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remarkable physical, mechanical, chem-
ical, and biological properties, which can  
offer exceptional opportunities for bio-
applications.[1] Catalytic and/or externally-
driven nano-/micromotors with tunable size, 
shapes, controllable speed, position, and 
propulsion modes (i.e., self-electrophoresis, 
self-diffusiophoresis, bubble recoil, sur-
face tension, external fields) can be applied 
as wireless micro machines to perform 
specific tasks including biosensing,[2] 
delivery of cargo,[3] minimally invasive 
surgery,[4] capture of pathogens,[5] the 
isolation of cancer cells,[6] and related 
potential applications. For instance, ther-
mobiochemically actuated microgrip-
pers,[7] powered by an external magnetic  
field, can locally respond to capture 
bio-materials and even take biopsies. 
Today, the development of biocompat-
ible fuels is a hot topic, including glu-
cose,[8] urea,[9] and carbon dioxide[10] as 
sources of energy. Ideally, both fuels and 
reaction products are parts of metabolic 
pathways. Micromotors wirelessly steer 
themselves and they can significantly 

expand short-range dynamic stimuli responses of biomedical 
microcarriers.[11] Microfluidics can solve multiple challenges of 
micromotors for direct translation into clinical uses, including 
desired biocompatibility, biodegradability, bio-physicochemical  

Wireless nano-/micromotors powered by chemical reactions and/or external 
fields generate motive forces, perform tasks, and significantly extend short-
range dynamic responses of passive biomedical microcarriers. However, 
before micromotors can be translated into clinical use, several major prob-
lems, including the biocompatibility of materials, the toxicity of chemical 
fuels, and deep tissue imaging methods, must be solved. Nanomaterials 
with enzyme-like characteristics (e.g., catalase, oxidase, peroxidase, super-
oxide dismutase), that is, nanozymes, can significantly expand the scope of 
micromotors’ chemical fuels. A convergence of nanozymes, micromotors, and 
microfluidics can lead to a paradigm shift in the fabrication of multifunctional 
micromotors in reasonable quantities, encapsulation of desired subsystems, 
and engineering of FDA-approved core–shell structures with tuneable biolog-
ical, physical, chemical, and mechanical properties. Microfluidic methods are 
used to prepare stable bubbles/microbubbles and capsules integrating ultra-
sound, optoacoustic, fluorescent, and magnetic resonance imaging modalities. 
The aim here is to discuss an interdisciplinary approach of three independent 
emerging topics: micromotors, nanozymes, and microfluidics to creatively: 1) 
embrace new ideas, 2) think across boundaries, and 3) solve problems whose 
solutions are beyond the scope of a single discipline toward the development 
of micro-bio-chemo-mechanical-systems for diverse bioapplications.

1. Introduction

The field of micromotors has recently experienced rapid 
and unprecedented growth—nano-/micromotors possess 
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properties, and mass-production. Moreover, microfluidic 
methods used to prepare micromachines with required soft-
ness, stiffness, flexibility, and shape adaptability have triggered 
a high interest for in vivo and in vitro bioapplications.[12]

Enzymes are vital components of biological reactions and 
living organisms. Enzymes display remarkable specificity and 
they are capable of enhancing the rate of biochemical reac-
tion, on some occasions nearly by 1012 times than that of the 
uncatalyzed reactions. This extraordinary phenomenon occurs 
due to the juxtaposition of chemically reactive groups within 
the binding pockets of the enzyme (active sites) and comple-
mentary groups from the substrates (the reactants), lowering 
the activation energy barrier and facilitating the conversion of 
the substrates into the reaction products. However, drawbacks 
of natural enzymes include rapid denaturation, difficulty in 
preparation, and laborious recycling. Nanozymes are cata-
lytic nanomaterials with enzyme-like properties, tunable size, 
shape, structure, composition, surface area, and selective cata-
lytic reactions responsive to temperature and external stimuli. 
As alternatives to natural enzymes, highly stable and low-cost 
“artificial enzymes”,[13] have been synthesized using functional 
nanomaterials such as cyclodextrin, metal complexes, porphy-
rins, polymers, dendrimers, and other molecules.[14] The term 
“nanozymes” was used to describe thiol monolayer protected 
gold clusters, which showed RNase-like activity.[15] Ferromag-
netic nanoparticles (Fe3O4) were reported to mimic the activity 
of peroxidases,[16] which paved the way for a completely new 
area of investigation involving design, synthesis, and applica-
tions of nanomaterials with “enzyme-like activities”. As per the 
study, there are currently more than 200 research groups world-
wide working actively on nanozymes.[14]

Drop-based microfluidics is actively used to fabricate drops/
microdrops and capsules, providing capabilities for very pre-
cise mixing of fluids to form new materials, high throughput 
screening on the target of interest, encapsulation, and con-
trolled release of a wide variety of active materials.[17] Microflu-
idics enable the preparation of microdrops, which carry out vast 
numbers of reactions in short times using minimal quantities 
of reagents. Owing to their high water content, shells of stimuli-
responsive microcapsules can be made of hydrogels. Hydrogels 
have structures and bio-physicochemical properties similar to 
extracellular matrices. Capsules as “microreactors” containing 
an aqueous core and permeable shell possess unique proper-
ties including controllable reaction, diffusion, separation, and 
delivery of molecular species for water cleaning,[18] regenera-
tive, precision,[19] targeted[20] medicine, drug/cell delivery, tissue 
engineering, wound dressings, and anti-tumor treatments, to 
name a few examples. Moreover, a gaseous core encapsulated 
in protein-/lipid-/polymer-shells can have programmable sta-
bility and solubility for intravenous uses. Such microbubbles 
can be visualized in arteries using super-resolution ultrasound 
(US) tissue imaging methods. At the same time, shells of 
microbubbles can include additional optical, magnetic, chem-
ical, mechanical properties for theranostics.

Herein, we discuss a potential convergence of previously 
independent disciplines: micromotors, nanozymes, and micro-
fluidics to develop versatile µ-BCMS (Figure  1), previously 
inspired by the micro-chemo-mechanical-systems.[21] Ultimate 
goals are core–shell engineering, nanozymes encapsulation, 

and design of power/control methods (Figure  1a–c). 
Subsequently, dynamic bio-microcarriers can self-propel over 
long distances, react/respond locally, and be tracked in tissue 
using state-of-the-art super-resolution imaging methods 
(Figure 1d–f). Such a combinatorial approach can enable a con-
trollable reaction, separation and delivery of molecular species 
(e.g., using hydrogel micromotors), minimally-invasive surgery, 
potential clots removal from arteries, isolation of pathogens, 
and deactivation of cancer cells, to name a few examples. More-
over, microcarriers with stimuli-responsive dynamic properties 
can also respond to variations in pH,[22] temperature,[23] light,[24] 
electric[25] and magnetic[26] fields, leading to a subsequent 
release of therapeutic agents. Catalytic nanoparticles with var-
ious enzyme-like properties (e.g., peroxidase, catalase, oxidase, 
and superoxide dismutase) can manipulate biological pathways 
and open new horizons of µ-BCMS.

Many excellent reviews exist about emulsions/microemul-
sions, capsules, and bubble techniques.[27–29] Here, we limit 
our discussion to fabrication, properties, applications of cata-
lytic micromotors, nanozymes, and core–shell structures: 
nanoparticle/-protein shelled microbubbles, layer-by-layer (LbL) 
assembly methods for the subsequent integration with tissue 
imaging methods and applications in theranostics. Today, the 
biomedical micromotors field faces challenges (toxic fuels, reac-
tion products, difficulty to obtain biocompatible materials). 
Microfluidics can be used to prepare and mass-produce FDA-
approved biocompatible microcarriers, which can integrate micro-
motors’ motion control methods. Nanozymes utilize catalytic reac-
tions, which can be applied in medicine and subsequently, discov-
ered biocatalytic fuels could help to replace toxic fuels of nano-/
micromotors. Moreover, since conventional optical microscopy 
(widely used in nano-/micro motors research) cannot be used to 
imaging micromachines in the human body—powerful super-res-
olution deep tissue biomedical imaging methods (e.g., ultrasound) 
are desperately needed. There are multiple excellent reviews 
already available for each of our discussed emerging topics: 
nanozymes,[14,30] nano-/micromotors,[2,31] and microfluidics.[32–35] 
By cultivating interdisciplinarity as a habit of mind, our review dis-
cusses integration or interconnectedness of these emerging topics 
by focusing on i) generation of new ideas, ii) discussions across 
disciplinary boundaries (overlap of emerging topics allows looking 
at the problem from a variety of viewpoints—the same questions 
can be asked in different ways), and iii) solutions to complex prob-
lems, which are beyond the scope of a single discipline.

2. Man-Made Micromotors

Biological nano-/micromotors like the flagellum, motor 
proteins, and cilia demonstrate high sophistication and 
efficiency—they convert chemically stored energy into 
highly efficient motion and perform tasks, transporting cells 
searching for nutrients, and delivering biomolecules to sup-
port viable cellular functions. Recent achievements in the 
field of synthetic nano-/micromotors led to demonstrations of 
autonomously and remote controlled micromachines to per-
form specific tasks, such as “on-the-fly” delivery and assembly 
of cargo,[39] detection of DNA hybridization,[40] removal/
drilling of cancer cells,[41] the isolation of pathogens[6] in 
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Figure 1. Integration of micromotors, nanozymes, and microfluidics toward the construction of biomedical µ-BCMS. a) Schematic image of a microflu-
idic generation of drops/microdrops, capsules, and bubbles with controllable shell, core, catalytic, and dynamic motive functions. b) Core–shell engi-
neering includes the desired fabrication of gaseous or liquid core with encapsulated sub-systems and compositions. The shell can include magnetically, 
optically, chemically, and ultrasound-responsive nanomaterials. c) Example of nanozymes with oxidase, catalase, peroxidase, and superoxide dismutase 
activities based on FeO4, Au, and CeO2 catalytic nanoparticles, which can be potentially encapsulated in the fluidic core or solid/polymer shell of bio-
medical microcarriers. d) Schematic of microparticles/capsules with catalytic segments, which obtain motive functions and self-propel autonomously 
in chemical fuels. e) An example of an autonomous catalytic nanotube-based nanomotor transporting yeast cells in hydrogen peroxide solution (right 
side image). Application of ultrasound to visualize biological capillaries using microbubbles. Subsequently, microbubbles can be destructed on-demand 
using high-intensity focused ultrasound (left side image). f) Application of state-of-the-art tissue imaging methods, such as ultrafast ultrasound and 
microbubbles below 10 µm, allowing observation of blood flow in the smallest capillaries. Image in (c): Reproduced with permission.[37] Copyright 2012, 
American Chemical Society. Right-hand-side image in (e): Reproduced with permission.[36] Copyright 2017, The Author, published by Symbiosis Online 
Publishing. Left-hand-side image in (e): Reproduced with permission.[38] Copyright 2014, Ivyspring International Publisher.
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complex media. Miniaturization leads to multiple advantages 
of mechanical devices, such as negligible inertia, ultra-fast 
relative motion, the ability to control tetherless micromotors’ 
speed and location very precisely.[42] Moreover, micromotors 
with size below 10 µm can successfully navigate through the 
smallest capillaries of the human body, potentially deliver 
drugs,[43] arrest/isolate pathogens,[5] and perform cleaning of 
clogged arteries[44] and related micromechanical minimally-
invasive operations.

2.1. Mechanisms of Autonomous Propulsion

Micromotors represent miniaturized devices that achieve 
autonomous movements powered by chemical reactions.[45] 
The propulsion mechanisms of catalytic nano-/micromotors 
can be divided into self-electrophoresis, self-diffusiophoresis, 
interfacial tension, and gas/bubble recoil.[46] Depending on 
the nano-/microparticle’s shape, size, catalytic part, mate-
rials’ combinations, concentration, and composition of 
chemical fuels—various non-biological motion mechanisms 
have been reported to power micromotors.[47] First, the size 
of the micromotors is optimized to overcome Brownian dif-
fusion. A growing body of literature has examined different 
shapes, sizes, materials of micromotors,[48] compositions,[31] 
and concentrations.[49] Mechanisms of catalytic reactions have 
been elucidated to achieve higher motive forces, ultra-fast 
propulsion,[50] ultraprecise positioning,[51] develop accurate 
control methods, and test swarming/collective behaviors of 
micromotors.[52,53]

2.1.1. Micromotors Motion by Self-Diffusiophoresis

Particles in fluids can self-propel autonomously by creating 
concentration gradients of solutes; a phenomenon referred to 
as “self-diffusiophoresis.”[54] During self-diffusiophoresis, the 
solutes generated during catalytic oxidation–reduction reactions 
on nano-/micromotor segments induce osmotic pressure on the 
nano-/microparticles. Self-diffusiophoresis can be divided into 
two categories: nonelectrolyte-based self-diffusiophoresis and 
electrolyte-based self-diffusiophoresis. The latter mechanism 
generates lower magnitude forces, but has higher ionic toler-
ance. The first mechanism generates stronger motive forces but 
fails in high-ionic-strength solutions.[47] Figure 2a,b[55,56] shows 
schematic images of non-electrolytic self-diffusiophoresis and 
electrolytic self-diffusiophoresis, respectively. Figure  2a illus-
trates micromotors prepared by the modified Grubbs’ ring-
opening metathesis polymerization catalyst on the silica side 
of Au–SiO2 Janus particles. The asymmetric catalyst consumes 
monomers on the SiO2 side, creating a low monomer concen-
tration area, and the net fluid flows from the side (SiO2) with 
a lower monomer concentration to the side (Au) with a higher 
concentration. Subsequently, the micromotor self-propels in the 
opposite direction. Figure 2b demonstrates the dielectric-AgCl 
Janus micromotor moving away from the AgCl side during 
illumination by UV light, driven by the electrolytic self-diffu-
siophoresis. When the micromotors are exposed to UV light, 
AgCl reacts with H2O, and the produced protons (H+) diffuse 
faster than chloride ions (Cl−). Due to the formed inward elec-
tric field, the near-field   slip flows from the uncoated to the 
coated particle’s side, leading to a motion direction away from 

Figure 2. Nano-/micromotors driven by self-diffusiophoresis and model. a) Schematic of Au–SiO2 Janus sphere attached with Grubbs’ catalyst, caused 
by nonelectrolyte self-diffusiophoresis. b) Schematic of AgCl–PMMA micromotor’s motion driven by electrolyte self-diffusiophoresis. c) Model for a 
spherical motor with an enzyme reaction site. d)The simulated steady-distribution of reaction products of a Pt-capped polystyrene Janus sphere, a 
translational motion along the axis will be performed if the symmetry axis of the micromotor coincides with the in plane concentration distribution. 
e) The simulated solute distributions of spherical particles to show shape effect on the phoretic velocity. f) The simulated oxygen concentration dis-
tribution produced by a tubular bilayer nanorocket undergoing self-diffusiophoresis. a) Reproduced with permission.[55] Copyright 2011, Wiley-VCH. 
b) Reproduced with permission.[56] Copyright 2018, American Chemical Society. c) Reproduced with permission.[57] Copyright 2005, American Physical 
Society. d) Reproduced with permission.[58] Copyright 2012, The Royal Society of Chemistry. e) Reproduced with permission.[59] Copyright 2010, Springer 
Nature. f) Reproduced with permission.[60] Copyright 2017, Wiley, VCH.
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the AgCl side. Multiple theoretical models have been developed 
to understand better self-diffusiophoresis based on an asym-
metric release of reaction products. For example, one model 
describes a molecule machine with an enzymatic site that 
can propel in the blood channels by the asymmetric release 
of reaction products (Figure  2c).[57] The motor is considered a 
diffusive equivalent of the jet engine that releases the reaction 
products asymmetrically to gain an inertial thrust force. Based 
on the Pt-catalyzed decomposition of H2O2, a distribution of 
catalytic reaction products around the Pt-capped polystyrene 
Janus spheres is calculated (Figure 2d).[58] The model predicts 
that if the symmetry axis of the micromotor coincides with that 
of the in plane concentration distribution, the motion should 
involve a translational motion along the axis only; and the com-
plex dynamics of various active micromotor-cargo composites 
were also investigated. The solute distributions of three sphe-
roidal particles with different shapes (prolate, spherical, and 
oblate) are qualitatively analyzed and the effect of the shape on 
the phoretic velocity is discussed (Figure  2e).[59] Bilayer nano-
tube with a diameter as small as 10 nm undergoes motion by 
self-diffusiophoresis, leading to more efficient propulsion than 
achieved by cylindrical and spherical catalytic nanomotors 
(Figure 2f).[60]

2.1.2. Micromotors Motion by Generated Microbubbles

The bubble propulsion mechanism leads to efficient propul-
sion, high speeds, and robust performance,[61] regardless of 
the ionic strength of solutions. Different geometries of bubble 
propelled micromotors have been investigated: rod, tube, 
and sphere and the mechanisms of motion are discussed in 
detail.[46,62,63] Understanding of gas nucleation/generation 
on catalytic surfaces plays an important role in the design of 
microbubble-propelled motors. For example, during the decom-
position of H2O2, molecular oxygen diffuses from the surface 
of the catalyst. Depending on surface curvature and particle 
size, bubbles are nucleated and continuously generated from 
the surface. Bubbles grow, recoil, and replace the mass of fluid 
near/at the particles providing a “jet” force, which propels the 
micromotors forward.[64] For instance, Au–Ni nanorods are 
prepared by template-assisted electrochemical deposition. As 
shown in Figure  3a, in H2O2 solution, O2 is produced at the 
Ni surface, which provides the driving force for the nanorod.[62] 
Figure  3b shows the bubble-propelled tubular micromotor 
made of rolled-up Ti/Fe/Au/Ag nanomembranes.[46] H2O2 
decomposes in the catalytic microtube inner interior, causing 
the ejection of gas bubbles and pumping of fluid into the tube. 
Subsequently, the tube motion is in the opposite direction. 
Later, a Pt-coated SiO2-microsphere-based micromotor was 
demonstrated (Figure  3c).[63] H2O2 is decomposed into water 
and O2 bubble on the surface of Janus microparticle, leading 
to a detachment of the bubbles and achievement of motion. 
Other materials and fuels have also been investigated to power 
the micromachines, such as tubular polyaniline (PANI)/Zn 
micromotors fabricated by template-assisted electrodeposi-
tion.[65] As shown in Figure  3d, such a micromotor works 
in the acidic media, taking advantage of H2 bubbles, which 
originates from the redox reaction of H+ in contact with Zn. 

