the characteristics which dictate
the biosafety aspect of MNMs and meet the requirement of the
biosafe design of MNMs.%”%°

6. Conclusions and outlook

In this review, we outlined the recent progress in biosafe MNMs
for biomedical applications. The biocompatibility, biodegrad-
ability, biosafe propulsion as well as biosafety assessment of
MNMs in the past decade have been thoroughly reviewed.
Tremendous progress has been made in the design and fabri-
cation of MNMs with different functionalities for biomedical
applications. However, before MNMs are used in real healthcare
application, the biosafety of MNMs has to be evaluated in vitro and
in vivo. One of the most important things of concern for biosafety
is to fabricate MNMs with good biodegradability and biocompat-
ibility. The biodegradability and biocompatibility of MNMs mainly
depend on the properties of used materials. Different selection of
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materials as components of MNMs would endow them with
different degrees of host response, biodegradation mechanisms
and functionalities to satisfy different application requirements.
Biodegradable and biocompatible MNMs with a focus on their
building blocks have been reviewed. Furthermore, successful
incorporation of biosafe materials into MNMs demands appro-
priate propulsion strategies. Some biosafe propulsion methods
including biosafe fuel propulsion and fuelfree propulsion by
various external stimuli including light, magnetic field, ultrasound
or living organisms have been compared. By combining biosafe
building blocks and appropriate propulsion strategies, these
MNMs can achieve predetermined tasks in vitro and in vivo. To
meet the biomedical application requirement, toxicity and bio-
distribution of MNMs are explored to assess biosafety issues
in vitro and in vivo.

However, there are several challenges which should be
addressed for the potential application of MNMs in the biomedical
field. When designing biodegradable and biocompatible MNMs,
two criteria should be considered: timeframe of MNMSs’ function
as well as their host response. First, during the period of MNMs’
function, the biodegradable frameworks of MNMs should not only
define their shapes and sizes, but also provide a platform to
integrate other functional components into MNMs for multi-
functionality and propulsion. The desired functioning time of
MNMs relies on their applications. Biodegradable MNMs
should be fully decomposed at a suitable rate tolerable to the
organism after completing their tasks. The second considera-
tion is the biocompatibility of building blocks. A comprehensive
understanding of the host response to materials used in MNMs
is essential for designing new biocompatible MNMs. Besides,
the biocompatibility of MNMs can be focused with respect to
three aspects, which are cell, tissue and clinical perspectives.
However, the related in vitro and in vivo reports on these three
perspectives are still limited and further research including
some related technical parameters and data is needed to better
understand the biocompatibility.

In addition, the propulsion of biosafe MNMs needs to be
benign to the physiological environment. Toxic fuels can be
avoided and biofriendly external stimuli such as light, ultrasound,
magnetic field or living organisms have advantages in biocompat-
ibility and controlling the movement of MNMs. Researchers are
expected to make further improvement of propulsion force gener-
ated by the MNMs in the biological environment, on-demand
motion control, fully biodegradable and biocompatible designs, long
lifetime, and enhanced tissue retention for imaging and therapeutic
applications. The interplay between building blocks, propulsion
mechanism, functions of MNMs and organisms can be integrated
into the design of new biosafe MNMs to improve their performance.

An efficient approach is needed to investigate the biosafety
assessment issues of MNMs. Animal models are the optimum
standard to investigate the biodistribution and toxicity of
MNMs. Besides, the relevant in vitro tissue and cell models
can also be used for biosafety assessments. It is expected that
the biosafety assessment will foster MNMs’ biosafe design. The
biosafety quality needs to be built into MNMs with the under-
standing of critical factors that cause toxicity and the ability to
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“design out” those related factors. Recently, some safe design
methods including particle doping and surface coating have
emerged and can be used in the fabrication of MNMs. An
appropriate particle doping strategy is expected to change the
inherent physicochemical properties of materials and reduce
their toxicity. Surface coating provides an effective method to
improve surface properties including hydrophilicity and solubility,
so as to reduce the toxicity and improve the biosafety. The
continued development of biosafe MNMs could pave a promising
way to create biomedical MNMs for real health-care applications.
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