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Over millions of years, Nature has optimized the motion of biological systems at the
micro and nanoscales. Motor proteins to motile single cells have managed to overcome
Brownian motion and solve several challenges that arise at low Reynolds numbers. In
this review, we will briefly describe naturally motile systems and their strategies to move,
starting with a general introduction that surveys a broad range of developments, followed
by an overview about the physical laws and parameters that govern and limit motion
at the microscale. We characterize some of the classes of biological microswimmers
that have arisen in the course of evolution, as well as the hybrid structures that have
been constructed based on these, ranging from Montemagno’s ATPase motor to the
SpermBot. Thereafter, we maintain our focus on bacteria and their biohybrids. We
introduce the inherent properties of bacteria as a natural microswimmer and explain the
different principles bacteria use for their motion. We then elucidate different strategies that
have been employed for the coupling of a variety of artificial microobjects to the bacterial
surface, and evaluate the different effects the coupled objects have on the motion of the
“biohybrid.” Concluding, we give a short overview and a realistic evaluation of proposed
applications in the field.
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INTRODUCTION

Artificial micro- and nano-swimmers are small scale devices that convert energy into movement
(Ozin et al., 2005; Wang and Pumera, 2015). Since the first demonstration of their performance
in 2002, the field has developed rapidly in terms of new preparation methodologies, propulsion
strategies, motion control, and envisioned functionality (Ismagilov et al., 2002; Katuri et al., 2017).
This very active field of research holds promises for many different applications, with drug delivery,
environmental remediation, and sensing being some of the most remarkable. While the initial focus
of the field was largely on purely artificial systems, lately, an increasing number of “biohybrids”
have appeared in the literature. Combining artificial and biological components is a promising
strategy to obtain new, well-controlled microswimmer functionalities, since essential functions
of living organisms are intrinsically related to the capability to move (Vale and Milligan, 2000).
Living beings of all scales move in response to environmental stimuli (e.g., temperature or pH),
to look for food sources, to reproduce, or to escape from predators. One of the most well-known
living microsystems are swimming bacteria, but directed motion occurs even at the molecular scale,
where enzymes and proteins undergo conformational changes in order to carry out biological tasks
(Vogel, 2005). Since Nature has been optimizing strategies, principles, and methods of locomotion
over millions of years, it seems only logical that scientists should seek to imitate biological principles
in synthetic systems, or—even further—directly couple biological and artificial components to
obtain motile biohybrids.
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This review starts with some scenes from the historical
discovery and formulation of the physical laws that determine
the modes of motility on the small scale and have to be obeyed by
both artificial and natural swimmers. In the subsequent sections,
we present the main motile entities found in nature, and then
specify more details about bacteria, as they are the main focus of
this review. Building on this microbiological foundation, we go
more into detail about the coupling strategies that have been used
to create bacterial hybrid microswimmers. Later, we discuss the
effects of the shape of the artificial components of the biohybrid
on speed and other properties of motion. Finally, we conclude
this manuscript by introducing some of the first applications that
have been presented in the literature.

Physical Principles Related to Motion at

the Microscale
In 1828, the British biologist Robert Brown discovered the
incessant jiggling motion of pollen in water and described
his finding in his article “A Brief Account of Microscopical
Observations...” (Brown, 1828), leading to extended scientific
discussion about the origin of this motion. This enigma was
resolved only in 1905, when Albert Einstein published his
celebrated essay “Uber die von der molekularkinetischen Theorie
der Wirme geforderte Bewegung von in ruhenden Fliissigkeiten
suspendierten Teilchen” (Einstein, 1905). Einstein not only
deduced the diffusion of suspended particles in quiescent liquids,
but also suggested these findings could be used to determine
particle size—in a sense, he was the world’s first microrheologist.
Ever since Newton established his equations of motion, the
mystery of motion on the microscale has emerged frequently
in scientific history, as famously demonstrated by a couple
of articles that should be discussed briefly. First, an essential
concept, popularized by Osborne Reynolds, is that the relative
importance of inertia and viscosity for the motion of a fluid
depends on certain details of the system under consideration.
The Reynolds number Re, named in his honor, quantifies this
comparison as a dimensionless ratio of characteristic inertial and
viscous forces:

_ oV
n

Re (1)
Here, p represents the density of the fluid; V is a characteristic
velocity of the system (for instance, the velocity of a swimming
particle); [ is a characteristic length scale (e.g., the swimmer size);
and 7 is the viscosity of the fluid. Taking the suspending fluid to
be water, and using experimentally observed values for V, one can
determine that inertia is important for macroscopic swimmers
like fish (Re = 100), while viscosity dominates the motion of
microscale swimmers like bacteria (Re = 10™4).

The overwhelming importance of viscosity for swimming
at the micrometer scale has some profound implications for
swimming strategy, as discussed most memorably by Purcell.
He invited the reader into the world of microorganisms and
theoretically studied the conditions of their motion (Purcell,
1977).

In the first place, propulsion strategies of large scale swimmers
often involve imparting momentum to the surrounding fluid in

periodic, discrete events (e.g., by vortex shedding), and coasting
between these events through inertia. This cannot be effective
for microscale swimmers like bacteria: due to the large viscous
damping, the inertial coasting time of a micron-sized object is on
the order of 1 ps. Using the typical speed of a microorganism,
one obtains that the coasting distance is 0.1 A. Purcell concluded
that only forces that are exerted in the present moment on
a microscale body contribute to its propulsion, so a constant
energy conversion method is essential. Microorganisms have
optimized their metabolism for continuous energy production,
while purely artificial microswimmers must obtain energy from
the environment, since their on-board-storage-capacity is very
limited. As a further consequence of the continuous dissipation of
energy, biological and artificial microswimmers do not obey the
laws of equilibrium statistical physics, and need to be described
by non-equilibrium dynamics. Mathematically, Purcell explored
the implications of low Reynolds number by taking the Navier
Stokes equation and eliminating the inertial terms:

—Vo+nVir=0 (2)

As he noted, the resulting equation—the Stokes equation—
contains no explicit time dependence. This has some important
consequences for how a suspended body (e.g., a bacterium)
can swim through periodic mechanical motions or deformations
(e.g., of a flagellum). First, the rate of motion is practically
irrelevant for the motion of the microswimmer and of the
surrounding fluid: changing the rate of motion will change the
scale of the velocities of the fluid and of the microswimmer, but it
will not change the pattern of fluid flow. Secondly, reversing the
direction of mechanical motion will simply reverse all velocities
in the system. These properties of the Stokes equation severely
restrict the range of feasible swimming strategies. As a concrete
illustration, consider a “scallop” that consists of two rigid pieces
connected by a hinge. Can the scallop swim by periodically
opening and closing the hinge? No: regardless of how the cycle
of opening and closing depends on time, the scallop will always
return to its starting point at the end of the cycle. Here originated
the famous quote: “Fast or slow, it exactly retraces its trajectory
and is back where it started.” In light of this “scallop theorem,”
Purcell developed approaches concerning how artificial motion
at the micro scale can be generated. This paper inspires scientific
discussions until today; for example, a recent work of the Fischer
group experimentally confirmed that the scallop principle is only
valid for Newtonian fluids (Qiu et al., 2014).