Another micromotor materials’ choice used Pt coated on the 
surface of Mg spheres.[66] Figure  3e illustrates the Mg–water 
reaction mechanism that continuously generates H2 bubbles 
(in the presence of NaHCO3) to propel micromotors. Likewise, 
a partially coated Al–Ga alloy spherical motor has been demon-
strated (Figure 3f).[67] Al reduces water to hydrogen, and liquid 
Ga is used to remove the reaction-hindering aluminum oxide 
film to promote the Al–water reaction, making it feasible to 
propel the particle by the Al–water reaction. Another example 
demonstrates Ag and MnO2 micromotors self-propelled at a 
low concentration of H2O2 (Figure  3g).[61] Moreover, artificial 
enzyme-powered micromotors immobilized with biocatalytic 
catalase are fabricated using a template-based electrodeposi-
tion method (Figure  3h).[68] The biocatalytic catalase enzyme 
decomposes H2O2. Subsequently, an oxygen bubble recoil leads 
to efficient propulsion. Recently, a hydrophobic/hydrophilic 
phase-shifting polymer is used to retain/expel gas bubbles 
from the micromotors (Figure  3i),[22] resulting in buoyancy-
controlled descending or ascending vertical motion that results 
in directional/vertical propulsion of micromotors.

2.1.3. Micromotors Motion by Self-Electrophoresis

Charged objects can migrate if located in an external electric 
field, a phenomenon that is referred to as “electrophoresis.” If 
the charged object generates an electric field by itself and move, 
this is termed as “self-electrophoresis.” The first demonstra-
tion of self-propelled nanomotor driven by self-electrophoresis 
is shown in Figure  4a.[69,70] In solutions, H2O2 generates H+ 
on the Pt part during the oxidation process, and the H+ is 
consumed at the Au part during the reduction of H2O2. Sub-
sequently, the electrons are generated at the Pt end and con-
sumed in the Au end. The resulting ion flux from the Pt to Au 
parts induces an electric field, propelling the particle by the 
Pt end forward. Pt/PS micromotors have been studied experi-
mentally and theoretically, demonstrating that electrokinetic 
effects play an important role in the motion of non-conducting 
spherical Janus micromotors (Figure  4b).[71,72] A catalytic reac-
tion pathways showed the competing reactions responsible for 
Pt/PS micromotors’ motion and consisted of a combination of 
diffusiophoresis and electrophoresis.

2.2. External Control of Micromotors

Micromotors’ control using external fields (e.g., US, magnetic 
field, light, electrical field, chemical gradient) can be used 
both to power motion of microparticles and guide the posi-
tion of catalytically driven autonomous particles to a specific 
location. External control can also be used to program specific 
dynamic patterns of motion of micromotors. External control 
can be used to deliver and release specific cargo during tar-
geted therapy. Particularly, external control is important for 
biomedical applications for micromachines, which can operate 
in blood vessels, tissues, and organs. Moreover, external con-
trol enables the realization of tiny mechanical tools, like nano-/
microsurgeons capable of performing minimally invasive 
mechanical operations. For instance, nano-/micromotors with 
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Figure 3. Micromotors self-propelled by bubble ejection. a) Schematic of Au–Ni nanorods propelled by produced O2 at the Ni surface. b) Motion of 
rolled-up Ti/Fe/Au/Ag tubular micromotor propelled by ejection of gas bubbles generated in the inner interior of the tube. c) Schematic of Pt–SiO2 
sphere micromotor in H2O2 propelled by O2 bubbles generated on the surface of Pt. d) Schematic of PANI–Zn tubular micromotor propelled by H2 
bubbles originating from the redox reaction of H+ in contact with Zn. e) Schematic of Mg–Pt micromotor propelled by continuously generated H2 bub-
bles in the presence of NaHCO3. f) Schematic of Al–Ga/Ti micromotor propelled by the H2 bubbled generated from Al–water reaction. g) Schematic of 
Ag and MnO2 micromotors driven by O2 bubbles from decomposition of H2O2. h) Schematic of tubular micromotor with catalase biocatalytic layer in 
the inner interior driven by O2 bubbles from the catalase-enhanced decomposition of H2O2. i) Schematic illustration showing the motion mechanism 
of submarine-like micromotor, that is, by shifting its hydrotropism using solution adjusted pH: the structure can retain or expel O2 bubbles to perform 
a buoyancy-controlled descending or ascending vertical motion. a) Reproduced with permission.[62] Copyright 2005, The Royal Society of Chemistry.  
b) Reproduced with permission.[46] Copyright 2008, Wiley-VCH. c) Reproduced with permission.[63] Copyright 2009, AIP Publishing. d) Reproduced with 
permission.[65] Copyright 2012, American Chemical Society. e) Reproduced with permission.[66] Copyright 2013, Wiley-VCH. f) Reproduced with permis-
sion.[67] Copyright 2012, American Chemical Society. g) Reproduced with permission.[61] Copyright 2014, American Chemical Society. h) Reproduced with 
permission.[68] Copyright 2013, American Chemical Society. i) Reproduced with permission.[22] Copyright 2019, Elsevier Ltd.
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sharp tools can be designed to remove blood clots caused by 
atherosclerosis. External fields (magnetic field, US, light, elec-
tric field, electrochemical potential, etc.) can also be applied to 
induce self-propulsion in micromotors.

2.2.1. Magnetic Control of Micromotors

The magnetic field provides a strategy to drive micromo-
tors wirelessly. Magnetic control suits various applications 
because it can penetrate deep into the body. In the scope of 
this paper, the magnetically propelled micromotors[73] are 
not taken into account. We concentrate on the micromotors, 
which are controlled by the magnetic field.[74] By embedding 
the ferromagnetic layer into the motors, the motors will 
attempt to align their magnetization direction with the field 
vector; remote navigation can thus be accomplished. In 2005, 
a nickel-contained metallic nanomotor was reported.[75] It is a 
catalytic self-electrophoresis-driven mechanism and the mag-
netic field only changes the direction of motion, but it does 
not influence the motor’s speed. A rotating magnetic field has 
also been applied to control and localize the strain-engineered 
tubular micromotors’ trajectories.[76] Subsequently, selective 
loading, transportation, and delivery of microobjects were 
accomplished.[39] The motion of micromotors through flowing 
fluidic microchannels can be precisely navigated in a control-
lable manner,[77] followed by biomaterials’ delivery.[78] During 
the early stage of research, magnets were used to navigate the 
micromotors,[79] which cannot offer precise positioning. With 
the help of an automated control system—closed-loop control 
of micromotors have been realized. In 2013, a magnetic-field-
controlled closed-loop system was demonstrated.[80] Tubular 
micromotors could align along the controlled field lines in 
3D space, and move point-to-point using the electromagnetic 
system. Further, an advanced autonomous navigation system 

with visual feedback and an artificial intelligence (AI) planner 
was introduced to realize closed-loop control of micro motors, 
which navigated the Ti/SiO2 microsphere in diverse envi-
ronments in a collision-free manner. With the help of visual 
recognition, the micromotor can be oriented toward its pre-
determined targets autonomously, thus enhancing the intel-
ligence of micromotors toward practical applications in 
complex environments.[81]

2.2.2. Motion Control of Micromotors Using Temperature

The thermal stimulus is a convenient strategy to modu-
late the speed of the motors.[82] Because the oxidation and 
reduction kinetics of the H2O2 can be modulated by tempera-
ture, Au–Pt nanorod motors were reversibly accelerated and 
slowed down by adjusting the solution temperature first in 
2009.[83] Temperature stimulus was employed to modulate the 
speed of tubular micromotors, while reducing the amount 
of H2O2 needed simultaneously.[50] The same group proved 
that the tubular micromotors could self-propel in ten times 
diluted blood samples at 37 °C while being inactive at 25 °C 
due to the high viscosity of the blood.[84] The abovementioned 
strategy takes advantage of the temperature influence on the 
H2O2 reaction rate, while the other used the temperature-
induced geometrical deformation to adjust the speed. A 
thermoresponsive polymer formed a tubular micromotor, 
and it could reversibly fold and unfold by applying changes 
of solution temperature.[85] The micromotor compressed at 
temperatures below low critical solution temperature (LCST) 
and expanded above LCST. The radius of the tubular micro-
motor defines the speed, leading to the in situ modulation of 
speeds.[23]

2.2.3. Motion Control of Micromotors Using Light

Light is one of the most common external physical stimuli to 
drive nano-/micromotors.[86] Light can induce many pheno-
mena such as photocatalysis, photolysis, photothermal 
pheno menon, photochromism, photoisomerization, which 
can be used to drive or control the motors. TiO2–SiO2 Janus 
nanotrees were fabricated by wet silicon etching followed by 
TiO2 nanowire hydrothermal growth. They can be employed 
as phototactic micromotors in a programmable manner. The 
micromotors contained nanoscale photocathode and photo-
anode at opposite ends that release photogenerated cations and 
anions to propel the micromotors, this so-called light-induced 
self-electrophoresis provide a way to sense and orient the illu-
mination direction to steer the micromotors.[24] In addition 
to light-induced self-electrophoresis,[87] there are also many 
light-induced self-diffusiophoresis[88] and bubble propulsion[89] 
originate from photocatalytic reactions. Researchers also used 
photolysis to generate electrolyte gradient, which can induce 
self-diffusiophoresis to the AgCl micromotors under UV light 
exposure.[90] There are also many interesting non-photocatalytic 
mechanisms like photothermal,[91] photochromism,[92] and  
photoisomerization[93] effects, which are not in the scope of this 
review.

Figure 4. Micromotors swimming by self-electrophoresis. a) Sche-
matic illustration of self-propelled Pt–Au nanorod motor driven by self-
electrophoresis. b) Schematic image of Pt–PS spherical micromotor 
and competing catalytic reactions. a) Reproduced with permission.[70] 
Copyright 2006, American Chemical Society. b) Reproduced with permis-
sion.[71] Copyright 2014, European Physical Society.

Adv. Mater. 2021, 2007465



© 2021 Wiley-VCH GmbH2007465 (8 of 40)

www.advmat.dewww.advancedsciencenews.com

2.2.4. Motion Control of Micromotors Using Ultrasound

In recent years, the US has attracted significant attention to 
power and control motion of micromotors. It was first reported 
that the US can propel metallic rods autonomously in solu-
tion. The metallic rods have an asymmetry shape, leading to 
an uneven distribution of acoustic pressures in the fluid that 
is stronger at the concave end, propelling the micro motors 
with the other end forward.[94] Further studies were performed 
to confirm the asymmetry effects experimentally and theo-
retically.[95] For external control of bubble-propelled nano-/
micromotors, the US was reported to be able to tune their 
speed. When a US field is applied, the bubble evolution will be 
disrupted due to Bejerkn’s force, leading to a significant speed 
decrement. This kind of reversible motion control can be used 
to regulating the movement remotely and instantaneously.[51] 
For external control of catalytic nanorod motors, US is used to 
restrict their motion as and when needed. Metallic microrod 
motors are self-propelled by self-electrophoresis in the presence 
of H2O2. When the US is applied, micromotors are assembled 
into a swarm in the pressure nodes’ location.[96] Besides, the 
US triggered separation of different kinds of catalytic motors 
is accomplished according to density variation, offering a new 
approach for on-demand isolation of motors at small scales.[53]

2.2.5. Motion Control of Micromotors Using Chemical Gradients

Chemotaxis is the ability of living creatures to sense chemical 
gradients in their surroundings and react accordingly. Inspired 
by the chemotactic bacteria, researchers made an effort to exter-
nally control the motors using a similar bioinspired strategy. 
Pt–Au microrod motors can move up an H2O2 fuel gradient, 
providing a novel way to direct particles motion toward specific 
targets. The process is explained by random walk physics using 
diffusion coefficient gradient.[97] Two types of catalytic micromo-
tors (tubular micromotors and Janus particles) showed chemo-
tactic behavior in microfluidic channels, both oriented toward 
higher H2O2 concentrations. Particles are governed by the dif-
fusion process that induces random reorientations of catalytic 
particles.[98] A novel kind of stoma-shaped nanomotors loaded 
with Pt nanoparticles was demonstrated to move toward a fuel 
gradient. This directional movement is due to the nanomotors 
travel longer distances in the presence of higher fuel concentra-
tion, resulting in a movement up the H2O2 gradient.[3] Calcium 
carbonate Janus micromotor moves in extremely light acid 
solutions, even in acid environments in situ generated by HeLa 
cells, enabled by diffusioosmotic flows.[99] Chemical gradients 
are a facile, but efficient method to orient the motors, holding a 
bright future in the drug delivery.

3. Biomedical Applications

The micromotors offer controllable locomotion of active parti-
cles, capable to deliver cargo payloads, perform biomedical sur-
gery operations, isolate pathogens, and biodetoxify solutions. 
Micromotors can complete diverse bio-tasks using autonomous 
motion and external control. However, most of performed 

experiments represent first demonstrations of dynamic 
micromachines’ capabilities with procedures, which are not yet 
medically approved.

3.1. Drug Delivery Enabled by Micromotors

Typically, micromotors depend on non-biocompatible materials 
and toxic hydrogen peroxide fuel was used during the early stage 
research.[102] Alternative ways have been found, such as biode-
gradable chitosan–sodium alginate–Pt motors, fabricated using 
template-assisted LbL assembly.[103] Using external magnetic 
field, the micromotor partially penetrated the HeLa cell, and dox-
orubicin (DOX) was released in situ under ultrasonic treatment. 
In recent years, using advantages of biocompatible materials, 
drug delivery applications using micromotors are conceptually 
demonstrated. For instance, the template-assisted electrodepos-
ited Zn-based micromotors could efficiently self-propel in the 
stomach acid, which demonstrated their in vivo operation for the 
first time.[104] The micromotors could self-propel during 10 min 
to complete drug delivery operations and self-dissolve. Mg-based 
micromotors were encapsulated in enteric protective capsules to 
protect micromotors from degradation in the stomach. With the 
help of photoacoustic (PA) computed tomography, the micromo-
tors can be guided through the stomach to the intestine, where 
drugs can be released in the targeted areas (Figure 5a).[100]

3.2. Nano-/Microsurgery by Micromotors

Micromotors can self-propel to access deep tissue loca-
tions, facilitating microsurgery at a small scale. Compared 
to the magnetic-actuation[41,105] or US-triggered[106] nano-/
micromotors, additional apparatus for providing magnetic 
fields or the US is not required for catalytic micromotors. For 
instance, the fabricated InGaAs/Ga/Cr/Pt rolled-up micro-
motor can self-propel a corkscrew-like trajectory. The micromo-
tors are autonomously embedded themselves into a fixed HeLa 
cell, leading to cells’ drilling (Figure 5b).[37] The Ti/Cr/Fe micro-
driller with a sharp tip could drill a hole in a pig liver under the 
control of the magnetic field, which suggests feasibility of the 
minimally invasive surgery. (Figure  5c).[4] Magnetic nanorod-
based motors fabricated by the angular deposition method was 
used to enhance thrombolysis in vitro and in vivo.[44] It is dem-
onstrated that compared to passive nanocarriers, nanomotors’ 
active locomotions accelerate the thrombolysis by improving 
the mass transport of tissue plasminogen activator. Subse-
quently, the drug agitation nanosurgery by nanomotors could 
be used as a proof-of-concept for other disease treatments.

3.3. Biodetoxification Using Micromotors

The unique advantage of fluid mixing provided by micro-
motors can enhance the diffusion process, which facilitates 
the motor-based biodetoxification. The cell-derived red blood 
cell membrane-coated Mg Janus micromotor could absorb and 
neutralize toxins (Figure  5d).[107] This Janus micromotor can 
self-propel efficiently by Mg-water reaction-induced H2 bubble. 
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The cell membrane coating protected the motor from protein 
fouling effects when operated in a biological fluid, holding 
great promise for biodetoxifications. A new kind of micro-
motors assembled by polycaprolactone, photoactive quantum 
dots and Fe3O4 have been demonstrated (Figure  5e).[101] The 
light-induced self-diffusiophoresis propelled the biocompatible 
micromotor in peroxide, glucose, and human blood serum. 
The micromotors can remove bacterial endotoxins, and heavy 
metals, leaving only a low toxic by-product, demonstrating a 
high potential of light-driven detoxification.

4. Nanozymes

Nanozymes are composed of nanoparticles of inorganic mate-
rials possessing intrinsic enzymatic activities. Nanozymes 
have been developed with nanoparticle forms of Fe3O4,[16] 
platinum,[108] gold,[109,110] copper oxide,[111] CoFe2O4,[112] gra-
phene oxide,[113] carbon,[114] among others. Besides classifying 
the nanozymes based on the type of enzymatic reactions they 
mimic,[115] they may also be categorized based on their atomic 
composition, which largely determine their catalytic activity and 
specificity in operation.[116] As reviewed[116] based on the atomic 
composition of their core and surface, nanozymes may be dis-
tributed into three different categories—metal oxide-based, 

metal-based, and carbon-based nanozymes. A variety of metal 
oxide-based nanozymes have been reported to mimic catalytic 
activities of peroxidase, catalase, and superoxide dismutase 
(SOD). Since metal oxide nanoparticles are usually chemically 
and biologically inert, additional surface engineering and con-
jugation are required to endow these structures with desired 
functionalities.[116] Metal oxide nanozymes have found wide 
application in fabricating amperometric and colorimetric detec-
tion systems.[117]

Metal-based nanozymes may be further classified as Type I  
and Type II, depending on the part of their structure par-
ticipating in catalysis. The activities of Type I nanozymes are 
entirely from the assembled monolayer onto a metallic core, 
while for Type II, the nanozymes’ activities are largely due 
to the metallic part.[118] Metal based nanozymes have been 
reported to possess catalytic activities of SOD, peroxidase, and 
catalase. Composite structures of metal[119] and metal oxide[120] 
nanozymes have also been found to function as a distinct class 
of nanozyme having enhanced catalytic activity.

