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ABSTRACT 
 
Effective miniaturization of functional machines to operate at the microscopic world has a great 

potential to revolutionize minimally invasive interventions and operations at hard-to-reach 

body locations. The use of microswimmers as miniaturized functional machines to deliver cargo 

in a targeted manner or manipulate cells at the single-cell level has been studied for more than 

a decade. Advancements in microfabrication techniques and our daily progress in 

understanding nature and natural phenomena enable us to develop more sophisticated 

microswimmers that could one day be utilized in real medical operations by physicians. To 

reach this vision, application-specific microswimmers, such as drug carriers or cell transporters, 

should be designed and developed, and the physical and chemical properties of the developed 

microswimmers should be well understood prior to their usages in medical operations. In this 

dissertation; initially, a bacteria powered biohybrid microswimmer design approach is 

presented to show that the intrinsic cell membrane properties of the bacteria could be utilized 

for targeted localization of the biohybrid microswimmers onto the cell membranes of specific 

eukaryotic cell types. With this design approach, it was demonstrated that the biological 

segment of biohybrid microswimmers could be further used to obtain additional functionalities, 

such as cell-specific localization, together with the powering and actuating the microswimmers. 

Then, a soft biohybrid microswimmer design approach, composed of emptied red blood cells 

and a bioengineered bacteria species, is presented through non-invasive integration of the cargo 

carriers with the biological actuators by using biotin-streptavidin-biotin conjugation chemistry. 

With this study, it was most importantly shown that soft biohybrid microswimmers, which 

could autonomously squeeze and pass through confined spaces that were smaller than their 

overall size, could be obtained via proper selection and integration of naturally deformable 

cargo carriers to the microswimmer design. After that, a unicellular microalga species is 

introduced as an alternative power source and actuator to flagellated bacteria species in the 

biohybrid microswimmer design approach. With this work, easy and facile fabrication of algal 
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microswimmers was demonstrated by using non-covalent electrostatic interactions between the 

biological actuators and the designed artificial cargo carriers. Furthermore, locomotion of the 

algal microswimmers was shown in various physiologically relevant fluids, including plasma, 

and biocompatibility of the algal microswimmers was presented towards different eukaryotic 

cell lines, including HeLa and OVCAR-3 cells, for a long period of time. Finally, three-

dimensional fabrication of a new helical magnetic microswimmer design from biodegradable 

chitosan molecules is presented, and their precise control using an external magnetic field and 

controllable light-triggered drug release from these microswimmers were demonstrated under 

the microscope. In this work, it was further shown that synthetic microswimmers could be 

degraded by enzymes found in the human body without producing any cytotoxic by-products 

if natural polymers could be used in the fabrication of the microswimmers. Overall, the studies 

reported in this dissertation aim to develop and investigate novel microswimmer designs that 

can enhance our understanding of functional microswimmer fabrication and could be 

potentially used as a part of more sophisticated futuristic medical microswimmer designs. 

Several issues encountered by most of the medical microswimmers, including biocompatibility, 

biodegradability, and navigation through confined spaces, were separately addressed in the 

reported works. However, there are still many open challenges, including real-time medical 

imaging, locomotion in complex environments, and adaptation to local environmental changes, 

before integrating all these reported functionalities into more sophisticated microswimmer 

designs and the transition of the microswimmers into clinics. 
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ZUSAMMENFASSUNG 
 
Die effektive Miniaturisierung funktioneller Maschinen für den Einsatz in der mikroskopischen 

Welt hat großes Potenzial, minimal-invasive Eingriffe und Operationen an schwer 

zugänglichen Körperstellen zu revolutionieren. Der Einsatz von Mikroschwimmern als 

miniaturisierte funtionelle Maschinen zur gezielten Abgabe von Ladung oder zur Manipulation 

von Zellen auf Einzelzellenebene wird seit mehr als einem Jahrzehnt untersucht. Fortschritte in 

den Mikrofabrikationstechniken und unser täglicher Fortschritt im Verständnis der Natur und 

der natürlichen Phänomene ermöglichen es uns, anspruchsvollere Mikroschwimmer zu 

entwickeln, die eines Tages von Ärzten in realen medizinischen Operationen eingesetzt werden 

könnten. Um diese Vision zu erreichen, sollten anwendungsspezifische Mikroschwimmer, z.B. 