Biological Motile Systems

Nature has developed motile systems over time and length
scales spanning several orders of magnitude, which have evolved
anatomically and physiologically to attain optimal strategies for
self-propulsion and overcome the implications of high viscosity
forces and Brownian motion, as shown in Figure 1 (Lauga and
Powers, 2009).

Some of the smallest known motile systems are motor
proteins, i.e., proteins and protein complexes present in cells
that carry out a variety of physiological functions by transducing
chemical energy into mechanical energy. These motor proteins
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FIGURE 1 | Schematic representation of natural and biohybrid swimmers on different length scales, showing how the characteristic swimmer velocity and Reynolds
number changes with length scale. The classification of Bacterial biohybrid microswimmers according to the bacteria: object ratio is indicated; see the main text for

are classified as myosins, kinesins, or dyneins. Myosin motors are
responsible for muscle contractions and the transport of cargo
using actin filaments as tracks. Dyneins and kinesin motors, on
the other hand, use microtubules to transport vesicles across
the cell (Vogel, 2005; Patra et al., 2013). The mechanism these
protein motors use to convert chemical energy into movement
depends on ATP hydrolysis, which leads to a conformation
modification in the globular motor domain, leading to directed
motion (Feringa, 2001; Schliwa and Woehlke, 2003).

Specifically, for microorganisms that live in aqueous
environments, locomotion refers to swimming, and hence our
world is full of different classes of swimming microorganisms,
such as bacteria, spermatozoa, protozoa, and algae. Some
biological microswimmers are listed here:

Bacteria: move due to rotation of hair-like filaments (flagella)
anchored to a protein motor complex on the bacteria cell wall.
More detailed information about bacteria will be discussed in
section Bacterial Biohybrid Microswimmers, as the main focus
of this review (Berg, 2003).

Spermatozoa: if the male reproductive cell is (uni) flagellated
and motile, it is referred to as a spermatozoon, a phenotype
which is dominant in animals. Many uniflagellar spermatozoa
are propelled by a snake-like wiggling of their flagella. This
flagellar beat is a wave that propagates from the head of the
spermatozoon to the tip of the flagellum (Friedrich et al.,
2010).

Paramecia (unicellular protozoa): contain many hair-like
extrusions all over the body (cilia). The ciliar beat has two
distinct phases: the Power stroke, in which the cilium is
stretched out straight and moves rather fast in one direction;
and the Recovery stroke, in which each cilium bends and

twists a little sideways while it slowly retracts (Lindemann and
Lesich, 2010; Lindemann, 2014).

Motile algae: belonging to the filo Euglenophyta, these
flagellated cells swim in a coordinated fashion, synchronizing
one or several flagellar structures to achieve self-propulsion.
Since most of these organisms undergo photosynthesis, many
of them have eye-spots near the anterior pole to enable the
algae colony to swim toward light (Drescher et al., 2010).

Hybrid Bioswimmers

Hybrid biomicroswimmers can be defined as microswimmers
that consist of both biological and artificial constituents, for
instance, one or several living microorganisms attached to one
or various synthetic parts (Schwarz et al., 2017).

The pioneers of this field, far ahead of their time,
were Montemagno and Bachand with a work regarding
specific attachment strategies of biological molecules to
nanofabricated substrates enabling the preparation of hybrid
inorganic/organic nano-electro-mechanical systems, so called
NEMS (Montemagno and Bachand, 1999). They described the
production of large amounts of F;-ATPase from Bacillus PS3 for
the preparation of F;-ATPase biomolecular motors immobilized
on a nanoarray pattern of Au, Cu or Ni produced by electron
beam lithography. These proteins were attached to 1pum
microspheres tagged with a synthetic peptide. Consequently,
they accomplished the preparation of a platform with chemically
active sites and the development of biohybrid devices capable
of converting energy of biomolecular motors into useful
work.

Recent publications of biohybrid microswimmers include
the use of sperm cells, contractive muscle cells, and bacteria
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as biological components, as they can efliciently convert
chemical energy into movement, and additionally are capable
of performing complicated motion depending on environmental
conditions. In this sense, biohybrid microswimmer systems
can be described as the combination of different functional
components: cargo and carrier. The cargo is an element of
interest to be moved (and possibly released) in a customized way.
The carrier is the component responsible for the movement of
the biohybrid, transporting the desired cargo, which is linked to
its surface. The great majority of these systems rely on biological
motile propulsion for the transportation of synthetic cargo for
targeted drug delivery (Schwarz et al,, 2017). However, some
examples of the opposite case—artificial microswimmers with
biological cargo systems—will not be explained in detail here
since they are out of the focus of this review (Wu et al., 2014;
Wang and Pumera, 2015).

The carrier for a biohybrid microswimmer must be capable
of generating a thrust that can balance the viscous drag on the
whole assembly, and therefore produce directed motion. The role
of a biological carrier can be accomplished by two types of cells:
motile entities (e.g., spermatozoa and bacteria) and muscle cells
(Carlsen and Sitti, 2014; Wang and Pumera, 2018).

Sperm cells have been shown to be a suitable biological
carrier in biohybrid devices due to their motility and directional
guidance by chemotaxis, thermotaxis, and rheotaxis. Magdanz
et al. created the first reported biohybrid spermbot by trapping
sperm cells in magnetic microtubes (Figure 1), leading to a
system with the ability to be remotely guided using an external
magnetic field. This approach has significant potential for the
design of novel assisted reproductive protocols (Magdanz et al.,
2013, 2017). Further studies regarding Spermbots used polymer
microhelices with a soft magnetic NiTi bilayer coating for the
capture, transport, and release of single immotile live sperm cells
(Medina-Sanchez et al., 2016).

Biohybrid microswimmers have incorporated muscle
(cardiac, smooth, and skeletical) cells or myocytes, due to
their capability of spontaneous contraction with no external
driving stimulus. The power generated from the contractions is
proportional to the cross-sectional area of the muscle cell-tissue
assembly. Moreover, the contraction state can be prolonged
when suitable light or electric pulses are applied, leading to
increased tuneability (Asano et al., 2012; Carlsen and Sitti, 2014).
In 2014, Williams and co-workers presented the preparation of a
biohybrid microswimmer based on cardiomyocytes cultured on
a synthetic polydimethylsiloxane filament with a short rigid head
that propels at 5-10 um s~ (Williams et al., 2014).

As previously mentioned, this review is focused on different
aspects of bacteria as the biological component of a biohybrid
microswimmer, referring to the case in which bacteria act as the
biological carrier of biohybrid microswimmers (Figure 1). Thus,
the bacterial cells are responsible for motility while attached
to synthetic inorganic functional components. In order to have
a clear terminology we define: a BacteriaBot has a 1:1 ratio
of bacteria:cargo, a MultiBot refers to one bacteria attached to
multiple cargoes, while a BacterialMicrosystem refers to several
bacteria:one cargo. The attachment of multiple cargoes to one
bacteria has only been reported in a few cases, but can regardless

be considered a MultiBot. A case that should be only marginally
discussed here are collective/turbulence driven systems. Here, the
ratio is not definable, but one (or more) cargoes are moved by
the flow created by many bacteria. Thereby we partially adapt the
nomenclature indicated by Martel and colleagues (Martel, 2012).