Carbon-based nanozymes are usually found to behave as 
peroxidase[113] and SOD-mimics,[121] which due to their unique 
electrical, optical, thermal, and mechanical properties can 
offer a variety of multifunctional platforms for biomedical 
applications.[122] Material selection for nanozymes may also 
be dependent on their envisaged functionalities or specific 

Figure 5. Biomedical applications of micromotors in the three directions: drug delivery, minimally invasive surgery and detoxification. a) Schematic 
of micromotors passing through the stomach with enteric coating. Motors are activated by NIR irradiation on-demand to complete drug delivery.  
b) SEM image of asymmetrically rolled-up tubes drilled and embedded themselves into biological tissue. c) SEM image of a drilled hole in a pig liver 
after extracting the microdriller. d) Schematic image of nanomotor enhanced thrombolysis treatment in the fluidic channel, showing a potential to 
remove clots in vessels. e) Schematic showing the cell-derived red blood cell membrane-coated Mg Janus micromotor absorption and neutralization of 
toxins. a) Reproduced with permission.[100] Copyright 2019, The Authors, published by American Association for the Advancement of Science. b) Repro-
duced with permission.[37] Copyright 2012, American Chemical Society. c) Reproduced with permission.[4] Copyright 2013, The Royal Society of Chem-
istry. d) Reproduced with permission.[44] Copyright 2014, American Chemical Society. e) Reproduced with permission.[101] Copyright 2019, Wiley-VCH.
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application requirements. TiO2 nanoparticle is a commonly 
used nanozyme for photocatalysis and environmental remedia-
tion.[123] Graphite carbon nitride (g-C3N4),[124] graphene oxide 
(GO),[125] black phosphorus (BP),[126] carbon quantum dots,[127] 
metal–organic frameworks (MOFs),[128] and thin chromium 
thiophosphate (CrPS4)[129] are nanozymes that exhibit remark-
able photocatalytic properties. Magnetic nanozymes, such as 
mussel-inspired nanoflower (PDA-Cu NFs) are considered as 
antibacterial agents for biosensing applications.[130] Another 
group reported laccase-like active magnetic nanozyme which 
can be used for efficient removal of toxic phenolic pollutant 
like o-phenylenediamine (OPD).[131] Optically active plasmonic 
nanozymes (AuNPs) exhibits enhanced peroxidase-mimicking 
activity.[132] Nanozymes can also be endowed with multifunc-
tional capability. Recently, experimentally derived multifunc-
tional nanozyme based on MOFs, which contains catalytic Cu2+ 
and luminescent Tb3+ ions are also reported. This nanozyme 
not only possessed excellent catalytic activity comparable to 
horseradish peroxidase but also could indicate the real time 
concentration of H2O2 through its fluorescence.[133] Recently, 
biocompatible nanozymes were developed for in vivo sensing 
and drug-delivery applications. Notably among them was 
citrate-capped palladium nanozyme that exhibited efficient anti-
oxidant properties within the cellular environment.[134]

Noble metal nanoparticles such as Au, Pd, and Pt demon-
strate remarkable catalytic activities and intrinsic antioxidant 
properties.[135,136] Functionalizing these nanomaterials with 
various ligands can greatly improve their biocompatibility and 
broaden their biomedical application potentials. To this end, 
efforts have been made to adjust the size and morphology of 
Pt nanoparticles (NPs) with a protective layer of sodium algi-
nate to enhance their dispersibility, stability, and possibility of 
infusing additional surface features, nanogel preparation, and 
diverse applications in other fields.[137] Similar studies have also 
been demonstrated with citrate-coated Pd NPs, which displayed 
enhanced biocompatibility and stability, while functioning as 
reactive oxygen species scavengers.[134] Another group used 
BSA-stabilized Pt nanozyme in developing a rapid, sensi-
tive, and selective Hg2+ sensing system.[138] Poly(amidoamine) 
(PAMAM) encapsulated platinum nanoparticles were used as 
efficient catalase mimic.[139] Platinum nanoparticles anchored 
metal–organic frameworks were further shown to display 
enhanced electrocatalytic property in detecting the activity of 
telomerase, a ribonucleoprotein.[140] Therefore, the unique 
physicochemical properties of metal nanoparticles can greatly 
be enhanced by functionalizing their surfaces with different 
ligands and functional moieties. This further facilitates devel-
opment of multifunctional nanocarriers and sensing platforms, 
where the metal nanoparticles, besides their inherent enzymatic 
activity can be further endowed with magnetic, fluorescent, and 
self-propulsion capabilities. With appropriate conjugation and 
surface charge, hydrodynamic radii of nanozymes may also be 
optimized for their complete elimination from the body after 
use[141] and minimum nonspecific tissue/organ uptake during 
in vivo operations.[142]

Natural enzymes are characterized by a high degree of 
selectivity and catalytic activity. But, they are often expensive 
and have limited chemical and biological stability. Functional 
materials like nanozymes have enzyme-like activity, and pos-

sess greater stability and application potentials due to their 
simpler preparation technologies. Nanozymes offer size and 
composition-dependent activity, which facilitates design of 
materials with a broad range of catalytic activity—by varying 
their shape, structure, and composition.[143] Natural enzymes 
are mostly proteins and can be considered as soft materials, 
whereas nanozymes are hard with porphyritic nuclei.[144] 
Compared to natural enzymes, nanozymes have large sur-
face areas, which facilitate their modification and conjuga-
tion with other functional groups. The catalytic efficiencies 
of nanozymes in most cases are lower than that of natural 
enzymes. For example, CeO2−x nanorods,[145] can act as an 
efficient green urease mimics that catalyzes the hydrolysis 
of urea under ambient conditions with a turnover number 
kcat of 9.58 × 101 s−1, which is significantly lower than that of 
native jack bean urease. In some cases, however, nanozymes 
have been reported to have catalytic efficiencies comparable 
to that of natural enzymes. MnFe2O4 with a nanooctahedron 
morphology, has been reported to have a turnover number 
(kcat) and catalytic efficiency (kcat/KM) in the oxidation of 
3,3′,5,5′-tetramethylbenzidine (TMB) of 8.34 × 104 s−1 and  
2.21 × 109 M−1 s−1[146] respectively, which are similar to the cata-
lytic efficiency of their natural counterparts. Surface modifica-
tion and functionalization may lead to further enhancement 
of catalytic efficiency of nanozymes. For example, histidine-
modified Fe3O4 nanoparticles (NPs) exhibited more than 
10-fold higher binding affinity (KM) for H2O2 and a 20-fold 
higher catalytic efficiency (kcat/KM) compared to unmodi-
fied Fe3O4 NPs.[147] These results show that with appropriate 
engineering methodologies, nanozymes can be endowed with 
fundamental characteristics of natural enzymes such as fast 
kinetics, high productivity, and high selectivity, under iden-
tical reaction conditions—with added advantages of robust-
ness, stability, and ease of synthesis. Recently developed single 
atom nanozymes (SAzymes), owing to their well-defined elec-
tronic and geometric structures, have been reported to have 
maximum atom efficiency, unique quantum size effect, and 
excellent substrate selectivity.[148] SAzymes could potentially 
make nanozyme better alternatives to nature enzymes—
accomplishing specific enzyme-based applications easily with 
higher therapeutic efficiency and biosafety.[142] Nanozymes or 
synthetic catalytic nanomaterials with enzyme-like functions 
(e.g., peroxidase, catalase, superoxide dismutase, and oxidase) 
pave the way toward integration of nano-/micromotors, cata-
lytic reactions, and biological systems. Nanozymes help micro-
motors’ community extend the scope of chemical fuel applica-
tions/reactions beyond the motion significantly. Moreover, it 
is highly interesting in biology and medicine to better under-
stand the dynamics of individual enzymes and nanozymes 
during catalytic reactions. Recently reported energy transduc-
tion by active enzymes and their collective dynamics makes 
nanozymes promising platforms to understand molecular 
machine dynamics, substantially improving our knowledge 
of activity-induced transport and intracellular communica-
tion pathways. Nanozymes can also respond to a wide range 
of stimuli with broad applications in diagnostics, protection 
against oxidation, immunoassays and biosensing. In compar-
ison to biological enzymes—nanozymes offer size tunability, 
control over shapes, compositions, and surface area, flexibility 
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in bioconjugation, stability, and robust catalytic performance 
in harsh chemical conditions. Subsequently, nanozymes can 
be integrated into emulsions/microemulsions, drops, and cap-
sules, forming chemical “microreactors” for controllable bio-
sensing, purification, separation, and reaction product release.

4.1. Classification of Nanozymes

Nanozymes can be categorized into five distinct types (Figure 6): 
a) peroxidase nanozymes, b) oxidase nanozymes, c) catalase 
nanozymes, d) superoxide dismutase (SOD) nanozymes, and 
e) hydrolase nanozymes. Each of these types is further catego-
rized depending on the nanomaterials used to replicate the 
enzymatic functions.

a) Peroxidase nanozymes: Peroxidases are a large group of en-
zymes typically involved in the break-up of peroxides (a group 
of compounds with the structure ROOR) and catalyzing 
the following types of reactions

2AH H O 2A 2H O2 2

Peroxidase

2+ → +  (1)

2AH ROOH 2A ROH H O
Peroxidase

2+ → + +  (2)

After the discovery of Fe3O4 magnetic nanoparticles 
(Fe3O4 MNPs), multiple iron-based alloys are used to syn-
thesize peroxidase mimic nanozymes. Prussian blue (PB, 
[Fe(III)Fe(II)(CN)6]−) is an important example among the 
various compounds investigated that is also referred to 
as the “artificial peroxidase.”[149] It was observed that with 
3,3′,5,5′-tetramethylbenzidine [TMB] as a substrate, PB 
nanoparticles (PB NPs) showed a fourfold higher kcat than 
that of Fe3O4 MNPs.[150] PB has also been reported to show 
catalase and SOD-like activity under different pH condi-
tions.[151] A study showed monocrystalline vanadium oxide 

(V2O5) nanowires in the presence of glutathione (GSH) 
were able to catalytically reduce hydrogen peroxide (H2O2) 
and protect cells from oxidative damages.[152] Many noble 
metals (e.g., Au, Ag, Pt, Pd) based nanoparticles are re-
ported to mimic the activity of peroxidases. The catalytic 
efficiency of Pd–Ir nanoparticles is found to be 28 times 
higher than that of horseradish peroxidase (HRP) and has 
been successfully used in enzyme-linked immunosorbent 
assays (ELISA) for disease detection.[153] Graphene quan-
tum dots (GQDs),[154] Au nanocluster (Au NC) graphene 
oxide,[155] carbon nanodots[156] are carbon-based peroxidase-
like nanozymes and are widely used due to their large sur-
face area that facilitates substrate diffusion and adsorption. 
Metal–organic framework (MOF)-based nanomaterials are 
another kind of enzyme-mimicking structures, which are 
used extensively for biomedical applications. MOF-based 
peroxidase nanozymes were constructed using metal ions, 
nanoclusters (e.g., Fe and Cu),[157] organic ligands (e.g., tere-
phthalic acid [H2BDC], and 1,3,5-benzenetricarboxylic acid 
[H3BTC]). The unique composition, structural diversity, 
and size tailorability of MOFs have made them the ideal 
platforms for many novel nanozymes that are used widely 
in chemical sensing and detection of analytes.[158] Other 
important constructs such as copper hydroxide (Cu(OH)2) 
supercages (Figure 7a) attracted much attention in recent 
years as peroxidase nanozymes. The supercages are capa-
ble of showing 90% catalytic efficiency under the optimum 
conditions of pH and temperature (pH 4.5, temperature  
25 °C).[159]

b) Oxidase nanozymes: Oxidases are another subclass of oxi-
doreductase enzymes that catalyze oxidation–reduction  
reactions and produce H2O or H2O2 along with other 
products. Oxidases are usually named after their respec-
tive substrates such as glucose oxidase (GOx, substrate 
Glucose), alcohol oxidase (AOx, substrate alcohol), lactate 
oxidase (LOx, substrate lactate), cholesterol oxidase (COx, 
substrate cholesterol), and urate oxidase (UOx, substrate 

Figure 6. Classification of nanozymes based on the type of enzymatic reaction: peroxidase, oxidase, catalase, superoxide dismutase, and hydrolase 
mimic.
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uric acid). The catalytic reactions may be schematically rep-
resented as follows

AH O A H O2

Oxidase

2+ → +  (3)

AH O H O A H O2 2

Oxidase

2 2+ + → +  (4)

Another study demonstrated the use of Au, Pt, Pd, and Cu 
nanoparticles of diameter 3–5 nm in catalyzing glucose oxi-
dation reaction, wherein bare Au NPs were reported to pos-
sess better catalytic efficiency than the rest.[162] Interestingly, 
various Au based composite materials such as Au/Al2O3, Au/
TiO2, and Au/ZrO2 have also been reported to function as 
GOx nanozymes.[163] Copper-containing nanoparticles were 
also found to be efficient oxidase mimics.[164] Fluorescent  
Cu-carbon dot nanozymes oxidize the laccase substrate PPD 

(p-phenylenediamine) in the presence of oxygen and are used 
for hydroquinone detection (Figure 7b).[160] Importantly, Cu 
with Guanosine 5′-monophosphate (GMP) ligand forms an 
amorphous MOF material that showed higher catalytic activi-
ty compared to laccase, with substantially higher stability over 
the pH range 3–9, temperature range 30–90 °C, and storage 
period of 9 days.[165] Moreover, copper oxide (Cu2O) NPs, ex-
hibited cytochrome c oxidase (CcO)-like activity and catalyze 
the oxidation of cytochrome c (Cyt c), converting it from the 
ferrous state to the ferric state under normal atmospheric 
conditions (Figure 7c).[161] Molybdenum trioxide (MoO3) NPs 
also behaved as nanozymes and mimicked the function of 
sulfite oxidase (SuOx).[166] Similarly, Au/Pt nanostructure be-
haved as a Pt-based biocompatible nanozyme, mimicking the 
behavior of ferroxidase,[167] which plays a crucial role in trans-
ferring and storing iron in the cellular environment.

c) Catalase nanozymes: Catalase is a common oxidoreductase 
enzyme found in almost all living organisms, which catalyzes 
the decomposition of H2O2 to H2O and O2. Catalase is one of 
the most important antioxidants, which protects the cell from 
reactive oxygen species (ROS) (like H2O2).

H O O H O2 2

Catalase

2 2→ +  (5)

There are various metals (Au, Ag, Pt, and Pd), metal  
oxides (Co3O4 and ZrO2), and PB that exhibit catalase-like ac-
tivity under certain ranges of pH and temperature. Pt- and 
Pd-based NPs showed better catalytic activity in this regard 
compared to Au and Ag based NPs under acidic condition.[168] 
However, Co3O4 NPs,[169] ZrO2 NPs,[170] and PB NPs[150] rather 
act as catalase nanozymes at high pH conditions. CeO2 NPs 
showed promising catalase-like activity by involving Ce4+ in 
the reduction of H2O2 to form Ce3+ along with the forma-
tion of H+ and O2. The subsequent capture of another H2O2 
molecule was hypothesized to form Ce3+ along with H+ and 
H2O, taking the NPs back to their initial state. The proposed 
mechanism is shown in Figure 8a.[171]

d) Superoxide dismutase nanozymes: Superoxide dismutase 
(SOD) is another important antioxidant that prevents cells 
from oxidative damage by reactive oxygen species (ROS) like 

Figure 7. a) A TEM image of Cu(OH)2 supercages. The schematic of 
the supercage structure has been shown in the inset (right-top corner).  
b) Schematic illustration of laccase-like catalytic activity of Cu-carbon dots 
with substrate p-phenylenediamine. c) Schematic illustration of CcO-like 
activity of Cu2O NPs. a) Reproduced with permission.[159] Copyright 2015, 
American Chemical Society. b) Reproduced with permission.[160] Copy-
right 2015, The Royal Society of Chemistry. c) Reproduced with permis-
sion.[161] Copyright 2017, American Chemical Society.

Figure 8. a,b) Proposed mechanisms of CeO2 NPs functioning as catalase mimics (a) and SOD mimics (b). a,b) Reproduced with permission.[171] 
Copyright 2011, The Royal Society of Chemistry.
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superoxide radicals (O2
∙−) by catalyzing its dismutation into 

O2 and H2O2.

2O 2H H O O2
•

SOD

2 2 2+ → +− +  (6)

There are many carbon-based nanomaterials, such as sys-
tems consisting of C60 and small carbon clusters (C60–C3), 
hydrophilic carbon cluster (HCC), hemin functionalized re-
duced graphene oxide (H-rGO), which mimic effectively the 
functions of SOD under different experimental conditions. 
Nanoceria is a cerium-based nanozyme that was first report-
ed to exhibit SOD-like activities.[172] Unlike other trivalent 
lanthanides, cerium can exist either in Ce4+ or Ce3+ states, 
which allows it to act as SOD-mimic (Figure 8b).[171] Melanin-
based nanoparticles (Me NPs), have also been reported to 
function as useful radical scavengers and could lead to more 
effective and safer antioxidant therapy, are prepared using do-
pamine hydrochloride and ammonia by mixing in ethanol–
water followed by functionalization with amine-terminated 
poly(ethylene glycol) (PEG) for better stability.[173]

e) Hydrolase nanozymes: A common but very important en-
zyme, hydrolase, catalyzes the hydrolysis of chemical bonds 
in the presence of water and breaks larger molecules into 
smaller fragments. Hydrolases are classified based on the 
bonds they act upon, for example, nuclease is a hydrolase that 
breaks nucleic acids.

A B H O A OH B H2

Hydrolase

− + → − + −  (7)

Recently, several nanomaterials were developed to imi-
tate the hydrolase activity that was mostly based on carbon 
(graphene oxide[174] and carbon nanotubes [CNTs] assembled 
with short peptides[175]), monolayer functionalized Au NPs 
through AuS bonds[176] and MOFs.[177] Among the MOF-
based hydrolase nanozymes, Zr-based nanomaterials are 
widely used as phosphotriesterase mimics for cleaving the 
phosphate ester bond of chemical warfare agents (CWAs).[178]

There are few multi-enzyme-mimicking nanozymes like 
cerium oxide (CeO2) NPs, which show SOD and catalase-
like activities at neutral or high pH regimes while oxidase-
like activity at lower pH condition and can be utilized as a 
cell protector and cancer cell killer.[179] Similarly, manganese 
oxide (Mn3O4) NPs exhibit SOD, catalase, and glutathione 
peroxidase (GPx)-like activity simultaneously.[180] Polyoxo-
metalate-based nanozyme acts both as a protease and SOD-
mimicking enzyme, which is used for the treatment of 
Alzheimer’s disease.[181]

4.2. Calibration of Activity and Selectivity of Nanozymes

Selectivity of nanozymes is not likely to influence their pro-
pulsion, followed by catalytic energy transduction. Selectivity 
is decided by the functionalization of the nanozyme surface, 
which is usually chosen depending on their envisaged applica-
tions. Propulsion of nanozymes on the other hand is expected 
to primarily depend on the catalytic activity of the molecules. 
Functionalization of specific ligands, if somehow, inhibits the 
intrinsic catalytic activity of the nanozymes, the selectivity may 

then influence the propulsion. The calibration of activity and 
selectivity regulations of nanozymes has been achieved by 
careful manipulation of the intrinsic properties of the nanoma-
terials used to synthesize the nanozymes. This is schematically 
exhibited in Figure  9. The size is an important parameter in 
deciding the catalytic efficiency of the nanomaterials as smaller 
particle size results in a larger surface to volume ratio, which 
allows more active sites to participate in the catalysis. Among 
many interesting examples, the flower shaped Mn3O4 NPs[180] 
and 111-faceted Pd octahedra[182] exhibit enhanced catalytic activ-
ities compared to their counterparts with different morphology 
and orientation. The of structures are, therefore, crucial factors 
that could be manipulated to optimize the catalytic efficiencies 
of nanozymes.

