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Roads to Smart Artificial Microswimmers

Alan C. H. Tsang, Ebru Demir, Yang Ding,* and On Shun Pak*

Artificial microswimmers offer exciting opportunities for biomedical applications.
The goal of these synthetics is to swim like natural micro-organisms through
biological environments and perform complex tasks such as drug delivery and
microsurgery. Extensive efforts in the past several decades have focused on
generating propulsion at the microscopic scale, which has engendered a variety
of artificial microswimmers based on different physical and physicochemical
mechanisms. Yet, these major advancements represent only the initial steps
toward successful biomedical applications of microswimmers in realistic sce-
narios. A next step is to design “smart” microswimmers that can adapt their
locomotion behaviors in response to environmental factors. Herein, recent
progress in the development of microswimmers with intelligent behaviors is
surveyed in three major areas: 1) adaptive locomotion across different media,
2) tactic behaviors in response to environment stimuli, and 3) multifunctional
swimmers that can perform complex tasks. The emerging technologies and novel
approaches used in developing these “smart” microswimmers, which enable
them to display behaviors similar to biological cells, are discussed.

constraints imposed by physics within
the microscopic world to swim. Inertial
effects, which govern macroscopic locomo-
tion, become subdominant to viscous
forces at small scales. The Reynolds num-
ber (Re), which characterizes the inertial to
viscous forces, typically ranges from 10~°
for flagellated bacteria to 10~ for sperma-
tozoa. These micro-organisms have evolved
different mechanisms to move through
fluids to conduct a range of biological pro-
cesses, including reproduction, foraging,
and escaping from predators.*™* Many of
these swimming micro-organisms use
one or more appendages, called flagella
and cilia (short flagella), for propulsion
(Figure la—c). Some eukaryotic cells (e.g.,
sea-urchin spermatozoa Figure 1la) propel
by propagating deformation waves along
their flexible flagella, due to the action of

1. Introduction

1.1. Swimming under the Microscope

In his 1959 talk entitled “There’s Plenty of Room at the Bottom,”
Richard Feynman fantasized about swallowing a “microsurgeon”
that can roam inside his blood vessels and perform microsur-
gery.l! Such a microrobot would need to overcome stringent
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molecular motors (dyneins) between adja-
cent microtubules within the flagellum.”!
In contrast, flagella of prokaryotic cells
(e.g., bacteria Escherichia coli and Vibrio alginolyticus) have struc-
tures and actuation mechanisms different from that of eukaryotic
flagella. The prokaryotic flagellum is a rigid helical filament with
a hook connecting to a rotary motor embedded in the cell wall.!'"!
Prokaryotic cells generate propulsion by rotating their passive
helical flagella with the rotary motor (Figure 1a). Some micro-
organisms such as Paramecium and Volvox (Figure 1c) swim
by beating arrays of cilia covering their surfaces. The cilia beat
in a coordinated manner to generate metachronal waves for
propulsion.*? Extensive hydrodynamic analyses of these biolog-
ical microswimmers have improved our general understanding
of low-Reynolds-number locomotion.!*~*¢
The motility and sensing capabilities of swimming micro-
organisms can be harnessed for biomedical applications. For
instance, drug-loaded micro-organisms are capable of perform-
ing targeted drug delivery using their tactic responses to navigate
toward infectious cells.'"’>*) Compared with artificial swimmers
as delivery systems, these biological cells have the advantages of
being autonomous in vivo, multiplying selectively in targeted
sites, inhibiting growth of disease sites, and operating effectively
under deep tissue. However, the biocompatibility of therapeutic
solutions based on the use of biological cells has not been
completely validated yet. Biovariability among different cells,
inflammation caused by continuous cell reproduction and cell
mutation over time can impose additional threat to their perfor-
mance and raise safety concerns.”') Complementary to the
use of biological cells, recent developments in synthetic biology
provides techniques to engineer biological cells with desirable
properties. Biological cells can be genetically modified to
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Figure 1. Biological (top row) and artificial (bottom row) swimmers at small scales. a) A sea-urchin spermatozoon with planar flagellar beating.
Reproduced with permission.”! Copyright 1985, Biophysical Society. b) A bacterium (V. alginolyticus) propelling with a rotating helical flagellum.
Reproduced with permission.l®! Copyright 2001, Federation of European Microbiological Societies. c) Propulsion of a Volvox with coordinated beating
of cilia covering its surface. Reproduced under a Creative Commons Attribution License (CC BY 4.0)."! Copyright 2016, Cambridge University Press.
d) A flexible propeller exploiting elastohydrodynamic interaction between its magnetic filament and its surrounding fluid for propulsion. Reproduced with
permission.’®! Copyright 2005, Nature Publishing Group. e) A magnetic swimmer propelling by rotating its rigid, artificial helical flagellum under magnetic
actuation. Reproduced with permission.””! Copyright 2009, American Chemical Society. f) A Janus (Pt—SiO,) catalytic motor propelling by generating
the local gradients of chemical concentration due to asymmetric surface chemistry. Reproduced under a Creative Commons Attribution License

(CC BY 4.0).'Y Copyright 2016, Springer Nature.

introduce additional capabilities that are of interest for biomedi-
cal applications, such as environmental sensing, production
and delivery of therapeutic agents in vivo, and performing
synchronized cycles of cell breakdown and drug delivery.*22*!
An alternative approach is to design artificial micromachines
and equip them with capabilities similar to biological cells.
Compared with the millennia of natural evolution, advances
in artificial microswimmers in the past decades represent initial
success and call for further developments. As a third viable
choice for biomedical applications, the biohybrid approach aims
at leveraging the advantages of both biological and artificial sys-
tems. The pros and cons of these approaches depend on specific
applications and environmental constraints. We refer the reader
to reviews on synthetic biological microswimmers and bio-hybrid
microswimmers!>>% for further information about their recent
developments and applications. In this Report, we focus on
advances in artificial microswimmers and discuss recent prog-
ress toward making them “smart.”

Earlier efforts in developing artificial microswimmers have
focused on the capability to generate self-propulsion at the
microscopic scale, which have engendered a variety of propulsion
mechanisms (Figure 1d—f).*'* While some artificial micro-
swimmers are biomimetic or bioinspired (e.g., flexible and
helical propellers that resemble spermatozoa and bacterial
flagella, Figure 1d,e), other swimmers exploit physical and phys-
icochemical mechanisms (e.g., catalytic Janus motors) that do
not stem from the biological world to achieve micropropulsion
(Figure 1f). The flexible propellers consist of flexible structures
made of magnetic particles linked by DNA®! (Figure 1d) or
nanowires,*>*® which exploit fluid—structure interaction with
the surrounding fluid to induce deformations that lead to propul-
sion. Magnetic helical propellers are helical microstructures
which undergo rotation under the action of an external magnetic
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field®3”! (Figure 1e), mimicking the propulsion of helical bacte-
rial flagella. Self-phoretic particles contribute another important
class of microswimmers, which propel by generating local gra-
dients of chemical concentration (self-diffusiophoresis) or elec-
tric potential (self-electrophoresis) via asymmetric surface
reactions. For instance, Janus (Pt—SiO,) catalytic motors self-
propel by generating local gradients of solute concentration
due to its asymmetric chemical compositions (Figure 1f). We
refer the readers to comprehensive reviews of various propulsion
mechanisms for further details.['*15-383