BACTERIAL BIOHYBRID
MICROSWIMMERS

Bacteria are found in all terrestrial and aquatic environments
that support life. They are prokaryotic microorganisms with
different sizes (ranging from 0.5 to 5 um in length) and different
morphologies: spherical or ovoid cell shape, called coccus (plural
cocci), cylindrical shape, called rod and spiral cell shape (spirilla),
amongst others (Young, 2006). Bacteria can exist as single cells,
but also associated (for instance in chains) or in multicellular
structures like aggregates and hyphae (Madigan et al.,, 2014).
Many single bacteria cells can move using their own power.
Altogether, bacteria offer a wide catalog of properties that could
be—and are starting to be—exploited for their use in hybrid
microswimmers.

Bacterial biohybrid microswimmers, composed of at least one
living bacteria and one inanimate object, are the focus of a
vibrant and quickly growing research field. So far, prototypes
for a number of very different options have been implemented:
the motile force can come from a single or many bacteria (Di
Leonardo et al., 2010; Barroso et al., 2015) or the bacteria can
be moved by a motorized object (Campuzano et al, 2012).
Different designs varied the bacteria—object ratio: from one
bacterium—one object (Stanton et al., 2016; Park et al., 2017),
via one bacterium—many objects (Akin et al., 2007; Luo et al,,
2016), to many bacteria—one object (Darnton et al., 2004; Kim
et al, 2012). From the microbiological point of view, two main
characteristics of bacteria must be considered when discussing
bacterial biohybrid microswimmers: (i) their surface properties,
which control cargo attachment, and (ii) their motile abilities, i.e.,
whether the motive force of the bacteria is sufficient to move the
cargo from a point A to B.

Bacterial Surface

Bacteria can be roughly divided into two fundamentally different
groups—called Gram-positive and Gram-negative bacteria—
distinguished by the architecture of their cell envelope, in
both cases a complex multi-layered structure that protects
the cell from its environment. In Gram-positive bacteria, the
cytoplasmic membrane is only surrounded by a thick cell wall
of peptidoglycan. In contrast, the envelope of Gram-negative
bacteria is more complex and consists (from inside to outside)
of the cytoplasmic membrane, a thin layer of peptidoglycan, and
an additional outer membrane, also called the lipopolysaccharide
layer. Other bacterial cell surface structures include capsules
and slime layers, which are secreted slimy or sticky materials
made up of polysaccharides or proteins that cover the cells and
are in direct contact with the environment; they have different
functions, including attachment to solid surfaces. Additionally,
protein appendages can be present on the surface: fimbriae and
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pili can have different lengths and diameters and their functions
include adhesion and twitching motility (Madigan et al., 2014;
Dufréne, 2015).

The cytoplasmic membrane is a thin (6-8nm) and fluid
phospholipid bilayer, which also contains numerous membrane-
embedded and membrane-associated proteins. The membrane
surrounds the cell separating the cytoplasm from the cell’s
environment and it is a selective permeability barrier for
substances that enter and exit the cell (Madigan et al., 2014).
Protons (H") and hydroxyl ions (OH™) cannot diffuse across
this membrane, allowing a charge separation that enables the
proton motive force which is used to generate energy for
different cell functions, including motility (Manson et al., 1977).
Surrounding the cytoplasmic membrane is the cell wall that
protects the cell against osmotic lysis, provides shape and rigidity,
and is a protective layer against toxic substances. The cell
wall is composed of peptidoglycan, a polysaccharide composed
of alternating residues of B-1-4-linked N-acetylmuramic acid
(NAM) and N-acetylglucosamine (NAG), cross-linked by short
peptides (Vollmer et al, 2008). The glycan strands run
circumferentially around the cell and are cross-linked by the
peptides running approximately parallel to the long axis of the
cell (Beeby et al., 2013); both glycan strands and associated stem
peptides are usually modified (Vollmer, 2008).

In Gram-positive cell walls, the number of peptidoglycan
layers is variable (20-80nm thick). The cell wall may contain
polysaccharides and proteins anchored through different
mechanisms, and teichoic acids (TAs), covalently attached
to peptidoglycan (wall teichoic acids, WTAs) or anchored to
membrane lipids (lipoteichoic acids, LTAs), threading through
the peptidoglycan layers. TAs are long anionic polymers of
repeating units of glycerol phosphate, glucosyl phosphate,
or ribitol phosphate, and they are partially responsible for
the overall negative surface charge of the Gram-positive cell
envelope (Neuhaus and Baddiley, 2003). In the field of biohybrid
microswimmers, the negative surface charge of Gram-positive
Bacillus subtilis cells was used to electrostatically attach zeolite
L crystals chemically modified with amino groups, leading
to positively charged surfaces (Barroso et al., 2015). Other
Gram-positive bacteria that have been used to develop bacterial
hybrid swimmers are Listeria monocytogenes (Akin et al., 2007),
Bifidobacterium breve and Clostridium difficile (Luo et al., 2016).

In Gram-negative bacteria the peptidoglycan wall is thinner
(between 1.5-15nm) and there is an outer membrane anchored
to the peptidoglycan through lipoproteins (Braun, 1975; Vollmer
et al., 2008). The inner half of the outer membrane contains
lipoproteins and phospholipids; in the outer half of the outer
membrane, the lipopolysaccharide, composed of lipid A, the core
polysaccharide and the O-antigen polysaccharide, replaces much
of the phospholipid (Silhavy et al., 2010). The main function
of the outer membrane is structural, and its presence on the
cell envelope of Gram-negative bacteria creates another cell
compartment, the periplasmic space. It is located between the
outer surface of the cytoplasmic membrane and the inner surface
of the outer membrane and contains many proteins involved in
different cellular processes like nutrient transport, chemotaxis,
and envelope biogenesis (Ehrmann et al, 2007). Unlike the

few Gram-positive bacteria listed above, many Gram-negative
bacteria have been widely used in the development of hybrid
microswimmers. This includes Vibrio alginolyticus (Sowa et al.,
2003; Nogawa et al., 2010; Kojima et al., 2013; Zhang et al., 2013),
Serratia marcescens (Darnton et al., 2004; Behkam and Sitti, 2006;
Steager et al., 2007, 2011; Park et al., 2010; Traoré et al., 2011;
Carlsen et al., 2014; Kim and Kim, 2016), Magnetococcus marinus
MC-1 (Felfoul et al., 2011, 2016), Salmonella typhimurium (Cho
et al., 2012; Park et al., 2013a; Li et al., 2015) and Escherichia coli
(Di Leonardo et al., 2010; Singh and Sitti, 2016; Stanton et al.,
2016; Suh et al., 2016; Park et al., 2017). The different strategies
applied to couple a cargo to the bacterial surfaces will be further
discussed in section Binding Strategies for the Preparation of
BacteriaBots.