Another essential factor is the composition that can con-
trol the enhancement of catalytic activity in nanozymes. For 
example, Pd–Ir cubes exhibited significantly enhanced effi-
ciency, with catalytic constants more than 20- and 400-fold 
higher than those of only Pd cubes and horseradish peroxidase 
(HRP), respectively (Figure 10a).[183] Furthermore, experimental 
studies have been performed on nanomaterial conjugations to 
form interesting complexes and hybrid materials. For example 
Pt@CuMOFs integrated with hemin/G-quadruplex are 
reported to show enhanced peroxidase-like catalytic activity.[184] 
GOx/hemin@ZIF-8 is another interesting example of an inte-
grated nanozyme, where GOx and hemin were added during 
the assembly of Zn2+ and 2-methylimidazole (Figure  10b).[185] 
Surface modification and coating with extra nanomaterials on 
nanozymes can also help in increasing significantly the cata-
lytic activity of the latter. The coating of Au nanocrystals with 
heparin has been shown to enhance their peroxidase-like 
activity toward 3,3′,5,5′-tetramethylbenzidine (TMB) at neutral 
pH.[186] Similarly, modification of Fe3O4 MNPs with histidine 
resulted in a 20-fold increase in their catalase-like activity.[147]

Much like the way activators and inhibitors bind and con-
trol natural enzyme activity, catalytic efficiencies of nanozymes 
have been found to get influenced in the presence of various 
small molecules and ligands. This is illustrated by the incorpo-
ration of nucleoside triphosphates to enhance the oxidase-like 
activity of cerium oxide (CeO2) nanoparticles.[187] Importantly, 
nanozymes offer a unique opportunity to selectively control 
its catalytic efficiency toward particular substrates by a careful 
choice of activators and inhibitors. An example of this was 

Figure 9. Schematic image of the calibration of nanozymes’ activity and 
selectivity by temperature, pH, surface modification, size, shape, mor-
phology, hybrid complexes, promoters, inhibitors, light, and composition.
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the catalase-like activity of ferritin-Pt nanoparticles, which 
decreased in the presence of NaN3, while its catalase and SOD 
like activities—both became inhibited appreciably in the pres-
ence of 3-amino-1,2,4-triazole.[188]

As previously mentioned, pH and temperature are key para-
meters in the regulation of catalytic activity of nanozymes. For 
instance, LaNiO3 perovskite nanocubes can be made to function 
like peroxidase only at pH 4.5 and temperature 55 °C.[189]  
Au NPs show the highest GOx-like activity at pH 6 and tem-
perature 65 °C.[190] Besides all these factors, light has also been 
extensively used as an activator for enzyme-like reactions. 
It has been demonstrated that the peroxidase-like activity of  
15 nm Au NPs gets enhanced by the irradiation of visible light 
of wavelength of 532 nm.[191] Doping with Pt has been found 
to enhance the photosensitization efficiency of graphite carbon 
nitride (g-C3N4).[192] Similarly, Au and Pd incorporated Bi2WO6 
ultrathin nanosheets exhibited considerably higher photocata-
lytic activity compared to their non-doped counterparts.[193]

4.3. Applications and Opportunities

Despite the many advantages of nanozymatic systems such 
as their low cost, high stability, robustness, and biocompat-
ibility, several challenges are required to be addressed before 
we realize complete application potentials of these novel nano-
material systems. The catalytic activity and selectivity of most 
nanozymes are low compared to the natural enzymes. Sur-
face functionalization, addition of ligands or coating is likely 
to decrease the catalytic activity further. One should also be 
careful in fabricating multifunctional nanozymes so that their 
inherent enzymatic activity does not get compromised, while 
infusing orthogonal features onto the structures. The surface 
functionalization techniques for nanozymes therefore need to 
be optimized for different enzyme mimics, resulting in mole-
cules with robust catalytic activity and specificity. Toxicity of 
various nanoparticle systems under in vivo operating condi-
tions also needs to be investigated carefully, especially when 
the molecules are likely to be used for biomedical applications. 
While traditional research on nanozymes has been performed 
by random investigation of enzyme-like activities of nanomate-
rials, it would be better if future research follows a focused and 
rational study of materials for specific enzyme-like activity and 

its dependence on their atomic composition and structure.[116] 
Bioinspired synthesis of nanozymes can also help in designing 
molecules with minimum or no toxicity, which could be safely 
recommended for medicine and therapeutic applications, 
where natural enzymes are often found to become denatured 
and degraded.

In terms of applications, newer designs of smart nanozyme 
devices are likely to replace existing enzymatic or inorganic sys-
tems. Doping with ions or molecules may enhance nanozyme 
activity drastically, which would find important applications 
in sensing and diagnostics. Liu et  al. reported one such study 
recently where binding of fluoride ions has been found to 
result in 100-fold enhancement in nanoceria activity as oxi-
dase.[194] Heavy metal ions like Hg2+ have been detected using 
tunable peroxidase-like activity of Au NPs. It was also found 
that in the presence of Hg2+ ions, 3,3′,5,5′-tetramethylbenzi-
dine (TMB) peroxidation catalyzed by Au NPs was increased by  
25 times.[110] Apart from ions, biomolecules can also be detected 
by regulated nanozyme activity.[195] In the future, nanozymatic 
systems are therefore expected to offer many colorimetric, 
fluorescent, and electrochemical detection platforms, revolu-
tionizing both in vitro and in vivo detection of molecules and 
toxins under different experimental conditions.[195] Synergistic 
effects of multifunctional nanozymes would open up newer 
avenues in biomedical engineering and therapy. In a recent 
study, it was demonstrated that nanoceria, owing to its cyto-
toxic and anti-invasive properties, is capable of preventing 
tumor growth and invasion successfully.[196] Along with thera-
peutic applications, nanozymes have important prospects in the 
field tissue engineering. It was demonstrated that CeO2 nano-
particles in poly(lactic-co-glycolic acid) (PGLA) scaffolds could 
induce aligned growth of stem cells.[197] Inorganic nanozymes 
consisting of metal oxides,[198] metal,[199] and non-metallic nano-
materials, such as CeO2,[200] vanadium oxide,[201] Fe3O4,[202] 
TiO2,[203] Au NPs[204] have been shown to have antibacterial 
activities. Clinical translation potential of these materials needs 
to be investigated in the future.

One of the possible applications of nanozymes that is yet 
to be explored is their potential usage as micro- and nanomo-
tors. Natural enzymes have been found to behave as molecular 
motors capable of generating forces upon catalysis.[205,206] 
These systems constitute an important class of molecular active 
matter and display unusual dynamics such as chemotaxis 

Figure 10. a) Pd/Ir core/shell nanocubes as efficient peroxidase mimics. b) Schematic illustration of the synthesis of GOx/hemin@ZIF-8 integrating 
nanozymes. a) Reproduced with permission.[183] Copyright 2015, American Chemical Society. b) Reproduced with permission.[185] Copyright 2016, 
American Chemical Society.
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and dynamic coupling in solutions.[207,208] With improved bio-
catalytic activity, nanozymes are expected to constitute a novel 
class of self-powered systems, the behavior and dynamics of 
which would be important both from the scientific and tech-
nological standpoints. When functionalized over large polymer 
particles, nanozymes should also be capable of generating 
enough forces to impart motion into such particles—similar to 
what has been demonstrated earlier with natural enzymes.[9,209] 
This would result in active drug delivery strategies, wherein 
biocatalytic reactions would power molecular drug carriers in 
fluidic media. Multifunctionality of the carrier would facilitate 
interaction of the carrier with its surroundings, help it navigate 
autonomously through complex environments and transport 
payloads at designed locations without external interventions. 
Apart from biomedical applications, nanozymes would also 
find applications in detection of pollutants and environmental 
remediation, which are already receiving considerable atten-
tion. It has been demonstrated that Fe3O4 NPs may be used 
for detection of glucose and organophosphates.[195,210] Applica-
tion of Pd@Au nanorods and NiO NPs have been shown in 
detection of contaminants like Malathion[211] and Parathion.[212] 
Nanozymes such as Fe3O4 NPs,[213] BiFeO3 NPs,[214] VOx nano-
flakes have been used in decomposing molecules of Rhoda-
mine B.[215] Decomposition of phenol has been shown using 
CuO NPs,[216] and FeOOH 2D nanosheets.[217] Nanozymes may 
also find interesting applications in chemical synthesis, bio-
medical device fabrication, and realization of logic gates. In a 
study, researchers prepared poly(DMAA-cross-BIS) hydrogel 
using peroxidase-mimic CuO NPs.[218] Along with the direct 
gelation initiated by CuO nanozymes, it has been shown that 
fluorescent polydopamine can be synthesized via Fe3O4 catal-
ysis.[219] With improved physicochemical properties, nanozymes 
are expected to draw in expertise from diverse disciplines 
in the future and emerge as a new field of research in nano-
biotechnology.[220,221] In recent years, nanozymes have found 
wide application in diverse areas such as biosensing, thera-
peutics, and fabrication of electronic devices using functional 
molecules (Figure 11). Numerous in vitro sensing applications 
have been developed using nanozymes for efficient detection 
of inorganic and biological molecules. Usage of Fe3O4 MNPs 
have been demonstrated for H2O2 and glucose detection.[195] 
Cerium oxide nanoparticles, also known as nanoceria (CeO2) 
become luminescent upon doping it with Eu3+, the fluores-
cence of which gets quenched in the presence of H2O2.[222] 
TiO2 nanotube arrays possess intrinsic peroxidase-like activity, 

making it a simple and inexpensive sensor for both H2O2 and 
glucose.[223] NiPd hollow nanoparticles and GOx, immobilized 
simultaneously over zeolitic imidazolate framework 8 (GOx@
ZIF-8(NiPd)) results in structures in the shape of nanoflowers 
having peroxidase-like activity and capability to serve as glucose 
sensors.[224] Graphene oxide@SiO2@CeO2 (GSCs) nanosheets 
showing peroxidase-like activity can be used as colorimetric 
bioactive paper.[225] MnO2 nanosheets, which serve as artificial 
oxidase may be used for glutathione (GSH) detection using 
colorimetric analysis.[226] Pd@Au nanorod based biosensors 
may be used to detect malathion, which is an organophosphate 
insecticide.[211] Fe3O4 nanoparticles, owing to their intrinsic 
enzyme mimetic activity, were used to develop novel immuno-
assay where antibody modified Fe3O4 MNPs could be used in 
the capture, separation, and detection of molecules. To achieve 
improved biocompatibility, Fe3O4 MNPs were modified with 
various compounds like SiO2, 3-aminopropyltriethoxysilane 
(APTES), polyethylene glycol (PEG), or dextran. Among them, 
dextran-modified Fe3O4 MNPs showed better catalytic activity 
and were even used for nanozyme-linked immunosorbent 
assay (NLISA), where it exhibited absorbance signal at 652 nm  
in the presence of hepatitis B virus surface antigens.[16] Fe3O4 
MNPs have also been used in local diagnosis of Ebola virus 
(EBOV) through novel nanozyme-strip.[227] Besides in vivo 
sensing applications, nanozymes have been vigorously used 
in many in vitro detection, bioimaging, therapeutics studies 
such as in neuroprotection,[228] cytoprotection,[135,229] and also 
as anti-inflammatory[221,230] and antibacterial[218,231] agents. A 
light-controlled antibacterial hydrogel has been developed by 
mixing the photothermal nanomaterial graphene oxide (GO), 
a photobase reagent malachite green carbinol base (MGCB) 
and CeO2 nanozyme into the agarose gel matrix as shown in 
Figure  12a.[190] A zinc-based zeolitic-imidazolate framework 
(ZIF-8) derived Zn–N–C single-atom nanozyme has been shown 
to be useful for antimicrobial applications (Figure  12b).[148] A 
self-assembly of MnO2@PtCo nanoflowers-based nanozymes 
have been used in cancer therapy.[232] Nanozymes have also 
found useful applications in environmental protection,[216,233] 
anti-biofouling,[234] and fabrication of logic gates. Interestingly 
the color of nanoceria has been found to change from colorless 
to yellow in the presence of H2O2. Harnessing this property, a 
label-free, resettable, and colorimetric logic network was con-
structed utilizing biocatalytic reactions powered by CeO2 nano-
particles (Figure 12c).[235] Likewise, “OR” and “XOR” logic gate 
operations have also been demonstrated by tuning catalase and 
oxidase-like activities of Au NPs with various metal ions.[236] 
Nanozymes have also been proved to have potential applica-
tions in UV protection,[237] antithrombosis therapy,[238] and bio-
orthogonal catalysis.[239]

As discussed, artificial enzymes or nanozymes have received 
considerable attention in recent years owing to their poten-
tial applications in diverse fields of engineering and science. 
Although much progress has been made in understanding the 
properties of nanozymatic systems and harnessing their coop-
erative functions of useful applications, the field is still in its 
infancy and is expected to lead to a substantial breakthrough in 
the future.[115,240] One of the major challenges in working with 
enzymatic systems is the need for very specific working condi-
tions for high operational efficiency. Moreover, enzymes being 
highly delicate become denatured quite easily. Nanozymes may 

Figure 11. Schematic diagram of the applications of nanozymes in envi-
ronmental protection, in vivo sensing, imaging, and therapeutics.
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offer us a more robust system in understanding the catalytic 
mechanism of various enzymes under different conditions. 
Nanozymes coupled with functional biomolecules might offer 
us alternative pathways to study spatiotemporal dynamics of 
complex systems involving biological catalysts and macro-
molecules. Careful investigations involving experimental and 
computational studies are however required to understand 
the structural features and compositions of nanozymes and 
their corresponding energetics and catalytic efficiency. A com-
binatorial approach may be adopted to integrate nanozymes 
of different functionality or to combine natural and artifi-
cial enzymes for enhanced biocompatibility. Nanozyme may 
also be conjugated with other molecules and ligands to effec-
tively decrease their biotoxicity. Nanozymes may be subjected 
to surface modifications in order to improve their substrate 
specificity. Fabrication of organelle and cell mimics with the 
help of nanozymes could be very useful for biomedical appli-
cations.[241] Nanozymes offer great promises to augment our 
understanding of single enzyme catalysis. It is expected that 
nanozymes owing to their specificity, biocompatibility, robust-
ness and flexibility in operation would lead to smart technology 
development in diverse research fields. Much like complex 
natural enzymes, detailed study of nanozymes functions and 
their collective dynamics will open up new research direc-
tions in nanoscale science and technology. Energy transduction 
by active enzymes and their collective dynamics in solutions 
has recently been a focus area of research in molecular bio-

physics. In a series of experiments, it has been demonstrated 
that active enzymes, while turning over substrates generate 
enough mechanical force to enhance their own diffusion 
in solution.[206,242] The diffusive movement of the enzymes 
increased with increasing substrate concentration. Moreover, in 
the presence of an imposed substrate concentration gradient,  
enzymes collectively moved toward areas of higher substrate 
concentrations, displaying a novel example of molecular chem-
otaxis. Enzymes, being operative at very low Reynolds number 
conditions, has never been previously expected to display direc-
tional propulsion and to have energy transduction ability. The 
non-trivial collective migration of enzymes toward specific 
targets promised a variety of applications including targeted 
transport, sensing, and delivery. Besides functioning as a self-
powered nanomotor, active enzyme molecules when immobi-
lized over a surface have also been shown to generate enough 
mechanical forces to cause directional fluid pumping.[243] 
Although the fluid pumping could be attributed to the heat gen-
erated during catalytic reactions, the exact mechanisms behind 
enzyme diffusion enhancement and chemotaxis however still 
remain obscure. Repeating diffusion studies with functional 
nanozymes might shed light on these mechanisms since we 
will now have opportunities to construct the exact strictures 
with controllable functionalities, enabling us to understand 
the effect of various contributing factors independently. Large 
microscopic structures could be functionalized with nanozymes 
to realize catalytically drive micromotor assemblies and explore 

Figure 12. a) Schematic illustration of nanozyme-based light-controlled antibacterial hydrogel for wound healing. b) ZIF-8-derived Zn–N–C single-
atom catalyst, which is considered to be an efficient single-atom nanozyme (SAzyme). c) Realization of logic gate operations based on nanoceria’s 
biocatalytic reactions. a) Reproduced with permission.[190] Copyright 2017, American Chemical Society. b) Reproduced with permission.[148] Copyright 
2019, Wiley-VCH. c) Reproduced with permission.[235] Copyright 2012, Wiley-VCH.
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the nature of physics governing their collective dynamics and 
interaction.[244] There are therefore immense opportunities to 
investigate the consequences of biomolecular activities over 
intracellular dynamics using nanozymes and look for possi-
bilities regarding activity-induced interactions and processes, 
involving various cellular components.[207] Energy transduction 
ability of single nanozyme molecules offers ideal experimental 
platforms in this regard to look for active interaction pathways 
and emergent dynamics within the cells during catalytic chem-
ical transformations. Nanozymes are, therefore, expected to 
open up a whole new avenue in active intracellular transport, 
assembly, and organization of components triggered by control-
lable catalysis and their influence on various physiological func-
tions as well as the fate of various nanoparticles and therapeutic  
agents targeted to cells. Moreover, controlled release of encap-
sulated materials can be achieved using nanozymes, opening 
up a promising route for novel biomedical applications. Micro-
capsules degradation by enzymes was demonstrated in a pio-
neering work, where an external trigger for the capsules decom-
position was not necessary.[245] Even shell-in-shell capsules 
were described as a tool for integrated and spatially confined 
enzymatic reactions.[246] Recently, encapsulation of the enzyme 
guanylate kinase on differently shaped calcium carbonate tem-
plates was achieved using layer-by-layer assembly.[247] Spatial 
confinement of nanozymes in silica-based hollow microre-
actors was previously demonstrated.[248] Diagnostic imaging 
needs to include non-invasive methods to help determine the 
causes of an injury or an illness. Since ultrasound is the most 
widespread imaging tool, it is necessary to integrate core–shell 
microcapsules with ultrasound imaging capabilities in order 
to track their motion effectively during cargo transport and 
delivery.