1.2. “Smart” Artificial Microswimmers

Achieving the capability to swim in the absence of inertia like
micro-organisms constitutes a major advancement on the devel-
opment of artificial microswimmers over the past decades.
Yet, this capability represents only the first step toward successful
biomedical or environmental applications of microswimmers in
practical scenarios. In their in vivo applications, biomedical
microswimmers will often encounter complex biological envi-
ronments with varying properties. Despite significant progress
over the past decades, existing microswimmers are typically
designed to have fixed locomotory gaits for a particular type of
medium or environmental condition. Their capability of travers-
ing heterogeneous, dynamically changing environments in a
robust and autonomous manner remains an outstanding
challenge. The conventional propulsion strategy is even harder
to apply when the microswimmers need to move through envi-
ronments whose properties (e.g., theology of biological fluids,
spatial landscapes, or heterogeneity of the environment) are
poorly characterized or even unknown. The presence of unpre-
dictable environmental factors adds further complexities to these
applications. In these scenarios, external interventions such as
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adjusting swimmer’s dynamics with actuation fields manually
could become ineffective or impractical depending on the time
and length scales involved. This points to a need to develop arti-
ficial microswimmers with adaptive locomotion like biological
cells. In addition to robust locomotion strategies, the capability
to respond to various environmental cues (e.g., biological and
chemical signals) will aid the autonomous navigation of micro-
swimmers to desired locations, in applications such as targeted
drug delivery or environmental remediation. Finally, additional
functionalities, such as more advanced and stable manipulations
of micro-objects and the ability to perform multiswimmer
operations, will arm these microswimmers to perform complex
tasks in an autonomous manner. To achieve these goals, a next
step is to design “smart” microswimmers, which we broadly
define as microswimmers that can adapt their locomotion behav-
iors in response to environmental factors, including changes in
their surrounding media or neighboring swimmers. In this per-
spective, we discuss recent progress in the development of these
“smart” microswimmers in three major areas (Figure 2): 1) adap-
tive locomotion across different media, 2) tactic swimmers in
response to external stimuli, and 3) multifunctional swimmers
for performing complex tasks. We also discuss the emerging
technologies and novel approaches used to instill the aforemen-
tioned intelligent behaviors into artificial microswimmers.

2. Adaptive Locomotion of Artificial Swimmers

Swimming at the microscopic scale by itself is a challenging task
due to stringent physical constraints imposed by the absence of
inertia.*” As described in Section 1, complexities present in
diverse biological environments impose additional challenges to
successful biomedical applications of microswimmers. These
microswimmers need to traverse vastly different biological environ-
ments, including blood-brain, gastric mucosal barriers, and tumor
microenvironments.*'~*! However, locomotory gaits that are
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optimal in one medium may become ineffective in a different
medium; hence, locomotion performance of synthetic micro-
swimmers with fixed locomotory gaits may not be robust to envi-
ronmental changes. In contrast, natural organisms show robust
locomotion performance across varying environments by adapting
their locomotory gaits to the surroundings.***¢! Without adaptabil-
ity like their biological counterparts, it remains formidable for syn-
thetic microswimmers to operate in complex biological media with
unpredictable environmental factors. Recent developments have
used a variety of novel materials and techniques to realize adaptive
microswimmers,'*”) which we discuss in the following sections.

2.1. Exploiting Soft Active Materials

The elastohydrodynamic interaction between flexible bodies and
the surrounding fluid has been exploited by both biological and
artificial microswimmers for propulsion. Some micro-organisms
have distributed molecular motors along their flexible flagella,
whose coordinated activity leads to flagellar beating and effective
locomotion.** In contrast, artificial flexible swimmers, consist-
ing of magnetic particles linked by DNA,®! DNA assemblies,*®!
nanowires,*>*% typically deform only passively,?>¢*®! or have a
small number of passive degrees of freedom (DOFs).B! More
recent developments on soft active materials, which deform in
response to external stimuli such as light,**~* heat,®*°! and
magnetic field,**®Y offer a class of shape-programmable
materials to achieve mechanical functionalities beyond those
of traditional soft materials. We highlight recent applications
of these novel materials in the following paragraphs in realizing
adaptive locomotion at small scales.

2.1.1. Light-Driven Soft Microswimmers

Liquid-crystal elastomers (LCEs) are soft active materials that
exhibit reversible shape changes in response to heat or light."*!

Robust locomotion across
complex environments

Exploiting soft active materials

Designing adaptive locomotion

locomotion

Navigating complex
environments

Tactic
behaviors

Magnetotaxis
Phototaxis
Rheotaxis

Gravitaxis
Viscotaxis

Performing
complex tasks
Cargo manipulation

Multi-swimmer operation

Figure 2. Overview of roads to smart artificial microswimmers. Herein, we report recent progress in the development of smart microswimmers in three
major areas: adaptive locomotion across different media (Section 2), tactic behaviors in response to external stimuli (Section 3), and multifunctionality for

performing complex tasks (Section 4).
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Palagi et al.”® demonstrated the versatile locomotion of biomi-  local light field from an external optical system (Figure 3a—d).
metic swimming microrobots using photoactive LCE driven by =~ The high spatial selectivity permits a large number of degrees
structured dynamic light fields. The body of the LCE microrobot  of freedom to realize complex deformations of the soft body
acts virtually as a continuum array of many infinitesimally small ~ for self-propulsion at small scales (Figure 3a). In addition, the
actuators, each of which can be independently triggered by the  locomotory gait of the swimmer is not predefined at the
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Figure 3. Exploiting soft active materials for adaptive locomotion. a—d) Light-driven soft microrobots. a—c) Reproduced with permission.?*! Copyright
2016, Macmillan Publishers Limited. d) Reproduced with permission.[? Copyright 2018, IEEE. a) Selective deformation of a soft continuous micro-
swimmer via photoresponse of LCEs under structured light fields. b) The structured light fields are generated by an optical systems based on a digital
micromirror device (DMD). c) Experimental images (top-view) of an anchored cylindrical microswimmer deforming under a periodic light pattern trav-
eling from left to right; illuminated areas are represented by the green overlay. Scale bar, 200 pm. d) Gait learning for light-driven soft microswimmers as
cost-minimization problem over a parametric controller via Bayesian optimization (BO) with Gaussian Processes (GPs). The control input is the dynamic
light field parameterized by 6. In each iteration i, the controller generates the input signal u(t) that drives the microrobot, whose trajectory {x(t)}_, is
tracked experimentally. The performance is evaluated by a cost function, which is given back to the optimizer and added to the dataset D. Given the
posterior GP, BO suggests a new set of parameters for the next experiment by maximizing the acquisition function a. e-g) Microswimmers exploiting
elastohydrodynamic coupling for gait adaptation. Reproduced under a Creative Commons Attribution License (CC BY 4.0).°% Copyright 2019
The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. e) Optical images of microswimmers with
shape-shifting tails moving at varying viscosities and rotating frequencies. Scale bar, 500 pm. f) Optical images of a flexible helical microswimmer passing
through a highly curved microchannel under an externally applied flow (flow rate = 2 mL min™"). g) Shape change of filaments driven by velocity gradients
in a cylindrical channel with a constriction (flow rate =5 mLmin~"). h-I) Multimodal locomotion of a magnetoelastic millimeter-scale soft robot over a
hybrid liquid-solid environment. Reproduced with permission.®"! Copyright 2018, Macmillan Publishers Limited. These soft robots can switch between
different locomotive modes and transit reversely between different liquid and solid terrains, including swimming inside and on the surface of liquids (h, i, j),
climbing liquid menisci, rolling and walking on solid surface, jumping over obstacles (k), and crawling in narrow tunnels (l). Scale bars, 1 mm.
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fabrication stage but dynamically controlled through different
light fields (Figure 3b). Such versatility allows the swimmer to
be reconfigured in real time for adaptable locomotion behaviors.
Based on the photoresponse of LCE to structured light, the
researchers realized artificial microswimmers that self-propel
by generating traveling-wave motions, closely mimicking the
propulsion of micro-organisms (e.g., metachronal waves in cili-
ates)!'>®* (Figure 3c). The traveling-wave motion was induced by
illuminating spatially periodic patterns of light and dark stripes
that propagate along the swimmer’s body.