Bacterial Locomotion

Most rod-shaped bacteria can move using their own power,
which allows colonization of new environments and discovery
of new resources for survival. Bacterial movement depends
not only on the characteristics of the medium, but also on
the use of different appendages to propel. Swarming and
swimming movements are both powered by rotating flagella
(Figure 2C) (Berg and Anderson, 1973; Turner et al, 2010).
Whereas swarming is a multicellular 2D movement over a surface
and requires the presence of surfactant substances, swimming
is movement of individual cells in liquid environments
(Henrichsen, 1972). These two types of bacterial motility are
the most relevant for the development of bacterial biohybrid
microswimmers and will be described in more detail below.
Other types of movement occurring on solid surfaces include
twitching, gliding and sliding, which are all independent of
flagella. Twitching motility depends on the extension, attachment
to a surface, and retraction of type IV pili which provide
the energy required to push the cell forward (Mattick, 2002).
Gliding motility uses a highly diverse set of different motor
complexes, including e.g., the focal-adhesion complexes of
Myxococcus (Figure 2C) (Islam and Mignot, 2015; Nan and
Zusman, 2016). The gliding bacterium Mpycoplasma mobile
(lacking a peptidoglycan layer; Razin et al., 1998) was used to
transport 0.5 pm streptavidin conjugated beads (Hiratsuka et al,,
2005) and to power in a predefined direction a streptavidin
coated microrotary motor composed of a 20 pm-diameter
silicon dioxide rotor driven on a silicon track (Hiratsuka et al.,
2006). Unlike twitching and gliding motilities, which are active
movements where the motive force is generated by the individual
cell, sliding is a passive movement. It relies on the motive force
generated by the cell community due to the expansive forces
caused by cell growth within the colony in the presence of
surfactants, which reduce the friction between the cells and the
surface (Holscher and Koviécs, 2017).

Flagella: Conversion of Electrochemical Energy Into
Mechanical Work

The flagellum (plural, flagella; a group of flagella is called a tuft) is
a helical, thin and long appendage attached to the cell surface by
one of its ends, performing a rotational motion to push or pull the
cell (Berg and Anderson, 1973). Different types of cell flagellation
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are found depending on the number and arrangement of the
flagella on the cell surface, e.g., only at the cell poles or spread over
the cell surface (Figure 2B; Leifson, 1960). In polar flagellation,
the flagella are present at one or both ends of the cell: if a single
flagellum is attached at one pole, the cell is called monotrichous;
if a tuft of flagella is located at one pole, the cells is lophotrichous;
when flagella are present at both ends, the cell is amphitrichous.
In peritrichous flagellation, the flagella are distributed in different
locations around the cell surface. Nevertheless, variations within
this classification can be found, like lateral and subpolar—instead
of polar—monotrichous and lophotrichous flagellation (Haya
etal., 2011).

The flagellum is a complex protein-nanomachine that uses
an electrochemical gradient (of HT or Na%t ions) to perform
mechanical work (Figure 2A) (Manson et al., 1977; Hirota et al.,
1981; Elston and Oster, 1997). For detailed description of its
structure and working mechanism interested readers are referred
to specific reviews (Berg, 2003; Erhardt et al., 2010; Evans et al.,
2014; Minamino and Imada, 2015). In a nutshell, the flagellum
is composed of three parts: the basal body, the hook, and
the filament (Figure 2A). The basal body is a reversible motor
that spans the bacterial cell envelope. It is composed of the
central rod and several rings: in Gram-negative bacteria, these
are the outer L- (“lipopolysaccharide”) and P- (“peptidoglycan”)
rings, and the inner MS- (“membrane/supramembrane”) and C-
(“cytoplasmic”) rings. In Gram-positive bacteria only the inner
rings are present (Chen et al., 2011). The Mot proteins surround
the inner rings in the cytoplasmic membrane; ion translocation
through the Mot proteins provide the energy for flagella rotation
(Manson et al., 1977). The Fli proteins allow reversal of the
direction of rotation of the flagella in response to specific stimuli
(Sockett et al., 1992; Welch et al., 1993). The hook connects the
filament to the motor protein in the base. The helical filament is
composed of many copies of the protein flagellin, and it can rotate
clockwise (CW) and counterclockwise (CCW).

Directed Motion: Bacterial Taxis

The term “taxis” refers to the movement toward or away from
stimuli; it allows the bacteria to move toward suitable living
environments. Many bacteria swim, propelled by rotation of
the flagella outside the cell body. In contrast to eukaryotic
flagella, bacteria flagella are rotors and—irrespective of species
and type of flagellation—they only have two modes of operation:
CW or CCW rotation. Bacterial swimming is used in bacterial
taxis (mediated by specific receptors and signal transduction
pathways) for the bacterium to move in a directed manner along
gradients and reach more favorable conditions for life (Sowa and
Berry, 2008; Krell et al., 2011). The direction of flagellar rotation
is controlled by the type of molecules detected by the receptors on
the surface of the cell: in the presence of an attractant gradient,
the rate of smooth swimming increases, while the presence of a
repellent gradient increases the rate of tumbling. For example, in
E. coli, CCW rotation results in steady motion and CW rotation
in tumbling; CCW rotation in a given direction is maintained
longer in the presence of molecules of interest (like sugars or
aminoacids) (Berg, 2004).

Depending on the stimulus that controls the directed
movement, one can distinguish between chemotaxis (chemical
gradients, e.g., glucose), aerotaxis (oxygen), pH-taxis, phototaxis,
thermotaxis, and magnetotaxis. Bacterial taxis has been exploited
for the directed movement of bacterial microswimmers. For
example, a concentration gradient of L-serine was created with
a micropipette and used as an attractant for V. alginolyticus
carrying a 3 um microbead (Nogawa et al., 2010). Similarly,
S. marcescens cells attached to polystyrene microbeads of
different sizes (5, 10, and 20 um diameter) exhibited a clear
indication of directional movement in the presence of L-
aspartate as a chemoattractant (Kim et al., 2012). The pH-
taxis of S. marcescens attached to 3 wm polystyrene beads has
also been investigated (Zhuang et al., 2015). Magneto-aerotactic
migration of M. marinus MC-1 was used to transport drug-
loaded nanoliposomes into tumor hypoxic regions (Felfoul et al.,
2016). Magnetotactic bacteria have been the focus of different
studies due to their versatile uses in biohybrid motion systems
(Lu and Martel, 2006; Faivre and Schiiler, 2008; Martel, 2012;
Taherkhani et al., 2014; Klumpp et al, 2017). Their unique
properties are very complex and require separate consideration;
therefore, they are not presented in detail in this work.

Swimming

The archetype of bacterial swimming is represented by the
well-studied model organism E. coli: with its peritrichous
flagellation, E. coli performs a run-and-tumble swimming pattern
(Figure 2D). CCW rotation of the flagellar motors leads to
flagellar bundle formation that pushes the cell in a forward run,
parallel to the long axis of the cell. CW rotation disassembles
the bundle and the cell rotates randomly (tumbling). After
the tumbling event, straight swimming is recovered in a
new direction (Berg, 2004). However, the type of swimming
movement (propelled by rotation of flagella outside the cell body)
varies significantly with the species and number/distribution
of flagella on the cell body (Figure2D). For example, the
marine bacterium V. alginolyticus, with its single polar flagellum,
swims in a cyclic, three-step (forward, reverse, and flick) pattern
(Figure 2D). Forward swimming occurs when the flagellum
pushes the cell head, while backward swimming is based on the
flagellum pulling the head upon motor reversal. Besides these
180° reversals, the cells can reorient (a “flick”) by an angle around
90°, referred to as turning by buckling (Xie et al., 2011; Son et al.,
2013). Rhodobacter sphaeroides with its subpolar monotrichous
flagellation, represents yet another motility strategy (Armitage
and Macnab, 1987; Haya et al., 2011): the flagellum only rotates
in one direction, and it stops and coils against the cell body
from time to time, leading to cell body reorientations (Figure 2D;
Armitage et al., 1999; Pilizota et al., 2009; Rosser et al., 2014).
In the soil bacterium Pseudomonas putida, a tuft of helical
flagella is attached to its posterior pole. P. putida alternates
between three swimming modes: pushing, pulling, and wrapping
(Figure 2D; Hintsche et al, 2017). In the pushing mode, the
rotating flagella (assembled in a bundle or as an open tuft of
individual filaments) drive the motion from the rear end of the
cell body. The trajectories are either straight or, in the vicinity
of a solid surface, curved to the right, due to hydrodynamic
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FIGURE 2 | Bacterial locomotion. (A) Schematic (not to scale) structure of the flagellum in Gram-negative bacteria. OM, outer membrane; PG, peptidoglycan cell wall;
CM, cytoplasmic membrane. Adapted from Madigan et al. (2014). (B) Different types of bacterial flagellation. (C) Different bacterial locomotion strategies: gliding (focal
adhesion model) (adapted from Islam and Mignot, 2015), swarming (adapted from Kearns, 2010), and swimming. The direction of bacteria movement is indicated by
black arrows. (D) Schematics (not to scale) of different swimming strategies. Run and tumble from Escherichia coli; forward, reverse, and turning by buckling of Vibrio
alginolyticus (adapted from Son et al., 2013); stop and coil from Rhodobacter sphaeroides (adapted from Armitage and Macnab, 1987; Armitage et al., 1999); push,