5. Core–Shell Structures for Biomedical 
Applications
Novel methods to produce core–shell structures integrating func-
tions of micromotors, nanozymes, and microfluidics are the basis 
for the development of µ-BCMS. Dynamic bubbles/microbubbles,  
drops, and capsules can be produced with desirable chemical, 
mechanical, acoustic, and biological properties at reasonable 

quantities. Fabrication, properties, and applications of mono-
disperse capsules/microcapsules and bubbles/microbubbles  
are discussed using LbL assembly, drop-based microfluidics 
with examples including nanoparticle-functionalized/shelled 
microbubbles for US-driven imaging, theranostics, and hydrogel 
microcapsules for controllable reaction, separation, purification, 
and release of molecular species. When integrated with catalytic 
parts core–shell structures self-propel in chemical fuels.

5.1. Basic Principles of Core–Shell Structure Preparation 
and Functionalization

Core–shell structures are one of the most popular and widely 
studied objects to meet the current challenges of biomedicine, 
such as targeted drug delivery. However, researchers envision 
modern drug delivery systems not only to deliver molecular 
cargo to the targeted tissues or organs but also to enable us 
to track their delivery path. Thus, imaging modalities are also 
essential to consider. We can name two principal components 
of core–shell structures, such as the core and the shell, where 
the substance can be found in various phase states. Thus, the 
shell is represented by a liquid or solid condensed phase, while 
the core can consist of a different phase, as can be seen in 
Figure  13. Depending on the phase state of the core, we can 
suppose different functions of such structure.

One can see the direct influence of various nanoobjects 
included in the structure shell on obtaining the necessary 
imaging modalities in Figure  13: for example, the presence of 
magnetite nanoparticles leads to obtain magnetic resonance 
(MR) modality, the choice of gold nanoparticles or such organic 
dye as indocyanine green (ICG) provide the photoacoustic (PA) 
imaging properties; also Indocyanine green (ICG) can be imple-
mented for fluorescent (FL) imaging. The combination of the 
therapeutic agent and targeting molecules leads us to obtain a 
successful agent for targeted drug delivery.

Nowadays, theranostics is one of the leading trends in bio-
medicine, and there are several requirements for such struc-
tures that should be considered for further implementation.[249] 
Thus, these structures should be visualized by one of the 
methods used in clinical practice, such as US imaging, mag-
netic resonance imaging (MRI), positron emission tomography  

Figure 13. Schematic strategy for multimodal and multifunctional core–shell structures preparation. The core can consist of a solid (S), liquid (L), or 
gas (G) phase, and the shell can consist of a solid (S) or liquid (L) condensed phase. LbL assembly is used for the functionalization and performed with 
the use of negatively and positively charged polyelectrolytes (Pes). Functionalization can be obtained with the use of nanoparticles (NPs) (inorganic 
particles, such as gold, silver, magnetite, and carbon nanotubes [CNTs]), organic dyes (Ods), therapeutic agents (Tas), and targeting molecules (TMs) 
(such as aptamers, designed ankyrin repeat proteins [DARPins]) to obtain multimodality and multifunctionality as well as targeting.
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(PET), computed tomography (CT), and optoacoustic or 
photoacoustic (PA) imaging modality, which is rapidly evolving 
for further preclinical and clinical use.[250–252] US imaging is the 
most popular technique, and the most sensitive structures for 
such a modality are structures, where the core consists of gas 
(Figure  13). Market-available contrast agents consist of hollow 
microcapsules and gas-filled microbubbles are widely used due 
to their excellent acoustic backscattering properties.

The possibility of performing contrast enhancement with 
the use of chemicals was reported in 1968: enhanced echo-
genicity of the aortic root after rapid injection of saline was 
due to the presence of microbubbles.[253] Nowadays, plenty of 
compounds are discovered, varying the scale of the object and 
choice of chemicals for preparation: phase-changing contrast 
agents (PCCAs), nanobubbles, nanodroplets, protein-coated gas 
vesicles, echogenic liposomes (ELIPs), still, microbubbles and 
microcapsules are considered precisely due to variety of prom-
ising paths in functionalization and multimodality and the 
highest proximity in the clinical use.[254] The rise in microbub-
bles development can be seen from the early 1980s, which lead 
to the development of the first commercially available agents 
in Europe and the USA, in 1991 and 1993, respectively.[255,256] 
Typically, the size of microbubbles varies from 1 to 10 µm, and 
the structure consists of the gas core (usual filling gases are: air, 
nitrogen, sulfur hexafluoride, and perfluorocarbons) and the 
shell made of lipids, polymers, or their combinations. Micro-
bubbles are usually administered into the body by intravenous 
infusion of such a solution, and then bubbles can be found in 
the vasculature. The gaseous core is compressible enough, and 
the shape of bubbles deforms while passing through the capil-
laries or exposing by the US or PA signal. Under the action of a 
signal, the bubble shrinks and expands, and the backscattering 
of occurring radiation or cavitation or even the shell disrup-
tion can be observed, which gives the possibility of using these 
structures as contrast-enhancing agents.

Both the size distribution and mean size are essential for 
characterization: bubbles with the mean diameter of 2–5 µm (to 
avoid the risk of embolism bubbles should not exceed 10 µm)  
and uniform size distribution are usually required for the 
improvement of acoustic characteristics and dynamic response 
of bubbles.[29,257] The first generation of clinically available 
contrast agents are primarily filled with air, and the second 
generation involves the use of sulfur hexafluoride and per-
fluorocarbons for filling the core to improve the echogenicity 
and circulation time of such compounds. With the use of the 
sonication technique, the dispersion of 5% sonicated human 
albumin contained air-filled microbubbles were obtained.[256,258] 
This dispersion is known as Albunex (Molecular Biosystems 
Inc., San Diego, CA), the example of the first generation of 
contrast agents, approved by the U.S. Food and Drug Admin-
istration (FDA) in 1993. The first available on market contrast 
agent of the second generation, Optison (GE Healthcare AS, 
Oslo, Norway) obtained regulatory approval in the USA in 1998 
and consisted of the improved formulation of Albunex with 
octafluoropropane (C3F8) gas core instead of air. Still, Optison 
has only been approved by FDA for left ventricular opacification 
in echocardiography.[259] The latest agent which have regulatory 
approval for human use in echocardiography and the first agent 
approved for use in liver imaging is Sonazoid (GE Healthcare, 
Oslo, Norway). Still, there is a lack of approval for clinical appli-

cations outside cardiology (especially echocardiography) for 
imaging, drug and gene delivery with relevant opportunities; 
thus, it is crucial not only to obtain contrast agent for precise 
imaging modality but to functionalize the structure further to 
increase the number of possible applications in biomedicine.

Therefore, LbL assembly is a promising approach for 
core–shell structures preparation and functionalization: self-
assembly of the gas microbubbles in aqueous media followed 
by stepwise LbL deposition of oppositely charged polyelectro-
lytes onto resulting air core, accomplished in 2005.[260] To the 
best of our knowledge, the application of polyelectrolyte multi-
layers for air encapsulation and the formation of polyelectrolyte 
microcapsules with a gaseous interior in a simple and acces-
sible manner was introduced for the first time. Also, hollow 
microcapsules produced by LbL assembly method, reported 
in 1998, are the promising basis for the contrast enhancement 
as well as obtaining multimodality and multifunctionality.[261] 
Then, numerous investigations on the use of LbL assembly 
were described to successfully obtain microcapsules as con-
trast agents for PA, FL, and MRI modalities with micrometer 
and sub-micrometer size.[262–266] To the best of our knowledge, 
there is no commercially available contrast agent based on LbL 
microcapsules; still, the possibility of multimodal microcap-
sules preparation is significantly increased with the use of the 
LbL assembly. Finding a convenient way to produce such con-
trast agents is one of the most intriguing questions. Also, the 
monodisperse size distribution and the possibility of targeting 
for multimodality opportunities are essential points to improve 
further the microbubbles and microcapsules.

5.2. Application of Ultrasound and Photoacoustic Technologies 
for Detection, Imaging, and Therapy

Nowadays, imaging is one of the fastest-growing research fields, 
and there are plenty of imaging modalities, which are used in 
preclinical and clinical studies: magnetic resonance imaging 
(MRI), positron emission tomography (PET), single-photon 
emission computed tomography (SPET), fluorescence tomog-
raphy (FT), optical coherence tomography (OCT), ultrasound 
(US), and optoacoustic or photoacoustic (PA) imaging.[267] 
Thus, several parameters are important to consider for such a 
modality: deep penetration into tissue (penetration depth should 
be up to several centimeters), proper resolution (up to micro-
meters), and high sensitivity to contrast agents (up to × 10−9 m).  
In this section, US and PA imaging technologies are discussed.
US imaging can be described by quantities of frequency, inter-
action with tissue, and attenuation. Typical medical US devices 
use sound waves in the range 1–20 MHz where the pulses are  
a millisecond or so long, and several thousands of pulses  
are emitted per second.[268,269] It is known that frequencies in 
the range of 2.0–3.5 MHz corresponds for transesophageal 
and transthoracic transducers, and frequency of 7.5–8 MHz or 
higher is used for the epicardial and intravascular probes.[269]

Usually, the US device combines technologies of image pro-
duction (for example, 2D imaging) with Doppler assessment 
(continuous and pulse wave as well as color-flow mapping).[269] 
The most crucial thing in the device is a transducer, device 
(source and receiver of US), which is coupled to the patient 
skin accomplished by use of gel to avoid any air gap in between. 
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Transducers are used to convert electrical energy to mechanical 
energy and work on the piezoelectric effect: by the stimulation 
of an electric current, certain crystals in the transducer start to 
vibrate and produce US, thus, the transducer transmits US into 
tissue and listens for reflected US from tissue, and, returned 
echo converts into electrical signals, which are used for image 
formation.[270] The ideal transducer provides such character-
istics as characteristic acoustic impedance, which perfectly 
matches that of the human body, high transmission efficiency, 
and high receiving sensitivity, wide dynamic range, and wide 
frequency response for pulse operation.[271]

In most cases, the initial pulse and returned echo relative 
intensities are important for imaging, and the amplitude of 
an echo produced by soft tissues at a boundary is few percent  
(0.2–1.08%) of the incident ones, in comparison with bones 
(49%) and air (99%) which limit the ability of imaging. Conse-
quently, scanning at a high frequency can improve axial resolu-
tion, but tissue penetration will be lower and vice versa. Hence, 
there is a need for compromise between resolution and tissue 
penetration for the versatility of imaging uses.[268] The limita-
tions for contrast resolutions can also be caused by processing 
speed, monitor resolution, and gray-scale perception of the 
eye. Since the pioneering research of medical US in the 1950s, 
including the earliest ultrasonic Doppler systems for meas-
uring the blood flow[272] and the pioneering clinical application 
of the ultrasonotomography,[273] in the last decades, US imaging 
has been developed as one of the most promising method for 
in vivo hemodynamic evaluation with a unique combination of 
spatiotemporal resolution, sensitivity, and portability.

Behaving as a non-linear oscillator, the microbubble has 
been applied as an acoustic emitter with the advantage of con-
trast enhancement in ultrasonic imaging. Regarding the con-
ventional US imaging, the brightness mode image is usually 
reconstructed after a sequential insonification using focused 
beams with high local pressure. Recently, instead of the focused 
emission strategy, a plane-wave imaging method (transmis-
sion of a wide-field wavefront and recording of backscattered 
echoes on the array) has been developed, which achieves the 
imaging rate typically faster than 1000 frames per second. 
Plane-wave imaging distributes the emission intensity over 
multiple excitations, which significantly reduces the peak 
energy pressure.[276] The advantage allows the continuous 
monitoring of microbubbles with improved contrast. Recent 
studies have already confirmed that ultrafast imaging can be 
used to monitor the moving trajectories of the microbubbles, 
leading to a super-resolution imaging of the microvessels. As 
shown in Figure 14a, the super-resolution ultrasound localiza-
tion microscopy (ULM) imaging of the living rat brain vascular 
was obtained using a 128-element US linear array at a central 
frequency of 15 MHz and a wavelength of 100 µm. After con-
tinuous recording 150 s at a high framerate, the exact positions 
of the centroid of more than 1 000 000 microbubbles were local-
ized from a stack of 75 000 images. Thus, the rat brain vascular 
imaging is obtained from the microbubble density maps with a 
spatial resolution of λ/10 = 10 µm, which surpasses the diffrac-
tion limit with a super-resolution imaging.[277] Similar experi-
ments have been performed for the spinal cord. Figure  14b 
shows the vascular anatomy of the rat spinal cord using the 
ultrafast Doppler imaging and the ULM imaging in both 

sagittal and transverse imaging planes.[275] The recent develop-
ment of new concepts, such as ultrafast ultrasound,[278] super-
resolution ultrasound localization microscopy,[277] paves the way 
for microvessels imaging in the central nervous tissue with the 
great potentials for biomedical and neurobiology application, 
which has facilitated a new research field, so-called functional 
ultrasound neuroimaging.[279]

Also, it has been described that thermally induced US can 
be produced by the pulse of light absorption or electromagnetic 
radiation of microwaves.[271] PA imaging is a hybrid modality 
that combines the high contrast capabilities and spectroscopic-
based sensitivities of optical imaging, and the high spatial reso-
lution and tissue penetration capabilities of the US.[280,281] Here, 
a pulsed laser can be used for the transient pressure waves gen-
eration, which is received by a US transducer and processed 
for image formation. After the emission of the laser pulse, the 
generation of the PA signals can be generated by the optical 
absorbers, caused by thermoelastic expansion, within the field 
of view and then collected by a transducer.[280] By making meas-
urements of the time at which the PA signal is received, and 
with the known speed of sound, the depth of the absorbing 
object can be evaluated, and the image can be formed as with 
conventional pulse-echo US.[281] For both modalities, the reso-
lution is physically limited by the ultimate inverse relationship 
between the frequency of the US and the imaging depth. Simi-
larities in the factors affecting on the resolution and in the con-
struction of the devices for a US and PA imaging allows us to 
modify existing US systems to acquire PA signals and improve 
imaging capabilities by adding a pulsed laser source, modi-
fying device and software to appropriately time the transmitted 
and received signals measurement and signal processing. The 
ability to penetrate tissue in several centimeters is one of the 
points to improve for PA imaging: a signal attenuation of sev-
eral orders of magnitude makes the detection of US signals 
challenging due to their weakness. Current solutions include a 
careful choice of wavelength, optimization of the light delivery, 
and, as in US imaging, the use of contrast agents to improve 
the signal characteristics. The ability to generate robust and 
unique imaging signals by contrast agents is widely used for 
further applications. Additionally, multimodal contrast agents 
can be designed to take place for both US and PA imaging and 
therapy purposes.

5.3. Methods of Core–Shell Preparation: Bubbles/Microbubbles 
and Capsules

Plenty of techniques are carried out for obtaining bubbles/
microbubbles and capsules: sonication, coaxial electrohydrody-
namic atomization (CEHDA), and use of microfluidics chamber 
approach (T-junction and flow-focusing devices), which are 
promising approaches in getting uniform size of bubbles. 
Herein, we discuss only the most widely-used techniques.

5.3.1. Sonication-Assisted Fabrication of Microbubbles

Figure  15a shows the sonification process, where the tip of 
the ultrasonic generator is located at the interface between 
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the phases of the gas and the liquid future shell. The method 
allows to obtain bubbles of a wide range of sizes and can neg-
atively affect the further use. As an example, the synthesis of 
stable and versatile lysozyme microbubbles was performed 
by high-intensity US-induced emulsification at low frequency 
(10–100  kHz) and further cross-linking of chemically reduced 
lysozyme in aqueous solution.[282] The mechanism of air-filled 
bubbles formation contained two phenomena based on US: 
emulsification and cavitation. Also to increase the stability of 
bubbles and to prevent further air dissolution from the bubble 
it is crucial to control the balance between the hydropho-
bicity and the number of sulfhydryl units in the solution for 
the cross-linking process. The flow-through sonication tech-
nique was described in 2012 for the synthesis of nano- and 
microbubbles: here active cavitation zone can be confined by 
choosing appropriate experimental conditions (for example, 
the configuration of the ultrasonic horn) and provide control 
on the size of bubbles.[283] Special attention should be paid to 
the diameter and type of the horn: the larger the active cavi-
tation zone, the higher the inhomogeneity in power distribu-
tion. Lysozyme containing reactive thiol functional groups was 

used for the preparation of bubbles. Also, thermally denatured 
bovine serum albumin (BSA) can be used. Due to the covalent 
links formed between protein molecules by acoustic cavita-
tion generating radicals—bubbles are produced. Microbubbles 
based on the use of lysozyme can be further functionalized 
based on the presence of the various functional groups (carbox-
ylic acid, amine, thiol): plenty of compounds such as albumin 
(due to electrostatic and disulfide interactions), polyelectrolytes 
(PSS and PAH due to electrostatic interactions), other types of 
polymers (due to covalent bonding between amine groups in 
lysozyme microbubbles and aldehyde groups in oxidized dex-
tran), and more.[284] Still, the use of a general ultrasonic syn-
thetic procedure may not be possible for microbubbles and 
microcapsules synthesis of various shells. The method should 
be optimized for each case depending on the nature of the 
chemicals used for the shell preparation, as was clearly shown 
in the comparison of the physical properties of lysozyme- 
and BSA-shelled microbubbles.[285] As a way of optimization, 
sonochemical synthesis of shell-stabilized microbubbles was 
described: here, bovine serum albumin (BSA) was treated with 
Traut’s reagent to convert primary amines to thiols before the 

Figure 14. a) Super-resolution ultrasound localization microscopy (ULM) of the living rat brain down to the level of capillaries. b) Vascular anatomy 
of the rat spinal cord results in sagittal view ultrafast Doppler imaging and ULM imaging. a) Reproduced with permission.[274] Copyright 2018, IEEE. 
b) Reproduced with permission.[275] Copyright 2020, International Association for the Study of Pain.
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synthesis procedure.[286] Such treatment leads to improvement 
in size dispersion of obtained microbubbles: agents were con-
centrated at median sizes of 0.5 and 2.5 µm, and the presence 
of free unbound thiols and primary amines on the surface 
implied the possibility of surface modification—strong gold-
thiol bonding effect was examined.