This light-based approach provides refined spatiotemporal
coordination required for adaptable locomotion behaviors,
achieving a variety of swimming gaits with a single micro-
swimmer. However, successful biomedical applications of this
light-based approach may be constrained by limited penetration
of light into biological tissues. The capability to generate
structured light fields with refined resolution within the tissue
remains a challenge to be resolved for in vivo applications
(see also Section 3). Further development in bioimaging of
live tissue, such as wavefront shaping methods!® or advances
in the use of near-infrared for deep imaging,®* are required
to bring these light-based strategies closer to in vivo
applications.®®!

2.1.2. Gait Adaptation by Elastohydrodynamic Coupling

Huang et al. engineered magnetically powered microswimmers
using origami design principlest®®*®! (Figure 3e-g). The self-
folding microswimmers were designed from a thermoresponsive
gel reinforced with magnetic nanoparticles, where morphology
and magnetization profile of the swimmers could be
programmed.®® Compliant microswimmers with self-regulation
of motility and maneuverability were further developed.®® The
propulsion efficiency of these compliant swimmers depends on
the coupling between magnetic forces, filament flexibility, and
viscous drag. The elastohydrodynamic coupling enabled the
swimmers to trigger a gait transition in response to changes
in viscosity. Swimmers with tubular bodies and planar tails
swam with an oar-like propulsion strategy at low viscosity and
performed corkscrew motion at high viscosity due to coiling
of the flexible tails (Figure 3e). This morphological transforma-
tion enhanced the swimmer’s motility at high viscosity. These
compliant swimmers could be programmed to reconfigure
between a tubular body with a planar tail and a helical morphol-
ogy, which performed better in a low viscosity fluid and a high
viscosity fluid, respectively. Therefore, the swimmers with pro-
grammed shape change displayed both robust propulsion speed
and enhanced maneuverability across varying fluid viscosity.
Moreover, swimmers with helical shapes were shown to be able
to adapt their shapes in response to complex geometric confine-
ment and flow velocity gradient. The helical swimmer could bend
its shapes to pass through a highly curved conduit under an exter-
nal flow (Figure 3f) and elongated its axial length to pass through
a conduit with a constriction (Figure 3g). All these shape trans-
formations were elastic, and the swimmers recovered afterward,
demonstrating elastohydrodynamic coupling as a mechanism for
gait adaptation in traversing complex and dynamically changing
environments.
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2.1.3. Multimodal Locomotion of Magnetoelastic Soft Robots

Hu et al.®! developed a magnetoelastic soft millimeter-scale
robot that realized multimodal locomotion (Figure 3i-l). The
potential of programming magnetic soft matter to achieve
desired time-varying shapes has been demonstrated in an earlier
work by Lum et al.®” The robot was made of silicone elastomer
embedded with hard magnetic neodymium-iron-boron micro-
particles and was programmed to have a single wavelength
harmonic magnetization profile along its body. Through the
interaction between a time-varying magnetic field and the
magnetization profile, the robot could be controlled to change
into different shapes and generate different modes of locomo-
tion. A weak magnetic field caused a small deformation of a
rectangular-sheet-shaped robot into a sinusoidal shape.
Conversely, a strong magnetic field deformed the robot into a
large-deflection shape of either a “C” or a “V” shape. By control-
ling the magnitude and the rotation of the magnetic field, the
robot could perform multimodal locomotion in different envi-
ronments. For example, the robot generated a swimming gait
similar to that of a jellyfish by alternating between the “C”
and “V” shapes. The robot could make use of its shape-changing
mechanism under a time-varying magnetic field to transit
reversely between liquid and solid terrains with different locomo-
tion modes. The robot could swim inside liquids and swim on
their surfaces (Figure 3ij). It could also roll, walk, crawl, and
jump on solid surfaces as well as climbing air-liquid interface
of menisci (Figure 3k-1). These versatile modes of locomotion
also enabled the robots to perform cargo pick up, transport,
and release, demonstrating their vast potential toward medical
applications. Although these millimeter-scale soft robots are
larger than other microswimmers discussed in this Report, they
are among the first to demonstrate adaptive locomotion across
both liquid and solid terrains. These recent progresses call for
further investigations into the possibility of scaling down these
soft robots to the submillimeter scale.

2.2. Designing Adaptive Locomotion

While the use of soft active materials allows a large number of
DOFs to be controlled for adaptive locomotion, another key
challenge is to find effective locomotory gaits in different envi-
ronments. Hand-tuning a large set of parameters is inefficient,
time-consuming, and ineffective for varying, complex environ-
ments (see also Section 1.2). It becomes an even bigger challenge
when there is no accurate locomotion model for the microrobots,
or when uncontrolled factors arising from the fabrication of the
microrobots and noises from their surrounding environments
are present. We report the recent progresses mentioned in
the following paragraphs on applying different gait learning
approaches in realizing adaptive microswimmers.

2.2.1. Gait Learning as a Parametric Controller Tuning Problem

Rohr et all®? presented a path toward self-adaptive micro-
swimmers via a probabilistic learning approach to find effective
locomotory gaits for a given environment (Figure 3d). Photoactive
microswimmers®*%”! (see discussion in Section 2.1) were used as

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the model system, where parameters of periodic light patterns
(e.g., size of the dynamic light and dark stripes and their gaps
in between) represent the control input in a parametric controller
tuning problem. The optimization takes place in the parameter
space of the light patterns with a specific cost function. Learning
an optimal gait thus amounts to finding an optimal control input
that minimizes the cost function. To account for uncertainties
(e.g., in measurements and state estimation of the micro-
swimmers), the cost function was modeled as a Gaussian process.
In each learning trial for a given controlled input, the dynamics of
the swimmer was experimentally tracked and evaluated by the
cost function. The gait performance was then optimized by
the method of Bayesian Optimization,®® which maximizes an
acquisition function that determines the next state to evaluate.
This learning process then informed a new set of controller input
for the next trial. This gait learning approach resulted in a 115%
improvement in the locomotion performance of a microrobot,
demonstrating the possibility of realizing self-adaptivity with
light-based microswimmers and probabilistic learning control.

2.2.2. Reinforcement Learning of Microswimmers

Reinforcement learning!®” offers an alternative machine learn-
ing approach to designing adaptive locomotion of micro-
swimmers. In this approach, the reinforcement learning agent
learns to select actions given the states based on its experience
interacting with the environment (Figure 4a). When performing
each action in the environment, the agent obtains a numerical
reward that measures the success of the action relative to the
overall goal. Through the reinforcement learning algorithm,
the agent will progressively learn to perform actions that maxi-
mize the cumulative reward in a certain application. We discuss
three recent applications of reinforcement learning to micro-
swimmers in the following paragraphs, which are all based on
the Q-learning algorithm. The standard Q-learning algorithm
is known for its simplicity and expressiveness, where the experi-
ence gained by the microswimmer is stored in a Q matrix, an
action-value function that captures the expected long-term
reward for performing the action given the state.!”!