pull, and wrap from Pseudomonas putida (adapted from Hintsche et al., 2017). The direction of bacteria movement is indicated by the arrows. See main body text for
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interaction of the cell with the surface. The direction of curvature
indicates that pushers are driven by a left-handed helix turning
in CCW direction. In the pulling mode, the rotating flagellar
bundle is pointing ahead. In this case the trajectories are either
straight or with a tendency to bend to the left, indicating that
pullers swim by turning a left-handed helical bundle in CW
direction. Finally, P. putida can swim by wrapping the filament
bundle around its cell body, with the posterior pole pointing
in the direction of motion. In that case, the flagellar bundle
takes the form of a left-handed helix that turns in CW direction,
and the trajectories are predominantly straight (Hintsche et al.,
2017).

Swimming bacterial cells have been used in the development
of hybrid microswimmers (Di Leonardo et al., 2010; Zhang et al.,
2013; Stanton et al., 2016; Suh et al., 2016). It should be noted
that cargo attachment to the bacterial cells might influence their
swimming behavior.

The hydrodynamics of bacterial swimming have been recently
reviewed (Lauga, 2016) and will not be described here.

Swarming

The transition from swimming to swarming mobility is usually
associated with an increase in the number of flagella per cell,
accompanied by cell elongation (Kearns, 2010). Experiments
with Proteus mirabilis showed that swarming requires contact
between cells: swarming cells move in side-by-side groups called
rafts, which dynamically add or lose cells: when a cell is left
behind the raft, its movement stops after a short time; when a
group of cells moving in a raft make contact with a stationary
cell, it is reactivated and incorporated into the raft (Morrison and
Scott, 1966). More recently, Swiecicki and coworkers designed
a polymer microfluidic system to confine E. coli cells in a
quasi-two-dimensional layer of motility buffer in order to study
different behaviors of cells transitioning from swimming to
swarming movement (Swiecicki et al., 2013). For this, they
forced E. coli planktonic cells into a swarming-cell-phenotype by
inhibiting cell division (leading to cell elongation) and by deletion
of the chemosensory system (leading to smooth swimming cells
that do not tumble). The increase of bacterial density inside the
channel led to the formation of progressively larger rafts. Cells
colliding with the raft contributed to increase its size, while cells
moving at a velocity different from the mean velocity within the
raft separated from it (Swiecicki et al., 2013).

Cell trajectories and flagellar motion during swarming was
thoroughly studied for E. coli, in combination with fluorescently
labeled flagella (Turner et al., 2000, 2010). The authors described
four different types of tracks during bacterial swarming: forward
movement, reversals, lateral movement, and stalls (Turner et al.,
2010). In forward movement, the long axis of the cell, the
flagellar bundle and the direction of movement are aligned, and
propulsion is similar to the propulsion of a freely swimming
cell. In a reversal, the flagellar bundle loosens, with the filaments
in the bundle changing from their “normal form” (left-handed
helices) into a “curly” form of right-handed helices with lower
pitch and amplitude. Without changing its orientation, the
cell body moves backwards through the loosened bundle. The
bundle re-forms from curly filaments on the opposite pole

of the cell body, and the filaments eventually relax back
into their normal form. Lateral motion can be caused by
collisions with other cells or by a motor reversal. Finally,
stalled cells are paused but the flagella continue spinning and
pumping fluid in front of the swarm, usually at the swarm
edge.

Bacterial cells in the swarming state have also been used
in the development of hybrid microswimmers. Swarming
S. marcescens cells were transferred to PDMS-coated coverslips,
resulting in a structure referred to as a “bacterial carpet”
by the authors. Differently shaped flat fragments of this
bacterial carpets, termed “auto-mobile chips,” moved above the
surface of the microscope slide in two dimensions (Darnton
et al., 2004). Many other works have used S. marcescens
swarming cells (Behkam and Sitti, 2006; Steager et al., 2007,
2011; Park et al, 2010; Traoré et al, 2011; Kim and Kim,
2016), as well as E. coli swarming cells (Singh and Sitti,
2016; Park et al, 2017) for the development of hybrid
microswimmers.

BINDING STRATEGIES FOR THE
PREPARATION OF BACTERIABOTS

Bacterial attachment to the inorganic constituent is a critical stage
in the preparation of BacteriaBots, dependent on the physical
and surface chemistry of both components (Barroso et al., 2015;
Wang and Pumera, 2018).

It is known that interactions of bacteria with surfaces
produce changes in the expression of genes that influence
their morphology and behavior. Moreover, attachment to
surfaces can lead to advantageous features for the bacteria,
such as biofilm formation, increased antibiotic resistance, and
facilitated swarming behavior (Tuson and Weibel, 2013). In
the initial instantaneous and reversible stage of attachment
to surfaces, a combination of hydrodynamic and electrostatic
interactions take place. Some physicochemical effects for
bacteria during this stage include the loss of interfacial
water and structural changes of surface molecules (Busscher
et al, 2010; Tuson and Weibel, 2013). In the second, non-
reversible stage, the attachment takes place through van der
Waals interactions between the surface and components
present in the bacteria wall (adhesins, lipopolysaccharides),
as well as between the surface and extracellular organelles
involved in surface attachment (flagella, pili, and curli
fibers) (Van Houdt and Michiels, 2005; Tuson and Weibel,
2013).

This complex scenario of interaction between motile bacteria
cells and the inorganic components of a BacteriaBot has
stimulated the development of various binding strategies and
preparation methodologies, as schematized in Figure 3.

Some binding methodologies are based mainly on physical
attachment, for instance, by hydrophobic interaction. Other
approaches are based on chemical interactions, for example, the
formation of covalent bonds or binding by specific chemical
attachments (streptavidin-biotin) (Tuson and Weibel, 2013;
Hosseinidoust et al., 2016).
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FIGURE 3 | Schematic representation of different attachment strategies for
the preparation of BacteriaBots.