als Medikamententräger oder Zelltransporter, entworfen und entwickelt werden und die 

physikalischen und chemischen Eigenschaften der entwickelten Mikroschwimmer sollten vor 

ihrem Einsatz in medizinischen Operationen gut verstanden werden. In dieser Dissertation wird 

zunächst ein bakterienbetriebener biohybrider Mikroschwimmer-Designansatz vorgestellt, um 

zu zeigen, dass die intrinsischen Zellmembran-Eigenschaften der Bakterien für eine gezielte 

Lokalisierung der biohybriden Mikroschwimmer auf die Zellmembranen spezifischer 

eukaryotischer Zelltypen genutzt werden können. Mit diesem Design-Ansatz konnte gezeigt 

werden, dass das biologische Segment der biohybriden Mikroschwimmer weiter genutzt 

werden kann, um zusätzliche Funktionalitäten, wie z.B. die zellspezifische Lokalisierung, 

zusammen mit der Ansteuerung und dem Antrieb der Mikroschwimmer zu erhalten. 

Anschließend wird ein weicher biohybrider Mikroschwimmer-Designansatz, bestehend aus 

entleerten roten Blutkörperchen und einer biotechnologisch hergestellten Bakterienart, durch 

nicht-invasive Integration der Ladungsträger mit den biologischen Aktuatoren unter 

Verwendung der Biotin-Streptavidin-Biotin-Konjugationschemie vorgestellt. Mit dieser Studie 

wurde vor allem gezeigt, dass weiche biohybride Mikroschwimmer, die sich autonom 

zusammendrücken und durch  Räume, kleiner als ihre Gesamtgröße, hindurchkommen können, 
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durch die richtige Auswahl und Integration von natürlich verformbaren Ladungsträgern in das 

Mikroschwimmerdesign gefertigt werden können. Danach wird eine einzellige Mikroalgenart 

als alternative Energiequelle und Antrieb für gegeißelte Bakterienarten im biohybriden 

Mikroschwimmer-Designansatz eingeführt. Mit dieser Arbeit wurde die einfache und 

unkomplizierte Herstellung von Algen-Mikroschwimmern durch die Verwendung nicht-

kovalenter elektrostatischer Wechselwirkungen zwischen den biologischen Aktoren und den 

entworfenen künstlichen Ladungsträgern demonstriert. Darüber hinaus wurde die 

Fortbewegung der Algen-Mikroschwimmer in verschiedenen physiologisch relevanten 

Flüssigkeiten, einschließlich Plasma, gezeigt und die Biokompatibilität der Algen-

Mikroschwimmer gegenüber verschiedenen eukaryotischen Zelllinien, einschließlich HeLa- 

und OVCAR-3-Zellen, über einen langen Zeitraum hinweg präsentiert. Schliesslich wird die 

dreidimensionale Herstellung eines neuen helixförmigen magnetischen Mikroschwimmer-

Designs aus biologisch abbaubaren Chitosan-Molekülen vorgestellt, und ihre präzise Steuerung 

durch ein externes Magnetfeld und die kontrollierbare lichtgesteuerte Wirkstofffreisetzung aus 

diesen Mikroschwimmern wurde unter dem Mikroskop demonstriert. In dieser Arbeit wurde 

ferner gezeigt, dass synthetische Mikroschwimmer durch Enzyme im menschlichen Körper 

abgebaut werden können, ohne dass zytotoxische Nebenprodukte entstehen, wenn natürliche 