The first example is concerned with the gravitactic response of
swimmers in the presence of complex flows, which presents a
challenging flow navigation problem for artificial micro-
swimmers. Colabrese et al.” have used Q learning to develop
smart gravitactic swimmers with effective escape strategies to
avoid being trapped by flow structures. With the ability to obtain
partial information about its local surrounding flow and the use
of Qlearning, a smart gravitactic swimmer can learn nearly opti-
mal strategies to swim upward by exploiting the underlying flow,
based on its experience interacting with the environment
(Figure 4b,c). This work demonstrates the vast potential of rein-
forcement learning in designing smart swimmers with adaptive
behavior in complex environments.

The second example considers the navigation of active
particles in a gridworld to target destinations (Figure 4d—f).""]
Implemented through Q learning, the system learns the policy
to apply heat to specific positions on the particle with laser light
to navigate the particle via self-thermophoresis from different
starting cells to the target cell (Figure 4f). The swimmer position
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is tracked by real-time microscopy to obtain the state, reward or
penalty as inputs to the learning algorithm. The extension of the
learning process to multiple swimmers also suggests the benefit
of sharing information between multiple swimmers in speeding
up the learning process. This work is among the first to imple-
ment reinforcement learning with a microscale experimental
platform in a real-world environment, via the integration with
a computer and microscopy setup. It demonstrates the feasibility
and vast potential of the machine learning approach in the devel-
opment of microswimmers.

More recently, Tsang et al.”? considered a canonical swimmer
model as an example to illustrate the use of reinforcement
learning for designing locomotory gaits at low Re (Figure 4g—i).
The model swimmer consists of an assembly of spheres
connected by extensible rods (Figure 4g). Similar reconfigurable
systems have been used to generate self-propulsion at low
Reynolds numbers.”>”7¢) Unlike these traditional approaches
where the swimming strokes were specified, here the spheres
will self-learn propulsion policies based on knowledge gained
by interacting with the surrounding medium via a reinforcement
learning algorithm. Implemented via the Q learning algorithm, a
self-learning swimmer can recover a previously known propul-
sion strategy (the Najafi-Golestanian’s swimmer!”?)), identify
more effective locomotory gaits when the number of spheres
increases, and adapt its locomotory gaits in different (e.g., vis-
cous and frictional) media (Figure 4h—i).

These recent applications demonstrate the possibility of
leveraging the prowess of machine learning to designing the next
generation of smart microswimmers with adaptive locomotive
capabilities.

Finally, despite significant recent progresses on adaptive
locomotion, these algorithms and in vitro experiments remain in
the proof-of-concept phase. In bringing them closer to in vivo
applications, bioimaging becomes a major hurdle.””) Refined
resolution and sensitivity are required in realizing these adaptive
locomotion strategies inside the human body, calling for further
development in bioimaging techniques and integration with
microscale systems.

3. Tactic Artificial Swimmers

Swimming micro-organisms sense environmental stimuli and
exhibit various tactic strategies to achieve biological goals. For
example, chemotaxis is exhibited by bacteria to locate their nutri-
ent rich environments!™) and by sperm cells to find the egg”®!
Phototactic micro-organisms swim and adapt in response to light
conditions for optimal photosynthesis.”>#% Apart from these tactic
strategies, natural micro-organisms also respond to other external
stimuli such as fluid flows, magnetic field, and gravity and adjust
their motility accordingly.®®% This ability of adapting motions in
response to external fields is crucial for effective navigation in
biological fluids. Taking inspiration from nature, researchers have
designed different artificial microswimmers that are capable of
mimicking the tactic behavior of natural microswimmers and
execute specialized tasks in complex environments.

Extensive efforts in the past decades have equipped artificial
microswimmers with different types of tactic behaviors.
Chemotaxis and magnetotaxis are among the most studied tactic

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Reinforcement learning of microswimmers. a) Reinforcement learning enables an agent (e.g., smart swimmer) to learn by interacting with an
environment. The reinforcement learning agent learns from the consequences of its actions, which are numerical rewards that encode the success of the
actions relative to the goal. The agent progressively learns to select actions that maximize the cumulative reward in a particular application. b,c) A smart
gravitactic particle learns the best way to navigate and exploit the underlying complex flow to reach the highest attitude. Reproduced with permission.!”%
Copyright 2017, American Physical Society. b) Comparison of representative trajectories at different learning episodes for smart gravitactic particles (blue)
and typical trajectories for naive gyrotactic particles (red) in a Taylor-Green vortex flow and c) perturbed flows. The parameter 8 controls the intensity of
the perturbation (8 =1 corresponds to the original training environment), and X,,; denotes the averaged learning gain, which measures the relative
increase in the return for smart gravitaxis relative to the return for naive gyrotaxis. d—f) Navigation of self-thermophoretic active particles in a gridworld to
reach a target destination. Reproduced with the permission of the authors.”" d) The actions are conducted by setting a specific heating position on the
circumference of the particle, defining the propulsion direction. e) The sample region is coarse-grained into a gridworld of 25 states, where each cell
represents a state. The swimmer transits between different states by executing different actions, collecting rewards (R) that can be positive or negative as
indicated in the legend. f) Typical trajectories for the swimmer starting at different states reaching the target destination (gray cell) after the learning
process. g—i) Self-learning locomotory gaits to swim at low Reynolds number via Q learning.”? g) A simple reconfigurable system consisting of three
spheres connected by two extensible rods. For a given configuration of the swimmer (the state) in a learning step, the swimmer could extend or contract
one of its rods (the action) to transforms from the current state to a new state. Such an action resulted in a displacement of the swimmer’s body centroid
(the reward), which measures the immediate success of the action relative to its goal. Here g; represent entries in the Q matrix that evolve based on
reinforcement learning. h) A typical learning episode of a three-sphere swimmer in a viscous fluid, where n is the number of learning step and D rep-
resents the cumulative swimmer displacement (dimensionless). The swimmer has no prior knowledge of low Reynolds number swimming but self-learns
how to swim based on its interactions with the surrounding viscous fluid environment. The learning outcome recovers the Najafi-Golestanian’s swim-
ming strokes (N-G strokes).[”?! i) Gait adaptation in a frictional medium. The N-G strokes (left inset) fails to propel in the frictional medium (region 1) due
to the absence of hydrodynamic interaction. When the learning algorithm is turned on, the self-learner rapidly identifies new effective locomotory gaits
(F strokes, right inset) to propel in the frictional medium (region Il).

behaviors for artificial microswimmers, with relatively solid
theoretical foundation and abundant experimental implementa-
tions. However, in vivo medical applications are still limited with
concerns on the biocompatibility and toxicity of these synthetic
structures, especially for chemical swimmers which usually
involve the use of toxic chemical fuels. Recently, in vitro experi-
ments on phototactic and rheotactic artificial swimmers have
demonstrated promising results as proof of concept, but their
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applicability in realistic in vivo environments remains to be
addressed. Finally, studies on gravitaxis and viscotaxis for artifi-
cial microswimmers are still at their early development stage.
In particular, most recent efforts on artificial viscotactic
swimmers remain theoretical, which calls for experimental
implementation. Below, we survey these recent developments
in more detail and discuss promising directions in addressing
outstanding challenges for in vivo medical applications.
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3.1. Chemotaxis