Attachment Strategies Via Physical
Synergies

Hydrophobic Interaction

Since Gram-negative bacteria have many hydrophobic lipids in
their outer surfaces, their surface energy can be lowered by
attaching to hydrophobic objects, compared to the surface energy
when surrounded by water during the free swimming state.

A strategy using microfluidics for anisotropic attachment
of bacteria to polycaprolactone microcubes was proposed by
Huh et al. (2015). The hydrophobicity of the biodegradable
microcubic structures leads to fast bacterial adhesion with
no further chemical modification or toxic adhesive required.
Microfluidic channel systems have many advantages for the
design of biohybrid microstructures, such as small sample
volume, reduced reaction times and higher repeatability.
Polycaprolactone microcubic structures (30 or 50 um edge) were
prepared using X-Ray synchrotron radiation and injected from
the inlet reservoir into one straight channel device (width 2-
2.5mm) with chevron trappers separated from each other as a
function of the size of the microcubes. Then, S. typhimurium
bacteria were injected, and they anisotropically attached to the
microcubic surface in less than 5s. The adhesion of bacteria was
characterized by evaluating fluorescent intensity, in which the
intensity of the two surfaces facing against the flow of bacteria
is higher, as bacteria adsorption occurs only on them. The
chemotactic velocity of the resulting BacteriaBot was measured
by concentration gradient of aspartate, yielding average values of
5pm/s.

Electrostatic Interactions

As explained in section bacterial biohybrid microswimmers, the
surface of bacteria is negatively charged, and hence positively
charged objects offer a suitable surface for favorable attachment.
This can be observed in a different patterning approach for the
preparation of BacteriaBots concerning the preferential adhesion

of S. typhimurium to poly-L-lysine (PLL). PLL was used to coat
poly (ethylene glycol) (PEG) microbeads. Due to the submerging
property of PEG beads on agarose gel, selective (half and total)
coating with PLL was achieved. Characterization with Confocal
Laser Scanning Microscopy using fluorescein labeled PLL
revealed the patterned adhesion of bacteria on PEG microbeads,
corresponding to the extent of coating with PLL (half or total)
(Cho et al., 2012). It is likely that the electrostatic interaction
between negatively charged lipopolysaccharide groups of the
bacteria surface and the positively charged PLL is responsible for
the selective bacteria adhesion (Rozhok et al., 2005).

An alternative bacteria-adhesive polymer was used by Stanton
et al. in order to capture a single E. coli bacterium within
a microtube internally modified with polydopamine (PDA)
(Stanton et al., 2017a). In this case, the size ratio between bacteria
and PDA microtubes influences swimming efficiency, and the
design also includes a trigger mechanism in the tube to inhibit
the swimming. Bacteria adhere to PDA without compromising
viability and with great stability (even after exposure to solvents),
making PDA a highly suitable surface for bacteria attachment.
The attractive electrostatic interaction between the bacterium
and PDA resulted in permanent attachment of the bacterium to
the inside of the microtube while no attachment was observed in
the outer region of the microtube.

Attachment by Inherent Response

Behkam and Sitti were the first to report the attachment of several
S. marcescens bacteria to polystyrene (PS) microbeads (Behkam
and Sitti, 2008). S. marcescens was used due to its relatively
high speed and high density attachment to both hydrophobic
(unpatterned) and hydrophilic (patterned) PS surfaces. As an
intrinsic property of S. marcescens, the production of a sticky pink
slime leads to relatively unselective adhesion to surfaces, which is
the reason why a large number of biohybrid swimmers use this
specific bacterium. As will be discussed later, adhesion can be
suppressed by covering the surface of the artificial objects with
surfactants.

In addition to this, Stanton and co-workers presented the use
of Janus particles for the preparation of BacteriaBots in a one-
step methodology, due to the preferential adhesion of E. coli on
the metal (Au, Pt, Fe, Ti) capped face of particles with a PS or
silica core. The favored attachment to the metal part was found to
be related to its hydrophobicity. Attachment assays and contact
angle and zeta potential characterization showed that E. coli
prefer Pt surfaces over the other three metals investigated. The
metal-free side of the particle can be further functionalized with
a desirable surface chemistry (for instance, with the anticancer
agent doxorubicin hydrochloride), showing the feasibility of the
biohybrid for localized drug attachment (Stanton et al., 2016;
Katuri et al., 2017).

Recently, Park et al. reported the preferential attachment
of bacteria to stiffer elastic surfaces in comparison with softer
surfaces, which could make the viscoelastic properties of the
bacterial-surface interaction the most critical factor for bacterial
attachment and the motility of biohybrid microswimmers (Park
et al., 2017). This was achieved by embedding polyelectrolyte
multilayer (PEM) nanoshell layers on PS microparticles (used as
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a core) resulting in a surface with feasible stiffness customization.
Moreover, this approach allows control over the microparticle
surface charge and chemistry. Specifically, PEM particles were
synthesized by a layer-by-layer methodology (Decher, 1997).
Thus, a single E. coli was attached to PEM that encapsulated
doxorubicin (DOX) and magnetite (Fe304) nanoparticles. The
resulting BacteriaBot exhibited directional motion in response to
chemoattractant gradients and magnetic fields.

Attachment Strategies Via Chemical Interaction

One of the most commonly used chemical strategies for the
preparation of BacteriaBots harnesses the high affinity interaction
between biotin and streptavidin. Streptavidin is composed of four
identical subunits; each subunit can bind a single biotin molecule
(Wilchek et al., 2006). This protein and its derivatives have
high thermal stability and resistance against extreme pH. Most
streptavidin-based applications require chemical biotinylation
of the target molecules (Dundas et al, 2013). Biotin is a
small molecule present in living organisms for which covalent
interaction with many proteins (such as streptavidin) can take
place (Park et al., 2013b). Biotin/streptavidin conjugation does
not imply a loss of biological activity. Accordingly, Gram-
negative bacteria have been genetically engineered to display
biotin in the outer membrane proteins all over the bacteria
surface (Park et al, 2013b). This technique is an extensive
tool in the fields of material functionalization, cell biology,
and proteomics, as biotin/streptavidin (and derivatives) can
be chemically modified (Ren et al., 2015). Park et al. used a
motile strain of S. typhimurium to attach bacteria covalently
to streptavidin-conjugated tandem fluorochrome of peridinin
chlorophyll protein (PerCP), labeled with Cyanine (Cy5.5)-
coated polystyrene microbeads, taking advantage of the high-
affinity interaction between biotin and streptavidin.

Traore et al. described the assembly of E. coli with PS
nanoparticles by the formation of a biotin/streptavidin complex
between the streptavidin coated nanoparticles and bacteria
(coated with biotin-conjugated antibody). The used antibody was
raised against the O-antigens present on the cell membrane. This
limits the attachment of the biotin-conjugated antibody (and thus
streptavidin coated nanoparticles) mainly to the surface of the
bacteria (Traore et al., 2014).

An extended approach obtains the linking of a bacteria to
a liposome by means of a biotin-modified antibody, biotin-
modified lipids, and streptavidin (Kojima et al., 2012). The study
describes the effect on the motility of the biohybrid system when
bacteria are directly attached to the liposome, and when they are
attached via antibody linking. A so-called Raft Domain Binding
Method controls the location of biotin on the liposome (and
therefore the attachment position of bacteria), which is crucial
for the evaluation of the biohybrid. A V. alginolyticus mutant
strain was used for the fabrication of these BacteriaBots. A speed
analysis of raft domain liposomes and normal liposomes driven
by bacteria was screened by optical microscopy, and showed
that the former move faster than the latter, due to the patterned
assembly of bacteria.