Polymere bei der Herstellung der Mikroschwimmer verwendet werden. Insgesamt zielen die in 

dieser Dissertation berichteten Studien darauf ab, neuartige Mikroschwimmerdesigns zu 

entwickeln und zu untersuchen, die unser Verständnis der funktionellen 

Mikroschwimmerherstellung verbessern können und die möglicherweise als Teil 

anspruchsvollerer futuristischer medizinischer Mikroschwimmerdesigns verwendet werden 

könnten. Mehrere Probleme, auf die die meisten medizinischen Mikroschwimmer stoßen, 

einschließlich der Biokompatibilität, der biologischen Abbaubarkeit und der Navigation durch 

enge Räume, wurden in den berichteten Arbeiten gesondert behandelt. Es gibt jedoch noch viele 

offene Herausforderungen, darunter die medizinische Echtzeit-Bildgebung, die Fortbewegung 
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in komplexen Umgebungen und die Anpassung an lokale Umweltveränderungen, bevor all 

diese berichteten Funktionalitäten in anspruchsvollere Mikroschwimmer-Designs und den 

Übergang der Mikroschwimmer in Klinikalltag integriert werden. 
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CHAPTER 1 
AN OVERVIEW OF THE MICROSWIMMERS  

 
Control over the microscopic world, at the size scale of an average individual eukaryotic 

cell, depends on effective miniaturization of functional machines to operate at low Reynolds 

number [Re] regime (1). Different approaches, either inspired by nature or that directly 

exploited natural organisms, have been proposed and utilized to efficiently fabricate 

miniaturized functional machines which are also named as micromachines, microrobots, or 

microswimmers according to their functional complexities and/or locomotion mechanisms to 

perform operations at low Re regime (2, 3). Here, microswimmers are defined as subtypes of 

microrobots (not just bare microorganisms such as bacteria or algae) that can navigate through 

fluidic environments by deforming its body, moving parts of its body in a non-reciprocal 

fashion, or utilizing local gradients, e.g. chemical or temperature, and perform predefined 

medical tasks such as drug delivery or cell transport. Microswimmers could be broadly 

classified as either synthetic or biohybrid according to the design approach exploited to realize 

the miniaturization procedure for the operations at low Re regime (4-7). While synthetic 

microswimmers primarily rely on external power sources for actuation, including acoustic 

waves, magnetic field, and thermal energy, which could also be mentioned as off-board 

actuation strategies, biohybrid microswimmers take advantages of inherently available on-

board actuation mechanisms of enzymes and motile microorganisms, including algae, bacteria, 

and sperms that could also be mentioned as on-board actuation strategies (8-11). Regardless of 

the actuation scheme implemented for locomotion at low Re regime, both synthetic and 

biohybrid microswimmers still need an external control input from an operator for navigation 

and precise localization at complex environments (12-15). Due to the advancements in 

microfabrication techniques and new design paradigms, power, actuation, control and sensing 

capabilities of both synthetic and biohybrid microswimmers have progressed at an incredible 
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pace in the last decade, and have established a new avenue for minimally invasive medical 

operations (16, 17). 

In this chapter, we provided detailed information about the fluid mechanics governed at 

the microscopic world, the locomotion modalities advanced in nature for propulsion and 

navigation at the microscopic world, the conventional design and fabrication strategies utilized 

to efficiently constitute synthetic and biohybrid microswimmers, and control schemes and 

operational capabilities of synthetic and biohybrid microswimmers (11). 

1. Physical Principles of the Locomotion in the Fluids at the Microscopic World  

Re is an essential dimensionless quantity in fluid mechanics, which is used to measure 

the ratio of inertial forces to viscous forces on an object inside fluid and to predict emerging 

flow patterns in various fluid flow situations. Re is defined as: 

�4�A
L
�é�7�.