Chemotaxis, the response to chemical gradients, allows bacteria
to move toward or away from a particular chemical attractant or
repellent by biased random walks through altering the tumbling
frequency.) Artificial microswimmers such as catalytic Janus
particles can also imitate chemotaxis but with qualitatively
different mechanisms than biological swimmers.®*®”) These
catalytic Janus particles can swim by self-diffusiophoresis, where
self-generated chemical gradients due to reactions at the
particle surface lead to phoretic motion of these particles.*”
When there are nonuniform concentration fields, the fluid flows
set up around the Janus particle can reorient the particle’s
symmetry axis in response to local gradients of the substrate
concentration®##”! (Figure 5a). In the presence of nearby
particles, their chemotactic interactions were shown both theo-
retically and experimentally to display a rich array of collective
behaviors, including for formation of dynamic clusters, asters,
and wave patterns®*#”8%90-931 (Eigure Sb). Previous studies also
demonstrated the chemotaxis of droplet swimmers in different
chemical systems,”* ! guiding the droplets through microflui-
dic maze (Figure 5c—e) and branch selection by autochemotactic
signaling.®” As a remark, the biohybrid approach, which exploits
the locomotion and tactic behaviors of living cells, such as
neutrophils, sperm cells, or bacteria,”’% could lead to more
effective carriers for specific drug delivery or fertilization-related
problems.”>~%1 Nevertheless, purely artificial chemotactic
machines offer alternative strategies in biomedical applications
when there are concerns on specificity or pathogenicity of the
biohybrid approach. Yet, concerns on the biocompatibility of
artificial structures and toxicity in chemical-based strategies will
also need to be addressed."°>'°*) An important next step is to
examine the applicability of these artificial tactic strategies in
in vivo biological environments. As an example, recent
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experiments have demonstrated that chemotaxis of self-propel-
ling vesicles (polymersomes) in the presence of glucose gradients
can enable a fourfold increase in delivery across the blood—brain
barrier compared with nonchemotactic systems.!"®! In addition
to their biomedical uses, purely artificial chemotactic machines
find potential applications in environmental damage remedies,
such as locating the source of pollution and decomposing the
pollutants into harmless products.!***1%¢!

3.2. Magnetotaxis

The motion of some micro-organisms (e.g., magnetotactic bacte-
rial'?”1%®)) is guided by magnetic fields due to the presence of
organelles containing magnetic nanoparticles called magneto-
somes, which act as compass needles for navigation along the
magnetic field. Similarly, for artificial microswimmers driven
by external magnetic fields!®?>>1% or hybrid motors consisting
of magnetic components,!'**™! the constituting magnetic mate-
rial allows the steering of the microswimmer through adjusting
the external magnetic field. Swimmers that are not magnetically
driven (e.g., swimmers that propel by bubble generation or self-
phoretic particles), can be guided by magnetic fields through the
incorporation of magnetic materials into the swimmers. This
method includes the addition of nickel segments,**** iron
or iron-based objects!****”! into rod-like (Figure 6a) or tabular
(Figure 6b—d) motors. However, these approaches, which rely on
the magnetic shape anisotropy of the rod-like and tabular struc-
tures, are difficult to apply to spherical Janus motors due to their
symmetry. Baraban et al.''®l designed spherical Janus particles
combining catalytic and magnetic cap structures, where the mag-
netic moment is aligned along the main axis of symmetry of the
cap by the deposition of ultrathin magnetic multilayer films onto
the spheres (Figure 6e). More recently, manganese ferrite nano-
particles have been coated on spherical, double-fueled Janus
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Figure 5. Chemotaxis of artificial microswimmers. a) Schematics illustrating different ways a single phoretic swimmer responds to chemical gradients
[()—(iv)], depending on details of geometry, activity, and mobility of the particle. Reproduced with permission.l Copyright 2014, American Physical
Society. b) Emergence of dynamic clustering in active colloidal suspensions with chemical signaling. Reproduced with permission.® Copyright 2012,
American Physical Society. c-e) Maze solving by chemotactic droplet swimmers. Reproduced with permission.¥ Copyright 2017, National Academy of
Sciences of the United States of America. c) Distribution of ionic surfactant, tetradecyltrimethylammonium bromide (TTAB), mixed with fluorescent Nile
Red in the maze after 60 min, with the point of release marked as “source.” Trajectories of swimmers in the maze with (d) and without (e) TTAB gradient.
Line colors correspond to the time in the experiment.
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Figure 6. Magnetotaxis of artificial microswimmers. a) A scanning electron microscopy image of a striped metallic nanorod with Pt, Ni, Au, Ni, and Au
segments. The Pt segment catalyzes the decomposition of hydrogen peroxide and the ferromagnetic nickel segments can be magnetized for controlling
the direction of the rod. Reproduced with permission.l"'? Copyright 2005, Wiley-VCH. b—d) Controlled manipulation of CAD cells (cathecolaminergic cell
line from the central nervous system) by Ti/Fe/Pt microtubes. The motion of the catalytic microbot is aligned by an external magnetic field (insets).
Reproduced with permission.l'"®! Copyright 2011, The Royal Society of Chemistry. e) Catalytic Janus motor combined with magnetic cap, where the
resulting magnetic moment is aligned along the main axis of symmetry of the cap. The catalytic and magnetic cap structures allow the Janus motor
to be guided by an external magnetic field. Reproduced with permission.''® Copyright 2012, American Chemical Society. f) Schematic illustration of a
microfish loaded with Pt nanoparticles for catalytic propulsion and Fe;O4 nanoparticles for magnetic control (left); the microfish’s movement can be
guided magnetically (right). Reproduced with permission.l"'® Copyright 2015, Wiley-VCH.

swimmers.['*”) Iron oxide nanoparticles have also been loaded
into 3D-printed fish-like catalytic microswimmers for magnetic
control""! (Figure 6f). In addition to chemical swimmers, ultra-
sound-propelled nanowire motors with embedded nickel seg-
ments can also facilitate magnetically guided motion as well
as transporting large cargo along predetermined paths.'*!
Finally, we remark that the biohybrid approach, which integrates
either the self-propelling or the magnetotactic capabilities of
micro-organisms with artificial structures, offers an array of bio-
hybrid microrobots. We refer the readers to specialized reviews
on this biohybrid approach.?>--122]

3.3. Phototaxis

Phototactic behavior allows motile photosynthetic micro-
organisms to move either toward the light source to receive more
energy for photosynthesis or away from it to avoid exposure to
damaging radiation. Artificial microswimmers capable of
sensing the external light source and orienting to it enable addi-
tional control of their direction of motion and optical navigation
in healthcare applications, such as noninvasive surgery and drug
delivery. Dai et al.'**! designed a phototactic microswimmer
with a Janus nanotree structure (an array of titanium dioxide,
TiO, nanowires grown on a silicon nanowire, Figure 7a). These
light-driven microswimmers propel by self-electrophoresis,
where the asymmetrically distributed ions along the nanotree
are generated by the photoelectrochemical (PEC) reaction. The
phototactic behavior stems from the different PEC reaction rates
between the illuminated and shaded side of the TiO, nanowires.
The difference results in an unbalanced charge distribution,
which generates an electric field parallel to the propagation direc-
tion of the light and hence a torque that reorients the swimmer
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in response to the light source. In more recent experiments,
Zheng et al."*"! coded microswimmers with distinct spectral
responses by loading the nanotrees with different dyes. Such cod-
ing enables independent navigation of multiple dye-sensitized
microswimmers (Figure 7b).