A Dbioconjugation method based on a carbodiimide
dehydrating agent was described for the covalent binding

of terminal amine functionalities to carboxylated liposomes,
without sacrificing motility and functionality. In the outer
membrane of magnetotactic M. marinus, amine groups
are present in different molecule types (phospholipids,
lipopolysaccharides, lipoproteins, and polypeptides) (Taherkhani
et al., 2014). This cross-linking approach is suitable for the
preparation of conjugate biomolecules onto nano/microparticles
with a stable chemical bond, which has relatively high enthalpy
range values for amide bond formation (375-422 k] mol™!)
and high bond dissociation (305-440 k] mol~!), in comparison
with bioconjugation approaches based on van der Waals forces,
electrostatic interaction, hydrogen bonds and hydrophobic
effects (Luo, 2007). In addition to the strong bond generated
by this methodology, the sample preparation is simple, highly
reproducible, and is available at low cost. On the other hand, the
effect of the chemical modification of the outer bacterial surface
has not been studied in detail and might negatively influence the
viability and resistance of bacteria.

EFFECTS OF THE SHAPE OF THE
ARTIFICIAL OBJECTS AND OBTAINED
SPEEDS

In general, the interactions of biological entities (cells,
macrophages, bacteria...) with differently shaped objects is
not sufficiently understood. It is well documented that particle
size influences most aspects of interactions with living entities,
including their degradability, attachment, uptake mechanisms,
properties in flows, and excretion mechanisms. However, the lack
of simple and reproducible fabrication methods for differently
shaped nano- or microparticles makes studies relatively difficult.
While some of the most extensive studies of interactions between
eukaryotic cells and inorganic particles (Mathaes et al., 2013,
2014) find that uptake of elongated particles is lower compared
to their spherical equivalents, this data only refers to one specific
material, and these findings do not apply to bacteria. However,
this topic has been treated in several excellent reviews (Tao et al.,
2011; Champion et al., 2014; Jindal, 2017) and shall not be
further considered here.

The relative scarcity of differently shaped particles has also
affected the field of bacterial biohybrids, and few studies present
experiments using the same bacterial strain and comparable
materials, selected examples are presented in Figure 4. Before
grouping and discussing the different approaches, we consider
general conditions that most likely influence the dynamics at
the microscale, owing to the domination of viscous forces over
inertia. Even though the disturbances caused by the cargo objects
in low Reynolds number laminar flow vanish quickly (in the sense
that they leave no wake in the surrounding flow), the viscous
forces exerted by the flow on the object strongly depend on the
body geometry.

In one of the few articles targeting explicitly the influence
of the shape of the artificial object, Sahari et al. compare
the attachment of E. coli via a poly-L-lysine layer to PS
microparticles, employing not only the initial spherical particles,
but also ellipsoids, barrels, and prolate spheroids (Sahari et al.,
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A. Cubic C. Sphere E. Tubular

B. Janus

FIGURE 4 | Schematic representations and examples of the interaction of bacteria with variously shaped cargoes: (A) Single bacterium attached by optical trapping
to a cuboid elongated zeolite L crystal (Barroso et al., 2015). (B,C) Preferential attachment of bacteria to spherical metal capped-PS Janus particles (Stanton et al.,
2016) and Pluronic covered PS particles (Behkam and Sitti, 2008). (D) Bacteria attached to PS particles with different ellipsoidal body geometries (Sahari et al., 2012).
(E) Bacteria captured inside a microtube regarding the bacteria driven microswimmer assembly (Stanton et al., 2017a). All images presented with corresponding
copyright permissions.

2012) that have been obtained from the initial spheres by in swimming speed (Figure4). The attachment probability
embedding them into a film and subsequent stretching. Since ~ was increased by placing the Zeolite in close proximity of
the size of the particle was about five times the bacteria size and  the bacterium using an optical trap. Additionally, the authors
up to six bacteria were attached to each microparticle, there was  observed a strong difference in swimming trajectories after cargo
no significant effect on the speed, but the directionality of the  binding: curved trajectories were explained by reference to the
BacterialMicrosystem was increased for elongated particle shapes ~ asymmetric configuration of the BacteriaBot (Barroso et al,
in comparison to spheres. 2015).

The geometrical restriction of bacterial attachment can be As discussed previously, different binding approaches have
achieved through different strategies: the earliest approach led  been used on several materials of spherical shape (Hosseinidoust
to a BacterialMicrosystem and was presented by Behkam and et al, 2016; Park et al, 2017) including liposomes (Kojima
Sitti. As mentioned in section Attachment Strategies via Physical et al., 2013) without any consideration of the effect of shape.
Synergies, S. marcescens attach unselectively to surfaces, but ~ An approach based on a soft double microemulsion enabled
avoid areas that are covered with a certain surfactant molecule  the authors to obtain bacterial hybrids (mostly 1-2 bacteria per
(Pluronic®) (Behkam and Sitti, 2008). The authors treated  droplet) that can deform if pushed through narrow channels
Pluronic covered PS beads with a plasma to achieve a covered and ~ (Singh et al., 2017). However, this deformation was only observed
a bare hemisphere and studied the attachment of the bacteria to  in confined environments, and a characterization of the effect
the Pluronic free hemisphere. They found that the speed is ~28  of shape independent from the confined environment was
pum/s for the patterned beads, compared to 14 wm/s for totally — not possible. In an approach of Akin et al. quasi spherical
bacteria covered spheres. This trend can be explained by the  streptavidin-coated polystyrene nanoparticles were bound to
cancelation of propulsion forces generated by attached bacteria  biotinylated monoclonal antibodies and via surface proteins to
on opposite sides of the beads, which is largely suppressed by L. monocytogenes bacteria. Since remaining streptavidin sites on
patterning. A correlation of the speed of patterned beads with  the nanoparticles were occupied by biotinylated GFP, plasmid
the number of attached bacteria distinguished the individual  imaging was facilitated (Akin et al, 2007). Subsequently, the
contribution of each bacterium to the dynamics of the motile  authors showed that when these bacteria were able to enter the
system. cells, the size and not the concrete shape of the inorganic part

A BacteriaBot based on the attachment of E. coli to the metal  of the bacterial hybrid was responsible for the effortless passage
caps of Janus particles also relied on hemispheres with different  through the cell membrane.
material properties (see Figure 4). However, due to much smaller A strategy established by the Sanchez’ group used different
bead sizes, this work obtained attachment of single bacteria,  conical or tubular structures for a “binding” method that is based
which enables a clear observation of the decrease of swimming  on trapping rather than attachment, since the bacteria swim
speed after cargo attachment (Stanton et al., 2016). An isolated  inside the structure, where they are able to keep moving forward,
example of a cuboid amino functionalized zeolite cargo attached =~ but cannot reorient to swim out. The authors argue similarly to
to B. subtilis by electrostatic interaction showed a similar decrease ~ Barroso et al. (2015) that a particle attached to the bacterial body
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induces torques and rotational motion and therefore decreases
the net translational motion, for which the conical structures
offer an elegant solution. Additionally, the tubes seemed to
suppress run and tumble behaviors; all microtube BacteriaBots
displayed more steady and directional trajectories than their
freely swimming counterparts. The microtubes can be obtained
via electrodeposition (Stanton et al., 2017a) or a template based
precipitation method resulting in silica microtubes internally
functionalized with amino groups (Stanton et al., 2017b), and
were tuned in size to match the bacteria size in both diameter and
length in order to improve swimming efliciency. For the silica
tubes, two different lengths were fabricated and slower speeds
were obtained for the longer tubes, which was counterbalanced
by increased drug loading capabilities (Stanton et al., 2017b).