5.3.2. Microfluidics-Assisted Formation of Emulsions

Emulsion represents a mixture of immiscible liquids—one 
immiscible liquid is dispersed in another liquid. Microfluidic 
devices assist with fabricating monodisperse drops in co-flow, 
cross-flow, and flow-focusing configurations. An understanding 

of droplet breakup depends on forces balance: viscous, inertial, 
buoyancy, and interfacial tension.[33] Microfluidic channels size 
and flow rates of the fluid can be used to change the diameter 
of generated droplets. Weber (We, i.e., the ratio of inertia and 
surface tension) and capillary (Ca, i.e., the ratio of viscous drag 
force and surface tension) numbers are dimensionless num-
bers used to describe the flow in the microfluidic channel. Vis-
cous shear force is used to form drops in dripping mode using 
flow focusing and co-flow configurations. For example, the co-
flow configuration glass capillary is inserted into and aligned 
with the continuous phase capillary, while the dispersed phase 
and continuous phase fluids flow in parallel. Figure 15b shows 
a typical co-flow device consisting of injection, transition, and 
collection tubes (e.g., two tapered capillaries assembled in 

Figure 15. a) Strategies for the microbubbles preparation: sonication, coaxial electrohydrodynamic atomization (CEHDA), microfluidics chamber 
approach (T-junction and flow-focusing devices). b) Fabrication of emulsions using glass capillary microfluidics. Schematic illustration of the coaxial 
capillary microfluidic devices for generation of a single (W/O), double (W/O/W), and triple (W/O/W/O) emulsions. c) Optical microscopy images of 
multi-component double emulsions containing compartmentalized inner microdrops (stabilized by oils with surfactants or a molten wax). Emulsions 
are prepared using a single emulsification step. b) Reproduced with permission.[35] Copyright 2018, The Royal Society of Chemistry. c) Reproduced with 
permission.[287] Copyright 2012, The Royal Society of Chemistry.

Adv. Mater. 2021, 2007465



© 2021 Wiley-VCH GmbH2007465 (22 of 40)

www.advmat.dewww.advancedsciencenews.com

the larger square capillary) for the generation of water-in-oil 
and oil-in-water emulsion drops. Three capillary pumps are 
connected to pump fluids through capillaries and interstices 
between larger and smaller capillary, resulting in the coaxial 
flow. Capsules with the desired core and shell can be formed. 
A single drop can be dispersed in a third immiscible phase 
forming water-in-oil-in-water (W/O/W) or oil-in-water-in-oil 
(O/W/O) double emulsions.  Figure  15c shows optical micro-
graphs of multi-component double emulsions with a compart-
mentalized inner volume containing multiple drops (stabilized 
by oils with surfactants or a molten wax). Double emulsions are 
prepared by the single emulsification technique.[287] During the 
generation of double emulsions, the middle fluid change from 
dripping to the jetting regime using dual, triple, and quadruple 
bore injection capillaries. Subsequently, a thermal stimulus can 
be applied to melt the inner drops and cause their coalescence.

By fine-tuning the flow of several immiscible fluids, fabrica-
tion of various emulsions/microemulsions, drops, and capsules 
is possible, for example, monodisperse single/double-emulsion 
drops, emulsions with multiple inner droplets, topological 
complex emulsions, and Janus particles.[288,289] Although glass 
capillary-based microfluidics is more chemically inert than 
PDMS, drawbacks of glass capillary based microfluidics con-
sist in the difficulty to prepare many devices at a time (devices 
are assembled manually), as well as the technique suffers from 
reproducibility, that is, precise control of capillaries’ diameters 
and other geometrical parameters. Microdrop generator based 
on the PDMS is fabricated using standard photolithography/
soft litho graphy and the method allows the creation of highly 
parallel arrays and devices using replica molding.

5.3.3. Microfluidics-Enabled Fabrication of Bubbles/Microbubbles

The microfluidics approach, where special microdevices are 
created for obtaining bubbles and capsules, provides precise 
control over the bubbles’ size and the thickness of the shell. 
However, microfluidics leads to an increase in the cost of 
production.[290] T-junction devices and flow-focusing devices 
are the two main classes of microfluidic devices for micro-
bubbles production; both are schematically presented in 
Figure  15a. Typically, T-junction devices can be obtained by 
mechanical assembly with the use of capillaries in units, and 
the flow-focusing technique requires the use of soft litho-
graphy.[291] Microbubbles obtained by microfluidic techniques 
with the flow-focusing approach: by a simple optimization of 
the channel geometry, lipid-shelled microbubbles with a mean 
diameter less than 5 µm can be obtained for US imaging.[292] 
Simultaneously, the T-junction approach is performed to obtain 
phospholipid-coated air microbubbles that had a mean diam-
eter of 5.1 µm and the possibility to use in diagnostics and 
therapy.[293] The investigation of the effect on surfactant type 
and concentration on microbubbles size and stability was 
described for agents, which were produced by the T-junction 
device: four different surfactants were chosen, an anionic sur-
factant sodium dodecyl sulfate (SDS), non-ionic surfactants 
such as Tween 40 and PEG 40, and a cationic surfactant (CTAB) 
above the critical  micelle  concentration (CMC). Microbubbles 
coated with PEG 40, and Tween 40 had the smallest size, and 

the PEG 40 coated agents provided the highest stability. Still, 
for all surfactants, the increase in surfactant concentration 
leads to significant changes in bubble formation, size, and sta-
bility. As discussed in the reported paper, when the solutions 
containing different surfactants but the same physical proper-
ties (for example, approximately similar capillary numbers) are 
used, the wetting characteristic of the channel wall becomes 
interestingly important.[294] Recently, by formulating a gas mix-
ture of a low and a high-aqueous solubility gas, highly stable 
and monodisperse microbubble suspension can be synthesized 
by the flow-focusing microfluidic chamber at high produc-
tion rates and clinically relevant concentrations. Moreover, the 
foam formation was excluded by optimal gas proportion, which 
allows for the bedside production of readily stable monodis-
perse agents.[295]

5.3.4. Application of the Electric Field in the Synthesis

Coupled electrophoretic stabilization and electrochemical infla-
tion as a synthesis approach, in which the microfluidic system 
has incorporated arrays of individually addressable electrodes. 
The system enabled potentials of 1–3 V to produce high elec-
tric fields due to the close inter-electrode spacing within the 
array.[296] The possibility of microbubbles synthesis was dem-
onstrated with SDS, at concentrations higher than CMC. On 
the electrode surface, the relatively large micellar structures 
can be formed and immobilized, then micelles become infused 
with the electrochemically evolved gas to produce bubbles. The 
size and quantity of the microbubbles can be manipulated by 
adjusting the amplitude and duration of the applied potential. 
Coaxial electrohydrodynamic atomization technique (CEHDA) 
is a widely-used method of synthesis: an immiscible gas and 
a suspension for the shell preparation are contained in coaxial 
needles (inner and outer respectively), and a high electrical 
potential difference (several kV) is usually applied between 
the source of the flow (coaxially positioned needles), then a 
steady dripping stream of bubbles is formed at a stable cone-
jet (Figure  15a). As a result, microbubbles and microcapsules 
are produced with a narrow size distribution between 0.5 and 
10 µm and the ability of precise control over their characteris-
tics.[297] For the synthesis process, a range of polymeric mate-
rials is used for the shell encapsulation due to their elasticity, 
electrical insulation, physical strength, and biodegradability.[64]

5.3.5. Microfluidics-Assisted Fabrication of Compound 
Nanoparticle-Shelled Microbubbles

Drop-based microfluidics can be used to fabricate stable mono-
disperse nanoparticle- and protein-shelled microbubble with 
optimal size, core–shell compositions, and desired shell prop-
erties (e.g., chemical, magnetic, optical, mechanical).[35] Bub-
bles coated with water-insoluble surfactants, phospholipids, or 
biopolymers have been reported to have significantly enhanced 
stability against dissolution.[288,298]  Bubbles stabilized by col-
loidal particles, referred to as “armored bubbles,” also are 
extremely stable due to the integration of a stiff interfacial 
material that stabilizes bubbles.[288,298] From these studies, it is 

Adv. Mater. 2021, 2007465



© 2021 Wiley-VCH GmbH2007465 (23 of 40)

www.advmat.dewww.advancedsciencenews.com

evident that the physicochemical properties of the bubble shell 
formed at the gas–liquid interface are critical in suppressing 
bubble dissolution, coalescence, and coarsening.  Despite 
recent progress in the generation of engineered bubbles, and 
their applications,[288,298] most studies to date have focused on 
the synthesis and utilization of homogeneously modified bub-
bles. It is interesting to note that recent advances involving 
solid particles have shown that asymmetric functionalization 
of the particle surface leads to novel phenomena that are of 
fundamental and practical importance. It has been shown, for 
example, that the assembly of Janus particles—solid particles 
with polar and apolar hemispheres—leads to the formation of 
novel colloidal aggregate structures.[288,298] Besides, electrically 
or magnetically switchable systems based on Janus and patchy 
particles have been reported for applications in optical devices, 
self-propulsion, and emulsion stabilization.[288,298] This recent 
progress based on Janus and patchy particles suggest that asym-
metric functionalization of gas bubbles could potentially lead 
to unique opportunities. Generation of engineered microbub-
bles and their applications has seen remarkable development 
in recent years.[299] Bubbles in a fluid tend to dissolve in time 
due to the high Laplace pressure across the air–water interface, 

limiting their long-term stability and utilization.[288,298] Stable 
compound microbubbles can be produced using the air-in-oil-
in-water (A/O/W) emulsions (Figure  16a). These bubbles con-
sist of hydrophobic silica (SiO2) nanoparticles with a diameter 
of 10 nm, dispersed in oil, forming shell structure. In time 
bubbles are left in an aqueous solution, the oil evaporates and 
nanoparticles are self-assembled into a stiff shell, stabilizing 
microbubbles (Figure  16b). Subsequently, metallic/catalytic 
layers can be evaporated on nanoparticle-shelled bubbles for 
the demonstration of bubble-based micromotors in hydrogen 
peroxide solution (Figure  16c).[300] Nanoparticle-shelled micro-
bubbles can withstand drying (SEM image, Figure  16d) and 
materials evaporation in vacuum (Figure  16e,f). Alternatively, 
magnetic, catalytic, optical nanoparticles can also be injected 
along with hydrophobic nanoparticles to form multifunctional 
bubble shell. However, glass capillary based microfluidics pro-
duce too large microbubbles (20-200 µm in diameter) for injec-
tion into biological vein/capillaries. Recently, a valve-based 
PDMS microfluidic chip was used to demonstrate recombinant 
protein-shelled microbubbles with a tunable diameter in the 
range from 1 to 10 µm (Figure  16f).[301] Such protein-shelled 
microbubbles, consisted of a mixture of an amphiphilic oleosin 

Figure 16. Fabrication of monodisperse compound microbubbles using microfluidic techniques. a) A flow-focusing glass capillary device is used to 
produce air-in-oil-in-water (A/O/W) emulsions. b) Schematic image of oil core drying and assembly of hydrophobic silica nanoparticles into stable 
shell. c) Motion of nanoparticle-shelled Janus micromotor (Pt was evaporated on bubble) in solution by the decomposition of hydrogen peroxide into 
oxygen and water. d) SEM image of dry silica nanoparticle-shelled bubbles. e) Schematic and optical microscopy images of e-beam evaporated metallic/
catalytic layer on the surface of microbubbles. f) PDMS microfluidics is used to prepare recombinant protein-shelled microbubbles with tunable diam-
eter. a–e) Reproduced with permission.[300] Copyright 2020, Wiley-VCH. f) Reproduced with permission.[301] Copyright 2014, American Chemical Society.
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protein and a synthetic amphiphilic pluronic protein, with tai-
lored echogenic response pave the way toward US-enabled 
biomedical imaging.[302] Subsequently, by mixing protein/copoly  -
 mer mixture it was possible to achieve more stable and uniform 
bubbles than commercially available analogies.

5.3.6. Microfluidics-Assisted Fabrication of Monodisperse Hydrogel 
Microcapsules

Hydrogel microparticles have advantages over bulk hydrogels 
due to their properties of the controllable spatio-temporal release 
of drugs by diffusion, encapsulation of viable cells and injection 
ability in the desired part of tissue/organ during targeted drug 
delivery.[303] Soft hydrogel micromotors based on heterogeneous 
particles and capsules are fabricated using oil-in-water and 
complex water-in-oil-in-water double emulsion drops using a 
glass capillary microfluidic device. Thin-shelled hydrogel micro-
capsules containing aqueous core are prepared using glass 
capillary microfluidics device (Figure  17a).[11,17] Optical images 
of glass capillary device are shown in Figure  17b,c. Photopoly-
merization of the double emulsions leads to the formation of 
poly(methacrylic anhydride) hydrogel capsules with (photo)-
catalytic nanoparticles in the aqueous core (Figure 17d).[18] Sub-
sequently, microcapsules are hydrolyzed (at pH = 11) and form 
a poly(acid) structure of shells. Thin shells of capsules consist 

of methacrylic anhydride hydrogels with unique properties, 
including permeations, separations, purifications, and reac-
tions of molecular species. The microcapsule’s shell remains 
permeable to small molecules capable to uptake nanoparticles/
molecules (as cargo) and release them on demand using varia-
tion in pH. While nanoparticles larger than hydrogel pores can 
be encapsulated and remain permanently inside. Catalytic nan-
oparticles utilization leads to the demonstration of the chemical 
“microreactor” for controllable reaction, separation, purifica-
tion, and releases of molecular species, i.e., for water cleaning 
applications[18] and potentially for biomedical nanozymes 
encapsulation. Due to diffusion/reaction enabled by ultra-rapid 
mixing of fluids, adsorbents/catalysts and organic/inorganic 
pollutants inside the microfluidic volume of microcapsules, it 
is feasible to enhance degradation, absorption, separation and 
filtering rates of pollutants. Potentially, a prototype flow micro-
reactor device can be constructed for continuous conversion or 
removal of molecular species. Moreover, soft hydrogel micro-
motors containing catalytic nanoparticles in the liquid core or 
on the outer surface are demonstrated.[11] The balance of forces 
consisted of the micromotor’s buoyancy, weight, motive, and 
lateral capillary attractive-repulsive interactions lead to specific 
dynamic behaviors.

5.3.7. Layer-by-Layer Assembly: Preparation and Functionalization 
of Core–Shell Structures

LbL assembly promises the possibility to create a shell around 
a particle not only with the use of electrostatic interactions 
between oppositely charged polyelectrolytes during sequen-
tial deposition, but a variety of other chemical interactions, 
including hydrogen bonding, biomolecule recognition, click 
chemistry, and sol–gel reactions.[304] Such techniques are often 
combined for maximum versatility, empowering the user to 
customize layers with maximum control over thickness, sta-
bility, release mechanisms and duration, while simultaneously 
protecting the functionality of the capsule of interest.

For instance, hollow microcapsules were fabricated by LbL 
deposition of polyelectrolytes, single-wall carbon nanotubes 
(SWCNTs), and gold nanoparticles (AuNPs) onto colloidal silica 
microspheres (Figure 18a).[266] After removal of the core, such 
capsules served as an excellent absorber in the near-infrared 
region of the spectrum and provided substantial enhancement 
in PA imaging in both water and blood.

Multilayered nanocomposites with gold nanorods (GNRs) 
as plasmonic nanoparticles and indocyanine green (IGC) as 
absorbing dye were obtained with the use of LbL assembly to 
combine PA and fluorescent modalities (Figure  18b).[305] The 
average diameter of microcapsules was 4 µm, and the dye 
was dispersed in a matrix of biodegradable polymers. It was 
mentioned that undoubted advantages of such capsules as 
high-loading capacity, the possibility of physical and chemical 
properties control, and a wide range of possible internal pay-
loads could be taken into consideration. Also, synergetic PA 
effects for capsules were seen.

Increasing the efficiency of loading of functional nanopar-
ticles or molecular substances into capsules is a vital point to 
improve and obtain more efficient drug delivery systems based 

Figure 17. Fabrication of thin-shell hydrogel microcapsules containing 
aqueous core with encapsulated catalytic nanoparticles. a) Sche-
matic image of glass capillary-based microfluidics with inner, middle, 
and outer flows. b) Optical image of fabricated glass capillary device.  
c) Optical microscopy image showing the formation of microcapsules. 
d) A stable poly(anhydride) network—the capsule’s shell is formed upon 
photo-polymerization of ethylene glycol dimethacrylate and methacrylic 
anhydride mixture. Subsequently, hydrogel capsules are immersed in pH 
11 to hydrolyze and form poly(acid) shells. a–d) Reproduced with permis-
sion.[18] Copyright 2020, The Royal Society of Chemistry.
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on microcapsules. Freezing-induced loading (FIL) is a method 
that provides a more efficient and controlled loading, as com-
pared with other traditional approaches, such as adsorption 

from solution, coprecipitation method, and chemical vapor dep-
osition. FIL method includes several successive steps: addition 
of microparticle and nanoparticle suspensions to a centrifuge 

Figure 18. Microcapsules and microbubbles functionalized by LbL assembly. a) Fabrication of hollow microcapsules containing single-walled carbon 
nanotubes (SWCNTs) and gold NPs (AuNPs) for PA imaging. b) Schematic structure of drug-loaded multilayered nanocomposites (MNCs) as mul-
timodal PA and FL contrast agents, containing antibodies (Ab), dextran sulfate (DEX), poly(l-arginine) (PARG), indocyanine green (ICG), and gold 
nanorods (GNRs). c) Schematic structures of the obtained bimodal PA and FL contrast agents containing bovine serum albumin (BSA) and indocya-
nine green (ICG): all samples have the same shell composition, but different numbers of the loading into the cores (I—without loading ICG and BSA 
into a core, and II, III, IV, V—with 3, 6, 9, and 11 ICG and BSA loading into cores using FIL, correspondingly. d) Schematic structure of microbubbles 
with potential for multimodal imaging (top). Microbubbles can be coupled to different antibodies via a streptavidin-biotin linkage (bottom left), TEM 
(bottom right) image of MB with two layers of superparamagnetic iron oxide nanoparticles (SPIONs) is provided. a) Reproduced with permission.[266] 
Copyright 2016, Wiley-VCH. b) Reproduced with permission.[305] Copyright 2016, Wiley-VCH. c) Reproduced with permission.[264] Copyright 2019, The 
Optical Society. d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/).[306] Copyright 2019, The Authors, published by Springer Nature.
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tube, freezing of samples under gentle mixing, thawing of sam-
ples, centrifugation of suspensions, and washing of suspen-
sions with pure water.[307]

A combination of FIL and LbL assembly for the prepara-
tion of capsules with a high loading of bovine serum albumin 
(BSA) and magnetite nanoparticles (MNPs) for sensitivity to 
high intensity focused US (HIFU) was obtained. For successful 
in vivo tracking of capsules, BSA was labeled with Cy7. Thus, 
microcapsules contained near infrared (NIR) fluorescent labels 
in the shell and exhibited sensitivity to HIFU as well as the 
possibility of monitoring of the shell degradation by FL tomog-
raphy: while HIFU destroys the capsule shell into small frag-
ments with low fluorescent intensity, the accessibility of the 
shell to enzymes is enhanced and as a result, the intensity of 
fluorescence is increasing. Thus, we can detect remotely by FT 
the moment when drug release is obtained.[265]

Therefore, a bimodal contrast agent based on the self-
quenching of IGC encapsulated in a biodegradable polymer 
shell was obtained in a similar manner, as can be seen in 
Figure  18c.[264] Using both FIL and LbL assembly, PA /fluo-
rescent contrast agent achieved an increase in a local ICG 
concentration.