Light-driven self-diffusiophoretic particles, such as optically
transparent silica spheres capped on one side with a light-
absorbing carbon layer!"®” and carbon-nitride-coated platinum
particles,'*! can also display phototactic response to light gra-
dients, similarly due to the dependence of chemical activity of
the particle surface on the local light intensity (Figure 7c).
Recent experiments have demonstrated photogravitactic behav-
iors for light-driven self-diffusiophoretic particles,'*”) where
these particles lift-oft from wall and swim away from the light
source against gravity above a certain light intensity threshold.

Light fields are readily adjustable spatially and temporally,
which makes the light-based approach appealing for dynamic
environments.”>?*) However, potential restrictions on health-
care applications of these phototactic strategies include the
challenge of light penetration into biological tissues (see also
Section 2.1) and harmful effects stemming from the choice of
illumination (e.g., ultraviolet [UV] radiation). The development
of optical techniques such as wavefront shaping may enable
the penetration of tightly focused light deep into biological
tissues.!®" Further investigations on the choice of photoactive
materials may also allow harmful UV radiation to be replaced
by biocompatible visible or infrared illumination.**!

3.4. Rheotaxis

Biological and artificial swimmers often encounter external fluid
flows. Rheotaxis is a form of taxis observed in many aquatic

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Phototaxis of artificial microswimmers. a) Top: schematic of a Janus self-electrophoretic microswimmer, consisting of an array of TiO, nano-
wires (yellow) grown on a silicon nanowire (pink). Reproduced with permission.['?*! Copyright 2016, Macmillan Publishers Limited. Bottom: Navigated by
light, the trajectory of the phototactic swimmer spells “nano.” b) The orthogonal orientation control and navigation of dye-sensitized microswimmers.
Reproduced under a Creative Commons Attribution License (CC BY 4.0).I'*I Copyright 2017, The Author(s). Published by Springer Nature. Top: the blue
and red lights are used to control the orientation of the microswimmers, whereas the green light is used for imaging. Bottom: navigated by the blue and
red lights, the trajectory of red- and blue-sensitized microswimmers spell, “r” and “b,” respectively (scale bar: 20 um). c) Phototaxis of self-diffusiophoretic
particles. Reproduced under a Creative Commons Attribution License (CC BY 4.0).I'**! Copyright 2016, The Author(s). Published by Springer Nature. Top:
trajectory of a phototactic, self-diffusiophoretic particle in a constant light gradient VI. Bottom: time evolution of the orientation angle 6 of the swimmer.

Lower inset: The axially asymmetric slip velocities (green arrows) result in an angular velocity @ and hence the reorientation.

organisms, which allows them to respond to external flows to
facilitate different biological functions, such as accessing
food, migration, and for sperm cells to reach the egg.'*®
Palacci et al'® demonstrated artificial rheotaxis with an
anisotropic active particle consisting of a spherical body of
3-methacryloxypropyl trimethoxysilane polymer and a hematite
cube protruding out from the particle surface (Figure 8a). The
rheotactic behavior originates from the alignment of the active
polar particle with the flow (Figure 8b,c), where the particle
experiences a viscous torque under a shear flow and migrates
upstream (positive rheotaxis). More recently, Ren et al.’**
designed bimetallic microrods which exhibit not only positive
rheotaxis based on the same mechanism as the hematite
swimmers,'*”! but also negative rheotaxis by combining the
chemical orientation mechanism with directional propulsion
using the acoustic field. The direction of rheotaxis can be
selected depending on the composition of the bimetallic rods
(Figure 8d—e). As a remark, analytical and numerical calculations
suggested that under certain conditions rheotaxis can also occur
for active particles without shape anisotropy (e.g., spherical
catalytic Janus particles) due to the near-wall swimming activity
of the particle. A recent study has shown through experiments
and simulations how to tune rheotactic response by controlling
the distribution of surface slip."*'! Building on these recent
progresses, an important next step is to demonstrate the feasibil-
ity of these artificial rheotactic strategies in realistic biological
scenarios relevant to their biomedical applications.

3.5. Gravitaxis

Some motile micro-organisms can respond to Earth’s gravity and
orient themselves to swim upward.!'**™** Such orientation
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capability, termed negative gravitaxis, allows the micro-
organisms to counteract sedimentation and thus extend the
range of their habitat. The gravitactic response could result
simply from a purely passive mechanism due to asymmetric dis-
tribution of mass density in bottom-heavy cells. With a similar
mechanism, Campbell and Ebbens!™**! demonstrated artificial
gravitaxis with spherical catalytic Janus swimmers (Figure 9a),
whose orientations were biased toward the cap-down configura-
tion with respect to gravity. Alternatively, Hagen et al."*® showed
that asymmetric shape (Figure 9b, e.g., L-shaped swimmers),
alone, can also result in gravitactic response, either preferential
upward or downward swimming. As a remark, we also discussed
in Section 2.2, a theoretical approach in designing smart gravi-
tactic active particles via reinforcement learning.””) Most recent
efforts are still in the stage of proof of concept, and the link to
practical applications of artificial gravitaxis remains to be built.

3.6. Viscotaxis

While some micro-organisms are known to move up (e.g.,
Leptospiral™®) or down (e.g., E. colil**)) the viscosity gradients,
this type of tactic behavior—viscotaxis—is less understood com-
pared with other types of taxes discussed earlier. Liebchen
et al."*”! constructed model swimmers consisting of assemblies
of spheres to demonstrate that viscotactic motion can emerge
from an asymmetry of viscous forces on different parts of the
swimmer (Figure 9c). These results hence suggest the associa-
tion of dynamic body shape changes of micro-organisms with
their viscotactic behaviors. More recently, Datt and Elfring!"*®
considered a spherical squirmer model to show that viscotactic
response can also occur with axisymmetric squirmers
(Figure 9d), which generally turn toward regions of lower

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Rheotaxis of artificial microswimmers. a—c) Artificial rheotaxis with an anisotropic active particle driven by the photocatalytic decomposition of
the hydrogen peroxide fuel by hematite. Reproduced under a Creative Commons Attribution License (CC BY 4.0).1*%! Copyright 2015 The Authors, some
rights reserved; exclusive licensee American Association for the Advancement of Science. a) A thermal treatment results in an anisotropic particle con-
sisting of a spherical body of 3-methacryloxypropyl trimethoxysilane polymer and a hematite cube protruding out from the particle surface. b) A model
assuming that the hematite component acts as a fixed pivot, linked to the substrate, with @ denoting the angle between the tail-head direction of the
particle with the flow. The flow exerts a viscous drag F on the body of the particle, resulting in a torque M that aligns the particle with the flow. The
alignment combines with the polarity of the self-propulsion induces an upstream migration. c) Trajectories of the particles in the absence (dashed lines)
and presence of (solid lines) of light under a flow. The flow direction is indicated by the blue arrow. In the absence of light, the particle acts as a passive
tracer advected at velocity V* =4 um s~ under the flow. When activated by light, the particle self-propels at Vo =8 um s~ without an imposed flow.
Under the external flow, the particle re-orients with the hematite protrusion facing the flow and hence migrates upstream. d,e) positive and negative
rheotaxis of synthetic bimetallic micromotors via a combination of chemical fuel and acoustic force. Reproduced with permission.l"*% Copyright 2017,
American Chemical Society. d) For Rh—Au micromotors, the direction of their axial motion in the chemical and acoustic fields is the same. In the chemical-
acoustic hybrid field, these micromotors exhibit positive rheotaxis. ) For Ru—Au micromotors, the direction of their axial motion in chemical and acoustic

fields is opposite, and acoustic propulsion dominates the axial motion. These micromotors exhibit negative rheotaxis. Scale bar, 10 pm.

viscosity (negative viscotaxis). These studies lay the theoretical
foundation for the development of artificial viscotactic micro-
swimmers and strategies to sort and control these swimmers
with the use of viscosity gradients, which may be generated
by concentration or temperature difference."*'*3! Artificial vis-
cotaxis is among the least studied type of tactic behaviors. These
recent theoretical efforts call for experimental implementation
and more practical considerations in terms of their biomedical
and environmental applications.