A very different shape that also aims for bacterial trapping
was fabricated by the group of DiLeonardo (Vizsnyiczai et al.,
2017). Their optimized gear-like wheel structure, equipped with
ramps for directing bacteria, likewise relies on the fact that E. coli
cannot “swim backwards.” The elegant geometry consists of an
outer circle of structures that align bacteria to swim toward a
central gear-like structure. After passing through the outer circle,
bacteria swim into microchambers on the rim of the gear that
are optimized for capture of individual bacteria. The trapped
bacteria continuously exert a torque on the gear. Even though
this approach is driven by a large number of bacteria, each of
them acts individually on the gear, and no effect of collective
turbulence is observed. Several other approaches involving gear-
like structures have been discussed in the literature. In all of
these works, each micro-object is propelled by a large number
of bacteria, but two general approaches have to be distinguished:
in the first method, similarly to the surface patterned beads
(Behkam and Sitti, 2008), structures of various sizes and shapes
can be obtained and surface patterned with bacteria (here mostly
S. marcescens). These are attached to the structures and move
the surrounding fluid, resulting in effective propulsion. In the
second case, the movement of a microobject is caused by bacterial
turbulence, with no concrete binding of the bacteria to the surface
of the structure.

Firstly, we want to briefly examine the direct attachment of
so called “bacterial carpets” to microstructures. In an early work,
Darnton et al. created active bacterial carpets to move micro-
objects with the shape of beads, microcars, and wedges (Darnton
et al., 2004). The authors tested different bacterial strains and
found that only S. marcescens formed good bacterial carpets,
while E. coli failed to bind completely, and S. typhimurium
was little better. Even though the influence of shape was not
discussed in depth, the authors characterized the position of the
flagella above the carpets. In addition, the flows created by the
bacteria—which were responsible for motion of the objects—
were characterized by adding tracer particles. In another work,
Kim & Kim relied on the slime produced by S. marcescens, which
adheres naturally to surfaces, to create a bacterial carpet on SU8
squares (Kim et al., 2014; Kim and Kim, 2016). The collective
motion of the flagella actuates the BacterialMicrostructure.
The negative surface charges of the bacteria enable the whole
BacterialMicrostructure to follow an electric field, which offers
an elegant guiding mechanism when coupled to a feedback loop.

A similar approach of control by electric fields was followed
by Steager et al. (2011), and later on further investigated to
elucidate the mechanism of motion and the observed prevalence
of clockwise motion (Wong et al., 2014). By comparing squares
and gear structures, the authors found that bacteria that adhered
to the surface walls of large microstructures were influenced
much less by the shape of the structure than expected, at
least for the large microstructure/bacterium size ratio that was
considered.

The second strategy to move micro-objects does not rely on
strict binding of the bacteria to the object surface, but rather
achieves effective propulsion by bacterial turbulence, causing
significant differences not only in the steadiness of the motion,
but also in theoretical aspects and in versatility of the approach.
Here, the most well-known examples include experiments on
gear shaped micro-objects (Sokolov et al., 2009; Di Leonardo
et al., 2010), where momentum is transferred to the gears by
collective swimming and collisions with the microstructures. In
these systems, the shape of the object is of pivotal importance,
since it controls the force transduction from the bacterial motion
to propulsion of the passive objects. However, DiLeonardo
et al. presented a different experimental setup where bacterial
turbulences were able to move spherical, symmetric beads,
and directionality was achieved by 3D-structuration of the
environment (Koumakis et al., 2013).

In summary, it can be said that the influence of shape on the
features of a bacterial biohybrid microswimmer is very poorly
analyzed and understood, and more systematic evaluation,
categorized after bacterial type, swimming strategy, and binding
modality, are needed to deduce clear effects of the object shape.

APPLICATIONS, CHALLENGES, AND
OUTLOOK

There are different potential applications of bacterial biohybrid
microswimmers that exploit their capability to transport cargoes
or reach targets in a customized way. For instance, these
hybrid bioswimmers have been tested as drug delivery systems
(Wang and Pumera, 2018). Thus, the combination of bacteria
with abiotic systems (e.g., micro particles, liposomes) leads
to advanced levels of functionalization not reachable by each
component separately. For example, the capability of bacteria to
sense and response to environmental stimuli can be harnessed
to make them capable of looking for specific biomarkers and
to accumulate at targeted locations in the body. Thus, the
in situ production or selective release of therapeutic agents using
bacterial biohybrid microswimmers would lead to reductions
in the cost of therapy and the need for purification of drugs
produced ex situ, as well as to a significant decrease of the dose of
medicament supplied (Hosseinidoust et al., 2016). For instance,
Mostaghaci et al. accomplished the release of a drug at the site of
a disease by a bioadhesive approach, and therefore increased the
efficiency of drug delivery (Mostaghaci et al., 2017). Anchoring
BacteriaBots to epithelial cells was achieved by bonding lectin
molecules (from the tip of type 1 pili) to mannose molecules
present in the cell. This approach could be extended to more
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precise targeting functionalities as antibodies or aptamers, or
alternatively used for the attachment of particles to bacteria.
Furthermore, the individual and combined power of
bacterial movement can be exploited by the creation of hybrid
micromachines for the development of mechanical tasks and
applications. For example, the chemotactic properties of E. coli
were exploited to sort and separate similarly-sized nanoparticles
of dissimilar surface properties (Suh et al., 2016). P. mirabilis
swimming bacteria were used to push non-motile Candida
albicans fungal cells (Trivedi et al., 2015). Taking magnetotactic
bacteria under consideration, Stanton et al. showed that the
magnetic guidability of the system can be used to direct
BacteriaBots toward an E. coli biofilm. The biofilm could be
attacked with antibiotics and was therefore more susceptible
to chemical threat, even though the biofilm was resistant to
conventional treatment (Stanton et al.,, 2017b). This result
demonstrates that an agile strategy for drug delivery using
bacterial biohybrid microswimmers can bring new advantages in
tackling even notoriously thorny problems like multi resistant
germs. Additionally, the delivery of pharmaceutics and nutrients
within the body could benefit from faster delivery through the
bacteria naturally present in the microbiome of human and
animal bodies. Since many modern medicines are produced
by transgenic bacteria, the idea to improve the production of
insulin or other proteins within the bacteria through direct
combination with in situ encapsulation of the protein into the
cargo structure no longer seems so much like science fiction.
However, the potential of bacterial hybrid swimmers is not
limited to biomedical applications; the inherent sensitivity of
bacteria to environmental stimuli could be well exploited to
create motile sensors. This could build on the signal transduction
systems inherent to bacteria, which allow the creation of
whole-cell biosensors used, for example, in antibiotic discovery
(Wolf and Mascher, 2016). These signal transduction pathways
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