Air-filled microbubbles can be functionalized using LbL 
assembly as well as microcapsules, such contrast agents were 
described for multiple imaging modalities, including US, mag-
netic resonance, and fluorescence imaging. Poly(vinyl alcohol) 
(PVA) microbubbles with the diameter 3 µm have a LbL struc-
ture with a shell composed of layers of superparamagnetic iron 
oxide nanoparticles (SPIONs), metal chelating ligands, and 
a fluorophore-labeled polyelectrolyte, and an outermost layer 
made of streptavidin (Figure  18d).[306] The streptavidin surface 
also enabled conjugation of biotinylated ligands (peptides or 
antibodies) for improving the specificity.

Therefore, core–shell structures, including the microbubbles 
and the microcapsules obtained with the use of LbL assembly, 
have perspectives to be explored as promising multimodal and 
multifunctional contrast agents. Still, surface properties of 
agents may significantly effect on the stabilization, storage, and 
further development.

5.3.8. Microfluidic Layer-by-Layer Synthesis of Shells  
for Core–Shell Structures

As shown in a series of publications, in particular,[308] the use 
of microfluidics techniques has opened up new opportuni-
ties for LbL synthesis. For example, microfluidic layer-by-layer  
(MF-LbL) synthesis allows applying shells on individual cores 
with monodisperse sizes (solid nanoparticles, liquid micro-
drops or gas microbubbles) immediately after their formation 
in solution. On the other hand, MF-LbL synthesis allows com-
bining microfluidics devices for generating cores and synthesis 
of shells on their surfaces. One of the undoubted advantages 
is also the ability to perform multi-stage MF-LbL synthesis in 
automated mode.

MF-LbL synthesis is based on the multiple and sequential 
treatment of cores with solutions of reagents and rinsing liq-
uids inside the central device. This device is a unique micro-
fluidics microchip with microchannels, where cores move 

in the flow of solvent (Figure  19a,b). The cores are traveling 
inside the microchannels, which have different zones filled 
with solutions of reagents and rinsing liquids. The chemical 
reactions take place on the surface of cores forming shells. 
These images show the one cycle of treatment resulting in the 
assembly of a monolayer of an insoluble compound on the sur-
face. When the cores are moved sequentially through several 
marked zones, the thickness of such shell increases in propor-
tion to the number of zones. Thus, an automatic synthesis can 
be obtained by using microfluidics microdevice with multiple 
processing zones. Advanced designs of microfluidics microde-
vices are proposed in the literature.[309,310] Thus, the authors[309] 
(Figure  19c) showed that cores are placed in the special comb 
withdrawal channel, for example, on the stage of removing rea-
gent excess. It makes this process more effective. The original 
chip design is shown in Figure 19d. This design demonstrates 
the process of the multiple and sequential treatment of micro-
particles with solutions of reagents during their movement in 
a special array of channels each of which is filled with one of 
the reagents or a solvent. An important result was obtained in 
research,[311] where the core (namely the microdrop of water 
emulsion) inside microfluidics-microchip is placed in the spe-
cially shaped cup. Then, the sequential and multiple treatments 
of core with the reagent (oil–lipid mixture of dioleoylphos-
phatidylcholine (DOPC) dissolved in squalene) and rinsing 
liquid (water or squalene) is carried out. Starting from trapped 
water-in-oil droplets (Figure 19e), each phase-boundary crossing 
deposits a new monolayer of lipids on the immobilized droplets 
(Figure 19f–h). Due to the selected sequence of treatment with 
reagent and solvents a DOPC layer is formed on the surface 
of the microdrops—cytoplasmic aqueous phase (Qcy) of tris-
acetate-EDTA. Interestingly, the authors proposed that the layer 
can potentially mimic the phospholipid membrane of a living 
cell.

The original methods of MF-LbL synthesis were considered 
in the papers.[313,314] To simplify the automation system of the 
synthesis process, it was proposed to use planar chips with a 
laminar flow of each of the reagents separated by a laminar flow 
of the solvent. In the first method of these systems, shells syn-
thesis was performed on the surface of microbeads (Figure 20a). 
Initially, the microbeads are directed into distinct parallel solu-
tions of biotin and avidin (with washes in between) repeatedly 
building up an extended biological linker. Afterward, the micro-
beads are directed into the solution of FA, which results in 
fluorescence on the surface of the microbeads. In the second 
system, the cores were microdroplets of oil, which move 
between laminar flows of water solutions of reagents—polyelec-
trolytes poly(acrylic acid) (PAA), poly(vinylpyrollidone) (PVPON) 
and rinsing liquids—buffered aqueous solution NaOAc. The 
authors note that the use of the system, which is shown in 
Figure 20b allows getting shells after 6 processing cycles.

New opportunities of MF-LbL synthesis are previously pro-
posed[316] using the synthesis on the surface of cores of SiO2 
and CaCO3 of multilayers of polyelectrolytes—poly(styrene 
sulfonate) (PSS), poly(allylamine hydrochloride) (PAH) and 
poly(diallyldimethylammonium chloride) (PDADMAC). The 
authors suggested removing the excess of each of the rea-
gents through the porous walls of a hollow fiber made from 
polyethersulfone, which is permeable to anions and cations, 
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Figure 19. a,b) Microfluidic unit elements for continuous-flow LbL assembly. c) Schematic of the microchip design with images of the comb with-
drawal channels. d) Schematic view of the device with capsules being assisted to transfer into adjacent channel due to less hydrodynamic resistance.  
e–h) Schematics of LbL assembly of phospholipid membrane on microfluidic AQcy droplets: e,g) Stages of AQcy droplets treatment with a solution 
of DOPC in squalene; f,h) Stages of AQcy droplets treatment with an aqueous buffer solution. a) Reproduced with permission.[312] Copyright 2008,  
Chemical and Biological Microsystems Society. b) Reproduced with permission.[34] Copyright 2014, Elsevier. c) Reproduced with permission.[309]  
Copyright 2008, The Royal Society of Chemistry. d) Reproduced with permission.[310] Copyright 2013, Chemical and Biological Microsystems Society. 
e–h) Reproduced with permission.[311] Copyright 2013, Springer Nature.

Figure 20. a) Conceptual illustration of the micropillar array railing system for continuous flow LbL microbead functionalization. b) Schematic repre-
senting the “microfluidic pinball” approach for generating droplets having six polyelectrolyte multilayers. The zoomed in region presents the droplets 
guided through three laminar streams along a row of micropillars arranged at an angle of 30. c) Hollow fiber tangential flow filtration LbL assembly of 
capsules. a) Reproduced with permission.[314] Copyright 2011, IEEE Chemical and Biological Microsystems Society. b) Reproduced with permission.[313] 
Copyright 2010, Chemical and Biological Microsystems Society. c) Reproduced with permission.[316] Copyright 2015, American Chemical Society.
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but impermeable to larger capsules (Figure 20c). This method 
allows to simplify significantly the synthesis process itself. It is 
important that this system can be integrated with a device for 
dissolving the cores and filling the resulting hollow shells with 
the target substance. Thus, all steps to produce capsules can be 
performed in one technological cycle. It was suggested that this 
method has a great potential for practical applications because 
it can be used to create shells on cores from sub-micrometers 
to micrometers in diameter. In related work experiments con-
cerning LbL synthesis of coatings on the surface of channels of 
microfluidics chips are demonstrated.[317] As a result, the con-
tact angles of solvent wetting surfaces are changed, leading to 
the reduction of hydrodynamic resistance in the microfluidics 
channels.

5.4. Surface Properties of Core–Shell Structures

Investigations of surface properties may lead to increased 
stability, storage, and circulation time and further control of 
monodisperse size distribution and functionalization of such 
core–shell structures for various applications in biomedicine. 
The choice of lipids or polymers for the shell obtaining of bub-
bles or capsules can determine the properties of the surface: if 
the molecules in a shell are packed loosely or if the shell is not 
compact enough, the gas core may diffuse through the shell, 
and it decreases the stability of microbubbles dramatically.

5.4.1. Shell Properties

In the discussion about shell properties, let us start with the 
consideration of lipids: the elasticity provided by lipids to the 
microbubbles leads to the widespread use of lipids in their 
synthesis, which can be seen as a large number of lipids-based 
clinically-available agents (Definity, Sonovue, etc.). The effect 
of lipid hydrophobic chain length on dissolution behavior has 
been reported.[317] The gas permeation resistance monotonically 
increased with lipid hydrophobic chain length, and the lipid 
shedding behavior of the shell reveals mechanical effects. Still, 
it is unlikely to influence the transport of gas from the core if 
bubbles are immersed in a degassed medium that can be seen. 
When the process of dissolution occurs, lipids from the shell 
was shed continuously for the accommodation of the gas core 
shrinking volume by short-chain lipids. The investigation gives 
the possibility of controlling the dissolution rate for microbub-
bles with lipid monolayer shell.[318] A promising way for the 
obtaining of the compact lipid shell was further described: lipids 
can be heat-treated above their phase transition temperature and 
then quenched rapidly to room temperature to produce lipid 
structures. By this procedure, the lipid molecules are packed in 
a shell densely. The emulsifier is the essential component here 
because microbubbles do not form in the pure lipid solution.[319]

For the bubbles with the polymer shell, it was demonstrated 
that the stiffness and viscosity are mainly determined by the 
encapsulating shell, not by the air inside.[320] Also, optical 
observations exemplify that gas bubbles could be extruded and 
ejected through a shell defect while the shell appears to remain 
mostly intact. It shows that the behavior of polymer shell and 

lipid shell of bubbles are different in response to an acoustic 
pulse.[321]

For each type of microbubbles coating, the amplitude 
of bubble volumetric oscillation, resonance characteristics, 
and relative amplitude in tension and compression can be 
tuned and modified by the presence of the coating on micro-
bubbles.[322] It was shown theoretically that the resonance 
frequency of microbubbles deviates significantly from the 
undamped natural frequency over the range of microbubble 
sizes due to the increased viscous damping coefficient.[323] 
Interestingly, from an experimental point of view, the viscosity 
mapping using molecular rotor fluorescence lifetime imaging 
provides a direct approach to the spatial distribution of vis-
cosity quantification in the microbubble coating. A previously 
reported work provides direct evidence of a viscosity variation 
in the microbubbles cohort, which is correlated with their US 
response variability. These results were obtained with the use 
of fluorescent dye, BODIPY-C10, which can be incorporated into 
surfactant coating.[324]

5.4.2. Biofunctionalization: Aptamers and DARPins As 
a Promising Basis

Both for microbubbles and microcapsules, the functionaliza-
tion can be applied with the use of targeted ligands (proteins, 
peptides, antibodies, aptamers, and designed ankyrin repeat 
proteins (DARPins)) to obtain the selectivity property.

For instance, the microcapsule-based sandwich assay for 
the detection of proteins and nucleic acids was performed: 
(PAH/PAA)2 microcapsules were cross-linked and coated with 
the adaptor proteins (protein A or streptavidin).[325] Such cap-
sules are potent tools in Immunoglobulin G (IgG) antibodies 
binding, also further attachment of the major histocompati-
bility complex (MHC) class I proteins could improve the affinity 
to T cell receptors, and imagine the possibility of observing an 
immune response. The protocol of polymer capsules biofunc-
tionalization with murine Y3 monoclonal antibodies is also pro-
vided in which imaging properties were achieved by loading of 
fluorescent molecules conjugated with bovine serum albumin 
(BSA) into the cavity of capsules.[326]

Another study demonstrated that peptides and antibodies 
could be employed by controlling the capsules surface chem-
istry: a conjugation of targeted peptide directed against 
metalloproteinase-2 (MMP2)-degraded collagen IV to the cap-
sule surface by copper click functionalization can be obtained 
for plaque-targeted in vivo delivery; antibody-modified polymer 
capsules with the targets on the active form of antiglycoprotein 
(GP) IIb/IIIa receptors on platelet surface can be obtained for 
the delivery of thrombolytic agents.[327]

However, aptamers and DARPins are classes of objects of 
particular interest. Aptamers are single-stranded nucleic acids 
with tertiary structures for selective binding to a variety of 
targets. Both aptamers and antibodies demonstrate binding 
affinity in low nanomolar to picomolar range and act int the 
same manner by folding into a three-dimensional struc-
ture, which is based on their nucleic acid sequence, to bind 
the target. Therefore, aptamers surpass antibodies in several 
properties: binding of an aptamer is a highly specific interac-
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tion, and aptamers are much smaller than antibodies, that can 
improve tissue penetration and clearance from the body.[328] 
Furthermore, from the industrial point of view, the produc-
tion of aptamers is more comfortable to scale up and more 
economical. To the date, the only one aptamer gained the FDA 
approval for the clinical use is Pegaptanib, a pegylated aptamer 
that binds to human vascular endothelial growth factor (VEGF), 
for treating age-related macular degeneration (AMD).[329] Nowa-
days, biomarkers and cellular proteins such as integrins, pros-
tate-specific membrane antigen (PSMA), and nucleolin can 
be imaged with the use of aptamer-based molecular imaging 
probes.

Using LbL assembly, functional aptamer films, and then 
microcapsules were prepared: aptamer-polyelectrolyte micro-
capsules as the triggered delivery microreactors were prepared 
from the sulforhodamine B aptamer. Such an aptamer was 
used due to the ease of detection of target binding by absorb-
ance and fluorescence, and the ability to control the permea-
tion of a target molecule through the capsule’s membrane 
was shown by the use of aptamer.[330,331] Thus, aptamers can 
serve as molecular recognition agents and have the potential to 
serve as triggers of controlled release of payloads: with the use 
of the encapsulation of the aptamer, target-molecule-triggered 
rupture of (PDDA/PSS)5 microcapsules was described and 
confirmed with microscopy techniques. One can observe the 
aptamer’s sensitivity with the use of a similar dye, tetrameth-
ylrhodamine, which does not have the affinity for sulforhoda-
mine B aptamers. Interestingly, aptamers encapsulation did not 
change the morphology of capsules, still, during the microcap-
sule fabrication process, about 30% of aptamers is lost.[332]

Also, the preparation of stimuli-responsive DNA micro-
capsules consisted of oligonucleotide layers cross-linked by 
an anti-ATP aptamer sequence is described: in the presence 
of adenosine triphosphate (ATP), the resulting complex with 
aptamer fragments the DNA shell and results in the cargoes 
release of biomolecules and nanoparticles. For this purpose, 
the release of semiconductor CdSe/ZnS quantum dots or the 
microperoxidase-11 biocatalyst is reported.[333] Since ATP is 
overexpressed in certain cells at different diseases (for example, 
cancer), the ATP-triggered release of loads may present the pos-
sibility of combining imaging and cancer treatment.

A computational modeling approach to maximize aptamer-
microbubble binding to the target was described with the 
insight on key parameters for stable binding.[334] The first 
example of a stimulus-responsive contrast agent with the gen-
eration US signal only in response to levels of thrombin found 
in active blood clots was described.[335] In this study, aptamer-
crosslinked microbubbles were designed to show the activation 
of US only at the level of thrombin represented the formation of 
the clots, and the binding of thrombin displaced the aptamers 
from the polymer–DNA complex, it can be useful for mole-
cular imaging of thrombosis. Interestingly, another previous 
work described microbubbles with a network of cross-linkable  
oligonucleotides on the shell to create “smart” contrast agents 
that can be tuned using the properties of the encapsulating 
shell and control the nonlinear echoes generation.[336]

Unlikely, many aptamers have relatively weak binding affini-
ties to their targets, and the promising strategy is the conju-
gation of aptamers with nanoparticles should improve the 

binding avidity and targeting efficacy. The use of A10 aptamer 
attached to thermally cross-linked superparamagnetic iron 
oxide performed as the MRI agent and a carrier for doxoru-
bicin for combined prostate cancer imaging and therapy appli-
cations.[337] Also, magnetic beads as a captured substrate and 
gold nanoparticles decorated with aptamers were involved in a 
surface enhanced Raman spectroscopy (SERS) method for the 
identification of several sorts of exosomes.[338] To our knowl-
edge, the use of a combination of aptamer and nanoparticles 
was not performed for a US and PA imaging with core–shell 
structures including microbubbles and microcapsules.

Also, DARPins are genetically engineered framework resi-
dues with the potential to bind any given target protein with 
high affinity and specificity, are derived from natural ankyrin 
repeat proteins, which are among the most abundant binding 
proteins found in the human genome.[339] DARPins, a novel 
class of non-IgG scaffolds, seems to be ideal ligands for targeting 
tumor-specific receptors due to their small size (13–20 kD),  
high solubility in water, stability at different experimental con-
ditions, very high affinity to their protein targets.[340] Thus, 
DARPins seem to be the solution to the complexity and insta-
bility problems.

An experimental demonstration of this has been reported in 
which the DARPin_9-29, which specifically targets human epi-
dermal growth factor receptor 2 (HER2), binds tightly to gold 
nanoparticles (GNPs).[340] HER2 is usually overexpressed in 
ovarian cells and breast cancer and obtained DARPin-GNP con-
jugate forcefully and specifically binds to the surface of SK-BR-3 
cells that overexpress the HER2 receptor, and then internalize 
into these cells by endocytosis. Interestingly, as many as 35 
DARPin_9-29 molecules are connected to the nanoparticle, and 
binding of the DARPins strongly increase the colloidal stability 
of the particles. Furthermore, DARPin_9-29 was covalently cou-
pled to the membrane of small (80–90 nm) liposomes through 
a relatively long enough and flexible linker of 1.7 nm, which 
allows the DARPin to attain spatial orientation that favors high-
affinity binding to HER2 receptor.[341] It is important to note, 
that electrostatic binding of proteins to the phospholipid mem-
brane for efficient encapsulation is required.