4. Multifunctional Swimmers

In addition to robust locomotion across varying environments
(Section 2) and navigating complex environments in response
to external stimuli (Section 3), smart microswimmers need to
be armed with additional functionalities to perform complex
tasks for their biomedical or environmental applications. We
highlight recent progress in designing multifunctional micro-
swimmers in two areas as examples: 1) cargo manipulation
and 2) multiswimmer operations in this section.

4.1. Cargo Manipulation

In their applications in drug delivery, microswimmers can be
used to transport therapeutic payloads to targeted locations.

Adv. Intell. Syst. 2020, 2, 1900137 1900137 (11 of 17)

They can also be used to collect and transport biological samples
from pathological sites for diagnostic purposes. Artificial helical
propellers can manipulate cargo through direct contact (e.g.,
pushing and rotating®!%?)). To stabilize the loading and transport
process, various strategies have been explored."** For instance,
microswimmers with microholders can transport microparticles
more stably due to lateral confinement from the protrusions of
the microholder."*>1*%) Magnetic attraction between the swim-
mer and the cargo was exploited."™*! Gao et al.**”) developed
magnetic flexible swimmers to transport drug-loaded poly
(lactic-co-glycolic acid) (PLGA) particles encapsulating iron oxide
particles to HeLa cancer cells. The cargo pickup is enabled by the
attraction between the magnetic head of the swimmer and the
iron oxide particles inside the PLGA cargo. When the swimmer
with the PLGA cargo is directed to approach the target cell, the
cargo is not released; instead, the swimmer is nonspecifically
bound to the cell to enable localized drug release from the cargo.
Instead of picking up drug-loaded particles via magnetic attrac-
tion, magnetic microswimmers can also be functionalized with
drug-loaded liposomes in advance.'*¥! For catalytic Janus
motors, Baraban et al.*® combined catalytic and magnetic cap
structures to enable steering and cargo manipulation. Cargo
release is realized by adjusting the magnetic field orientation.
Electrostatic force or chemical interaction have also been used
for self-assembly of the swimmers and surface functionalized
cargos."**1*% More recently, with the aim of assisting fertilization,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. a,b) Gravitaxis and c,d) viscotaxis of artificial microswimmers. a) 3D swimming trajectories of catalytic Janus swimmers demonstrate gravitactic
response due to the asymmetrical distribution of mass density at the surface of the swimmer. Reproduced with permission.'**! Copyright 2013, American
Chemical Society. b) Swimmer with asymmetric shape (e.g., L-shaped swimmer) alone can induce gravitaxis. Reproduced with permission.**! Copyright
2014, Macmillan Publishers Limited. Left: An asymmetric self-diffusiophoretic particle covered with a thin Au coating on the front side of the short arm.
When the particle is suspended in a binary mixture of water and 2,6-lutidine at critical composition, laser illumination causes local heating and hence local
demixing of the solvent, resulting in intensity-dependent phoretic propulsion. Right: Trajectories of the L-shaped swimmer, starting at the origin of the
graph, under different illumination intensities. ¢) A mechanism for viscotactic behavior of a nonaxial swimmer in a nonuniform viscosity field 7(r) based
on a systematic asymmetry of viscous forces acting on a microswimmer. Here, the viscous drag on body parts at high viscosity (sphere 1) dominates the
drag on spheres at low viscosity (sphere 2), turning the swimmer up the viscosity gradient. Reproduced with permission."*”! Copyright 2018, American
Physical Society. d) Viscotactic response can also occur for axisymmetric squirmers (pushers, pullers, or neutral squirmers), which generally display

negative viscotaxis. Reproduced with permission.l'*® Copyright 2019, American Physical Society.

Medina-Sanchez et al.l'*% used magnetic helical microswimmers
to mechanically capture and transport sperm cells that cannot
swim effectively toward the egg. The pickup and release of the
cargo (sperm cell) is achieved by directing the microhelices toward
(pick up) and away (release) from the sperm cell.

An alternative class of cargo manipulation methods involves
the use of fluid flows generated by the microswimmer.['*#151-158]
Depending on the type of swimmer and details of its actuation
mechanism, the flow around an approaching swimmer may trap
or push away the target cargo. In particular, the flow generated by
a rotating microswimmer can be exploited for entrapment and
release of cargo particles.">**15% Recently, Huang et al.l'®")
combined a magnetic screw with an Archimedean screw pump
to facilitate the loading and releasing of multiple microparticles
(Figure 10a). In the loading process, an external magnetic field
drives the rotating screw, which draws the microparticles into the
cylinder with the fluid flow, whereas the piston slides forward to
close the rear side of the cylinder and trap the microparticles
within. In the releasing process, the screw is rotated in reverse,
opening the cylinder and generating a reverse fluid flow to expel
the trapped particles.

Recent efforts have also moved toward relying less on external
manipulation and are capable of responding to external stimuli
(physical, chemical, or biological). As we move closer to realistic

Adb. Intell. Syst. 2020, 2, 1900137 1900137 (12 of 17)

medical applications, biocompatibility, biodegradability, and
recovering of swimmers after completing the tasks also become
important design considerations. We note that extensive studies
have exploited the use of biological cells to achieve these complex
cargo manipulations. We refer the readers to comprehensive
reviews on these biohybrid strategies”>%'??l and focus on
the development of artificial swimmers along these directions
as given in following paragraphs.

For swimmers that are not of biological nature, researchers
found ways of constructing biodegradable artificial swimmers.
Bozuyuk et al.*®! 3D printed their swimmers using chitosan
combined with superparamagnetic iron oxide nanoparticles to
make it biodegradable and magnetically steerable at the same
time (Figure 10b). Furthermore, they used a photocleavable
chemical to deposit doxorubicin (a chemotherapy drug) onto
the swimmer, which facilitates the light triggered release of
the drug on demand. Light-triggered release of drug or cargo
also applies to swimmers that are propelled by chemical
means. For example, Sundararajan et al.*®* added a silver link
between their catalytic Pt—~Au nanomotor and the PS amidine
cargo to exploit the rapid degradation of Ag molecules in the
presence of hydrogen peroxide, chloride, and UV light, and
thus achieved UV triggered, on demand release of the cargo
(Figure 10c).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Cargo manipulation by multifunctional swimmers. a) Schematic illustration of a microtransporter that exploits fluid flow for entrapment and
release of multiple microparticles. Reproduced with permission.!"®! Copyright 2015, Wiley-VCH. b) Light applied to the helical swimmer starts to decom-
pose the swimmer and release the drug. Further application facilitates the complete biodegradation of the swimmer. Reproduced with permission.!'®"]
Copyright 2018, American Chemical Society. ¢) Hydrogen peroxide and chloride dissolve silver when subjected to UV light, breaking the link between
the swimmer and the cargo, thus releasing the drug. Reproduced with permission.l"®¥ Copyright 2010, Wiley-VCH. d) i) Energy dispersive mapping
is used to confirm that the iron particles are homogeneously dispersed in the swimmer body; ii) Left column depicts the perishing of the swimmers
at high concentrations of MMP-2. Helical swimmers swell in the presence of MMP-2 enzyme and start decomposing. Drug is released from the destroyed
swimmers. The magnetic particles deposited on the swimmer for propulsion, which are tagged with antibodies, find the remaining sick cells. Right
column underlines the lack of disintegration in the absence of MMP-2. Reproduced with permission.'®*! Copyright 2019, American Chemical Society.

More recently, Ceylan et al.***! designed a 3D-printed micro-
swimmer that self-destructs while delivering its cargo as a
response to pathological markers in its microenvironment.
The hydrogel-based, enzymatically degradable microswimmer
swells and decomposes at high concentrations of matrix metal-
loproteinase-2 (MMP-2) enzyme, whose overexpression is a
potential biomarker for certain types of cancers such as colorectal
cancer. Upon full degradation, the microswimmer not only
releases the embedded therapeutic cargo molecule but also other
functional cargos, such as anti-ErbB 2 antibody-tagged magnetic
nanoparticle, for targeted labeling of cancer cells. This design
combines the key functions of diagnosis, treatment, and fol-
low-up of the disease on one swimming agent (Figure 10d).

4.2. Multiswimmer Operations

Practical applications of microswimmers could involve a large
number of them to deliver sufficient dosages in drug
delivery or perform multiple tasks in microsurgery. Diverse
collective behaviors can emerge among different types of
microswimmers.'>1¢*1¢6] The controllability of groups of
microswimmers and their capability to perform complex opera-
tions are therefore essential to the next generation of smart
microswimmers. Herein, we discuss some recent ideas on coor-
dinated operations of purely artificial swimmers to allow for
greater versatility. We remark that swarms of biological and bio-
hybrid microswimmers can also be controlled for medical
applications,!**’"**? but we refer the readers to more specialized
reviews on these topics.!2¢2%122170)

Assemblies of active particles (e.g., clusters of Janus catalytic
particles) can display a variety of trajectories different from
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individual active particles, depending on their specific
configurations.*>*”" The capability for microswimmers to
perform dynamic assembly and disassembly, instead of preas-
sembled structures, enables reconfiguration of the assembly
“on-the-fly” to display different propulsion behaviors. Gao et al.
demonstrated dynamic assembly of Janus catalytic motors
induced by hydrophobic surface interactions.'’? Although the
change of assembly configuration and hence propulsion charac-
teristics were demonstrated (Figure 11a), disassembly of the
cluster may not be possible, and the assembly process requires
more control. The dynamic assembly and disassembly processes
are more controllable for magnetic helical microstructures,!"”?!
which can be assembled into various configurations by adjusting
the direction, speed, and strength of the rotating magnetic field
(Figure 11b). The assembled swimmers with various configura-
tions display different swimming characteristics, including
the reversal of swimming directions. In addition to helical
swimmers, Vach and Faivre!'”®! demonstrated the possibility
of realizing different types of magnetic actuation (rolling, propel-
ling, and swimming) with a single nanostructured magnetic
material. The swimming mode requires individual particles to
first undergo magnetically guided self-assembly into chain-
like structures. Cheang et al’’* also demonstrated modular
microswimmers'’® consisting of magnetic microbeads assem-
bled by magnetic attraction. Figure 11c shows controlled assembly
from three-bead to nine-bead microswimmer (i-vi), as well as the
disassembly of the nine-bead microswimmer into smaller
subunits (vii) by adjusting the rotational frequency of the
magnetic field. Microswimmers with different number of beads
were shown to have varying swimming behavior. This modular
approach offers additional versatility for navigating diverse
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Figure 11. Dynamic assembly and disassembly of microswimmers. a) Assembly of Janus catalytic motors, where the “on-the-fly” doublet-to-triplet switch-
ing converts the circular motion of the doublet to a spinning motion of the triplet. Scale bar, 2 ym. Reproduced with permission.l'’? Copyright 2013,
American Chemical Society. b) Helical swimmer assemblies at different configurations captured in motion with time-lapse imaging (1.0 s apart, scale bar,
50 um). Reproduced with permission.l'’*! Copyright 2013, American Chemical Society. c) Spherical particles made to assemble or disassemble on
command through the manipulation of the applied external magnetic field parameters such as amplitude and frequency. Reproduced under a
Creative Commons Attribution License (CC BY 4.0).'”* Copyright 2016, The Author(s). Published by Springer Nature. (i) three-bead long robotic swim-
mer picks up spherical magnetic beads along its journey to become four-bead long as observed at (ii), then five-bead long as observed at (iii), and
continues to pick up four more spheres until it becomes nine-bead long swimmer at (vi). (vii) Nine beads break into three swimmers of 2, 3, and

4 beads, respectively.

environments and performing different tasks through dynamic
reconfiguration.

Beyond simply swimming as an aggregate, another basic
manipulation of a multi-microrobot system is the simultaneous
control of groups of microswimmers under a single global input.
Controllability of a relatively small numbers of microswimmers
was demonstrated with engineered variations in geometric and
magnetic properties of microswimmers, which exhibit distinct
velocity responses to the same magnetic field."””*#"! The nonlin-
ear speed—frequency relationship of magnetic swimmers above
the step-out frequency can also be exploited for individual steering
in multi-microrobot system.'®'8 In addition, magnetic field
gradients,'®? specialized substrates,"®! and shape diversity!***!
offer additional strategies to control multiple microrobots.
Sorting of a large number of microswimmers based on size,!**°!
chirality,"®”! and magnetic properties,!**¥ has been experimentally
realized, contributing basic building blocks toward full control of
microswimmers’ motion. As a remark, microswimmers were also
sorted with shear flows and patterned microchannels;*¥1%% yet,
the working conditions required for these sorting mechanisms
may limit their use for in vivo medical applications.

5. Conclusion

The past several decades have seen tremendous progress in the
development of artificial microswimmers, which led to relatively
mature techniques in propelling engineered microstructures in
laboratory environments. These advances lay the foundation for
developing the next generation of microswimmers that can
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perform increasingly complicated operations in complex envi-
ronments. In this Report, we have discussed recent develop-
ments in instilling intelligent behaviors into artificial
microswimmers, rendering them “smart” in terms of propulsion
(Section 2), navigation (Section 3), and performing complex tasks
(Section 4). These intelligent behaviors are realized by integrat-
ing emerging technologies and novel approaches, including the
use of soft active materials, machine learning, biohybrid, and
modular microrobotics approaches, which collectively equip
artificial microswimmers with different adaptive behaviors like
biological cells. Although these smart microswimmers are dis-
cussed in the context of their biomedical applications, their intel-
ligent behaviors can also be useful for other applications such as
environmental monitoring and remediation."” The develop-
ment of smart artificial microswimmers is only at its start and
most studies surveyed in this Report are in the proof of concept
stage. Subsequent developments require further integration of
knowledge, approaches, and technologies across multiple disci-
plines. Biocompatibility and biodegradability of microswimmers
become important design considerations as we get closer to their
in vivo biomedical applications.>**!l Efforts along these direc-
tions will bring us another step closer in realizing Feynman’s
fantasy of swallowing a “microsurgeon.”
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