Unfortunately, to the best of our knowledge, there are no 
contrast agents functionalized with DARPins obtained to the 
date. Still, more advanced structures included DARPins were 
synthesized nowadays: for example, the DARPin-PE40 targeted 
toxin consisted of 40 kDa pseudomonas exotoxin fragment 
linked with HER2-specific DARPin exhibited its high and selec-
tive toxicity against HER2-overexpressing tumor cells realized 
through apoptosis induction during in vitro studies, the anti-
tumor effect was revealed in vivo.[342] Advanced solution, tar-
geted toxin DARPin-LoPE composed of HER2-specific DARPin 
and a low immunogenic exotoxin A fragment lacking immu-
nodominant human B lymphocyte epitopes tend to inhibit the 
growth of HER2-positive human ovarian carcinoma xenografts 
effectively. Low non-specific toxicity and side effects occurred, 
such as vascular leak syndrome and liver tissue degradation, as 
well as low immunogenicity, as was shown by specific antibody 
titer, still, the potential of use for targeted therapy of HER2-
positive tumors was shown.[343]

One of the novel solutions that have not yet been used for 
core–shell structures like microbubbles and microcapsules to 
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achieve targeted delivery can be the use of a platform based on 
SiO2-binding peptide that binds to the nanoparticle surface and 
protein adaptor system—Barnase*Barstar pair—serving as a 
“molecular glue” between the peptide and the attached biomol-
ecule; thus, this method preserved the biological activity of the 
DARPin9_29 molecules attached to the nanoparticle and selec-
tivity in the labeling of HER2-overexpressing cancer cells even 
in complex biological fluids as the whole blood.[344] Also, the 
implementation of magnetite nanoparticle stabilization with 
simultaneous modification by functionally active protein—
Barstar was described.[345] For this purpose, a biocompatible Bs-
C-Mms6 fusion protein containing the C-terminal part of the 
Mms6 (magnetite-binding protein of magnetotactic bacteria) 
and Barstar (an inhibitor of bacterial ribonuclease Barnase) 
was developed, and stable modified magnetite nanoparticles 
were obtained for further self-assembly with a fusion protein 
of Barnase and DARPin 9.29 through the interaction of high-
affinity protein pair Barnase*Barstar. Hence, recent investiga-
tions involved the use of DARPins may become a promising 
direction of research. We are confident that the use of aptamers 
and DARPins will become the mainstream direction of surface 
functionalization due to the reasons of economic efficiency 
and excellent properties for binding with surface and targeting 
control.

6. Toxicity and Biodistribution Study

In the context of the development of promising contrast agents, 
toxicity and biodistribution studies are particularly important. 
Microcarriers (microcapsules, microcapsules, micromotors) are 
usually manufactured from biocompatible materials (lipids/
proteins/polymers shell with gaseous/liquid/hollow core); they 
can be injected intravenously, and some are approved for clin-
ical use or undergo clinical trials—two targeted microbubble 
formulations for tumor detection (ovarian/breast cancer) and 
liver lesion characterization have been clinically tested and 
found to be safe and promising.[346] Other agents are also cur-
rently under development for theranostics applications, such 
as liquid droplets, gas entrapping nanoparticles, monodisperse 
agents obtained by microfluidics, and phase-change contrast 
agents.[28] Herein, we provide recent results of studies of bub-
bles and capsules taken into considerations, also, intercon-
nections of microfluidics and micromotors in the context of 
biodistribution will be covered.

6.1. Biodistribution of Microbubbles: Recent Advances

Previous investigations of agents for MRI should be taken into 
consideration. Such as biodistribution, kinetics, and biological 
fate of SPION microbubbles were provided in the Sprague–
Dawley rats.[347] Microbubbles with PVA–shell consisting of 
superparamagnetic iron oxide (SPION) nanoparticles trapped 
with the use of LbL assembly had a diameter of 3.1 µm with 
narrow size range and were well dispersed. As flow cytometry 
verified, they were not aggregated and did not contain any 
debris. The analysis of microscopic tissue samples confirmed 
rapid uptake in the lungs and their redistribution to the liver 

and spleen over time. Also, microbubbles could be detected in 
the liver as early as 10 min post-injection, with the maximum 
signal detected between 24 h and one week after injection 
(Figure  21). In vivo studies demonstrated that the half-life in 
the liver was about 31 days (741 ± 219 h), and the presence of 
clustered bubbles predominantly in the lungs after 10 min 
was explained by histopathology studies. The loss of iron from 
microbubbles occurred gradually and had already appeared 
while the morphological integrity was still preserved. Such bub-
bles could be used for further multimodal imaging (US and 
MR combination) as well as a drug delivery carrier.

In situ characterization of microbubble contrast agents for 
the prediction of their behavior in biological milieu was per-
formed for several types of microbubbles included micro-
bubbles consisted of a shell of cross-linked PVA, and SPION 
microbubbles as discussed before, both of them were in the 
size range of 2–4.5 µm and performed similar surface curva-
ture.[348] Flow cytometry was used here for the first time as a 
high throughput approach in microbubbles characterization 
dispersion prior and after exposure in different biological 
fluids: PBS or the biological fluid of choice, such as 6% human 
plasma, 10% bovine serum, full human plasma, and full human 
blood. The dose corresponded to a typical injection dose for in 
vivo imaging. Still, particle size and distribution were not sig-
nificantly affected by the dispersion medium, and the number 
of human plasma bubbles withheld good stability. Also, it was 

Figure 21. Dynamic MRI of a rat after injection of microbubbles: signal 
intensity changed mostly in the liver over time from 10 min to 6 weeks 
comparing with pre-injection. a) Pre-injection and at b) 10 min, c) 1 h,  
d) 24 h, e) 48 h, f) 1 week, g) 2 weeks, h) 4 weeks, and i) 6 weeks post-
injection. a–i) Reproduced with permission.[347] Copyright 2013, The 
Authors, published by Dove Medical Press.
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shown that agents existing in vitro conditions might indicate 
higher biocompatibility that is performed in vivo.

Nowadays, polysaccharides-functionalized polymer micro-
bubbles were assessed with the ability to target P-selectin in 
thrombus with in vitro imaging and cytotoxicity investigations, 
in vivo model of FeCl3-induced thrombosis on rat deep vein and 
US molecular imaging, and histological evaluations.[349] Polymer 
microbubbles made of degradable poly(IsoButylCyanoAcrylate) 
and functionalized with Fucoidan were designed and exhibited 
a size of 2–6 µm. A higher affinity of Fucoidan-microbubbles 
than control anionic microbubbles functionalized with CM-
Dextran under shear stress conditions was presented in flow 
chamber experiments on activated human platelets, and in 
vivo analysis by US and histological results demonstrate that 
Fucoidan-functionalized bubbles were localized in rat venous 
thrombotic wall, whereas only a few CM-Dextran-microbubbles 
were seen. The binding of Fucoidan-microbubbles in a healthy 
vein is not observed, and it demonstrates the ability of specifi-
cally targeting P-selectin, and further applications as an imaging 
tool for cardiovascular events supported by overexpression of 
P-selectin, which contributes to the recruitment of leukocytes in 
areas of inflammation common in tumor vasculature.

Another article described the whole-body biodistribution 
of tumor-bearing mice for P-selectin targeted streptavidin-
coated bubbles functionalized with antibodies.[350] A 3.2-fold 
enhancement of tumor retention of P-selectin-microbubbles 
was described in comparison with IgG-control-microbubbles; it 
confirmed the hypothesis that P-selectin targeting is beneficial 
for agents delivery to the tumor. At each time point, the lung 
and liver retention was significantly higher for the IgG-control-
microbubble group; still, P-selectin-microbubble retention was 
more significant than the control group in the blood and tumor 
during the measurements. Interestingly, the importance of the 
control group during the whole-body distribution was high-
lighted due to differences in organs filtration of microbubbles 
and antibodies.

Also, perfluorocarbon-filled albumin microbubbles were 
taken into consideration, targeted to vascular endothe-
lial growth factor receptor 2 (VEGFR2) and labeled with 
N-succinimidyl-4-[18F]fluorobenzoate]-radiolabeled antibodies 
(18F-SFB), evaluation in mice bearing human breast cancer 
was provided to prove bubbles as a probe for high-frequency 
ultrasound (microUS) as well as micropositron-emission tomo-
graphy (microPET).[351] The choice of target supported by the 
fact that VEGFR is up-regulated on tumor vascular endothelial 
cells and overexpression of VEGFR1 and/or VEGFR2 is associ-
ated with angiogenesis (the growth of new blood vessels) and 
tumor progression in several tumors. Therefore, the mean 
tumor-to-muscle tissue ratios in living mice in the microPET 
image and in the ex vivo biodistribution were about 2.6 and 3.2, 
respectively, at 5 min, and about 2.4 and 2.7 at 60 min, and the 
specificity of the binding to the target was validated with the 
use of microUS. Results of whole-body distribution provided 
that most of the agents accumulated in the liver (16.31% ID g−1),  
lung (5.72% ID g−1), and spleen (3.59% ID g−1) at 60 min, 
still, the peak uptake by the liver was lower than for the lipid-
shelled bubbles. The lifetime is 30 min in the blood pool and 
high tumor-to-muscle tissue uptake ratios prove such agent as 
a promising probe for US-mediated therapy for breast tumors. 

To the date, a contrast agent (BR55), where the ligand is tar-
geted to VEGFR2, is underway of clinical trials for prostate 
cancer treatment; still, there are plenty of angiogenesis markers 
such as B7-H3 (CD276), thymocyte differentiation antigen 1 
(Thy1), E-selectin, and nucleolin.[352] With an F3 peptide tar-
geted to nucleolin, microbubbles were created and compared 
the performance with non-targeted ones both in vitro and in 
vivo: the tumor image intensity was enhanced by 4.4-fold tar-
geted agents, and F3-conjugated microbubbles accumulated on 
tumor vasculature for tumor with the size of 2–8 mm.

One of the most common ways to vary drug targeting is the 
possibility to vary the polymer material, and the most common 
polymer material as a shell is PVA. The biological fate of PVA 
microbubbles in CD1 mice was assessed by coupling a NIR 
fluorophore on the shell.[353] Thus, microbubbles accumu-
lated mainly in the liver and spleen at 24 h after IV injection. 
Also, limited ultrastructural alterations were monitored in the 
kidneys, lungs, and liver 10 min post-injection, but after one 
month, they were fully recovered.

6.2. Microcapsules (Shells) Biodistribution and Toxicity

While investigating the multilayer composite magnetic 
microcapsules as targeted delivery systems; in vitro and in 
vivo studies under conditions of the living organism are pro-
vided.[354] A real-time observation of in vivo trapping of the 
capsules was observed for the first time in conditions, where 
capsules were injected in rat mesentery microvessels and 
exposed by the external magnetic field. Intriguingly, for in vitro 
studies, artificial glass capillary was performed with the wide-
field fluorescence microscope employment.[355]

With the LbL assembly, both fluorescence and response to 
the magnetic field properties were achieved, separating layers 
with corresponding components by polyelectrolyte bilayers to 
prevent quenching. The magnetic field can effectively retain the 
microcapsules, still, in vitro studies explained that the capsules 
did not attach to the capillary wall, but they remain on the vessel 
wall after switching the magnetic field off in vivo, in a rat mes-
entery microvessel. Histological analysis showed the infiltra-
tion of capsules into small vessels, while large veins remained 
unblocked for blood passage. Reported results showed that the 
potential of multifunctional capsules as delivery systems with 
remote control, and the multimodality can also be achieved.

One can ask a question: where and when do microcapsules 
accumulate in organisms? Studies of systemic administration 
of capsules made of biodegradable polymers and magnetic 
nanoparticles were provided after IV injection in rats, col-
lecting data of kidney, liver, lung, and spleen.[354] For the liver, 
the dissolution of the capsules in the Kupffer cells was noted 
after 24 h of injection, the release of the hepatocytes into the 
eosinophilic cytoplasm was not marked; the concentration of 
magnetite dropped sevenfold lower than at the highest value 
within a week. Maximum changes in lungs were observed after 
4 h after injection: clear congestion of large vessels and focal 
hemorrhages and peribronchial eosinophilic infiltration were 
observed, still, after 24 h such effects were reduced; the appear-
ance of a large number of lymphocytes was noted after one 
month after injection, infiltrates had location around bronchus, 
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and a marked allergic reaction was observed during all time 
intervals. As for spleen, pronounced congestion and increase 
in the number of capsules were observed after 4 h after injec-
tion, and the most significant accumulation of microcapsules 
was noted after 24 h—after this interval, the concentration of 
magnetite was two times higher than in the liver. For kidneys, 
the maximum changes occurred 24 h after injection, still, cap-
sules passed through the urinary filter, and their contents were 
reabsorbed from the urine. The maximum changes for heart 
occurred within 1 h after administration, but most of them 
reduced after 4 h after injection. Therefore, the absence of 
marked toxicity in the internal organs was observed: generally, 
the integrity of capsules was lost over 24 h due to degradation, 
but traces of nanoparticles can be seen at 7 days in the spleen 
and liver.

In search of delivery vehicles (core–shell structures) to the 
respiratory portion of the lung, sub-micrometer vaterite par-
ticles can be used: particles with a diameter of 3.15, 1.35, and  
0.65 µm were produced with three methods of production 
and were assessed.[356] All of them were able to enter the lung 
and deliver the loaded material. Still, the tiniest ones prom-
ised mostly as a delivery mechanism due to the possibility of 
achieving the respiratory portion of the lungs. Also, the time 
of recrystallization depended on the number of polyelectrolyte 
layers, which is vital to take into consideration, and a slow-
release mechanism for large molecules can be provided by 
such particles. Investigation of even tiniest capsules was pro-
vided recently: polymeric capsules were obtained on a 500 nm 
template and further compacted down to 250 nm in diameter 
for the promising use in lung cancer therapy.[357] Delivery of 
low-molecular-weight drug molecules to lung cancer cells and 
macrophages was provided, and the internalization of capsules 
by macrophages and epithelial cells of the lungs and liver was 
observed with efficacy higher than 75%. Notably, better retain-
ment of small capsules by tumor lungs was demonstrated in 
comparison with the healthy lung tissue with the use of in vivo 
mouse model of lung cancer. Such advances and the possibility 
of obtaining multifunctionality, varying layers number, and 
composition, must be taken into further consideration. How-
ever, further use of capsules with such a diameter for contrast 
enhancement in imaging is required.

6.3. Microfluidics As a Promising Approach to Achieve 
Microcarriers Biocompatibility

The microfluidics approach allows the control of the reagents 
needed for microcarrier production. The ability to produce 
highly monodispersed and uniform probes remained the 
most relevant to ensure accurate dosing of a given drug and 
to maximize delivery efficiency.[291,358] Recent advances sig-
nificantly improve microfluidics applications: since the use of 
organic reagents in traditional water-in-oil (W/O) systems-based  
microfluidics can limit biomedical applications, the use of 
monodispersed water-in-water (W/W) droplets production 
approach was recently described.[359] Even materials used for 
microfluidic device fabrication can be biocompatible: the use 
of biopolymeric materials (collagen, silk) and polysaccharide 
hydrogels (chitosan, alginate) enable microfluidic devices with 

versatile functionalization chemistries, prescribe options of 
automated valves and drug release systems.[360] Recently, fast 
bubble-driven micromotors powered by biocompatible fuels 
(low-concentration fuels, bioactive fluids, and enzymes) were 
reviewed.[361] Advances of in vivo studies of micromotors were 
carefully reviewed recently: demonstration of targeted drug 
delivery, enhanced tissue penetration, and payload retention 
capabilities were described.[362] Biocompatibility of such carriers 
was improved in recent years with the use of microfluidics: as 
an example, the first enzyme-driven gel micromotors based on 
soft biocompatible materials (oil, PEGDA, and dextran) and 
obtained by the microfluidic-involved assembly was reported in 
2018.[363] Thus, high achieved biocompatibility of microcarriers 
can be used for their further transition to practice, while micro-
fluidics become a promising production method.

7. Conclusions

µ-BCMS can combine versatile methods of motion control 
of chemically/externally-powered micromotors, nanozyme-
enabled integration with biomaterials using catalytic reactions, 
high-throughput fabrication using microfluidics, and modern 
ultrafast super-resolution biomedical imaging methods for a 
controllable uptake, encapsulation, reaction, diffusion, sepa-
ration, release, and delivery of molecular species. Microflu-
idics enables the fabrication of biocompatible, biodegradable, 
biomedical micromotors with monodisperse size. Instead 
of searching for biocompatible reactions, nanozymes can be 
applied as motive power for micromotors. This approach helps 
to solve the problem of catalytic reactions integration with bio-
materials. Several examples of µ-BCMS fabrications are dis-
cussed. For example, µ-BCMS can contain a functional gaseous 
or liquid core with specific functionality, the modality of con-
trast, and target. Shells of µ-BCMS can consist of functional 
materials such as a pH-responsive hydrogel, nanoparticles, and 
proteins. Subsequently, the first demonstration shows that an 
integration of catalytic nanoparticles in the core or liquid shell 
helps to achieve self-propelled motion (by decomposition of 
hydrogen peroxide into oxygen and water) and relevant opera-
tions of chemical micromotors. Moreover, control over the 
encapsulated gaseous core (size, stability, dissolution time) 
of microcarriers is essential for the biomedical US.[252] For 
instance, the combination of bubbles containing oxygen with 
photodynamic dye in the shell is a promising approach for real-
izing effective photodynamic and sonodynamic therapies.[364] If 
an additional PA modality is required to contrast the core–shell 
structure, the chromophore adsorbed light at a defined wave-
length can be added. The chromophore role can play inorganic 
nanoparticles like gold, magnetite nanoparticles, or fluores-
cent dyes like indocyanine green.[262,264,266,305] It is necessary 
to remark that indocyanine green is already FDA improved 
for clinical applications.[365] The presence of magnetite nano-
particle in the shell provides an opportunity to realize the MRI 
contrast in both T1 and T2 modes, as well as navigation mode 
obtained by the magnetic field gradient.[262,354] The liquid phase 
for core preparation is also promising for hydrophobic drug 
encapsulation.[366] Another advantage of the liquid core is a 
possible phase transfer from the liquid to the gas using laser 

Adv. Mater. 2021, 2007465



© 2021 Wiley-VCH GmbH2007465 (33 of 40)

www.advmat.dewww.advancedsciencenews.com

or HIFU induced heating. This phase transfer can drastically 
increase the US and PA signals from contrast agent or drug 
delivery system. The shell can be used not only for stabiliza-
tion or encapsulation of drugs during the continuous release 
but also for encapsulation of active substances such as photo-
dynamic dyes, cytostatic drugs, and molecular species in gene 
therapy siRNA, DNA, DNA plasmid.[251] It was described above 
that promising vectors of core–shell structures are aptamers 
and DARPins.[330,332,333,335,340] Surface functionalization of 
core–shell particles by PEG and related vector molecules like 
aptamers and DARPins provide the methodology to increase the 
circulation time and realize targeting functions.[329,342] Hence, 
a combinatorial approach paves the way toward advanced 
engineering of µ-BCMS with desired properties of core–shell 
structures, dynamic responses, specific targeting, and optimal 
contrast imaging modes for diagnostics and therapy.
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