�ä
 (1.1) 

where �! and �� are density and dynamic viscosity of the fluid, respectively, and U and L are 

velocity and characteristic length of the object moving in that fluid, respectively. At the 

microscopic world, fluidic forces imposed on the moving objects and thus microswimmers are 

dominated by viscous forces over inertia forces. Locomotion modalities used for propulsion at 

this world is fundamentally different from locomotion modalities used at the macroscopic 

world. To illustrate, for a bacterium like Escherichia coli [E. coli], whose typical body length 

�L�V���������P and swimming at an average speed �R�I���D�S�S�U�R�[�L�P�D�W�H�O�\�����������P���V�H�F���L�Q���Z�D�W�H�U�����5�H���Z�R�X�O�G���E�H��

on the order of 10-5-10-4. Therefore, at low Re regime (Re << 1), flows generated by the 

microorganisms are governed by viscous stresses rather than inertial effects that are prominent 

for the swimmers at the macroscale. Low Re regime fluid flows are governed by the Stokes 

equations and boundary conditions imposed by body deformations of the microswimmer and 

by surrounding geometries: 
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�J�Ï �6�› 
F �Ï�L
E�Œ
L �r (1.2) 

�Ï �®�› 
L �r (1.3) 

where �› is the velocity field, �L is the pressure, and �Œ is the volumetric forces imposed on the 

fluid by the microswimmers and the boundaries. Stokes equations are linear and have no time-

dependent terms. Thus, a microswimmer undergoing reciprocal motion would not be able to 

perform a net motion in Newtonian fluids as d�H�P�R�Q�V�W�U�D�W�H�G���E�\���3�X�U�F�H�O�O���L�Q���K�L�V���³�6�F�D�O�O�R�S���W�K�H�R�U�H�P�´ 

(18). In order to swim at low Re regime in Newtonian fluids, microorganisms, and thus 

microswimmers, must perform non-reciprocal body deformations to generate drag-based thrust 

using locomotion modalities such as the corkscrew motion of bacterial flagella, undulating 

flagellar waves of spermatozoa and asymmetric beating of algal flagella (19). The most 

uncomplicated hypothetical animal design that could swim at low Re regime with the 

coordinated movement of its two hinges was also demonstrated by Purcell in his famous paper 

published in 1977 (Figure 1.1) (18). 

 

Figure 1.1 The most uncomplicated hypothetical animal design which could swim at low Re 

regime through the non-reciprocal motion of its two hinges. Modified from (18). 
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2. Locomotion Modalities employed by the Microorganisms at the Microscopic World 

Motility at the microscopic world refers to the autonomous motion of a microorganism 

via coordinated organization and powering of its internal molecular motors by harvesting 

chemical energy from its local environment. Motility of the microorganisms is a vital function 

for the successful continuation of the life for both prokaryotes, such as algae and bacteria for 

nutrient search, and eukaryotes, such as mammalian cells for reproduction. Even though there 

are various mechanisms of locomotion at the microscopic world, most of the mammalian cells 

utilize amoeboid movement to crawl over surfaces, whereas swimming of eukaryotes and 

prokaryotes is facilitated by flexible surface appendages, including flagella and cilia. In this 

section of the chapter, we described amoeboid locomotion used by the adherent mammalian 

cells and explained three different swimming mechanisms employed by the microorganisms for 

locomotion at the low Re regime. 

2.1. Amoeboid Movement 

Cell locomotion is a highly dynamic process and essential to perform vital biological 

activities, including embryonic development, wound healing, taxis, and immune response. 

Amoeboid movement is considered as the most effective way of cell migration, mimicking the 

behavior of the amoeba Dictyostelium discoideum [D. discoideum] (20). Most of the eukaryotic 

cells, including leukocytes, lymphoma cells, and hematopoietic stem cells, migrate by 

amoeboid movement, which is driven by the forces applied by their membrane protrusions to 

overcome the friction between the cell surface and the surrounding environment (Figure 1.2A) 

(21). The actin cytoskeleton is the primary and essential coordinator of this process, and 

transmits the generated forces to the substrate and recycles it when necessary (22, 23). In the 

initial step, actin reorganization, filament bundling and crosslinking in the form of filopodia 

and lamellipodia enable cells to change their elastic properties and increase the rigidity of the 

actin filaments to drive membrane extensions (24). Actin protrusions are formed in the cell 

leading edge, which is determined by the type and gradient of the triggering signal, and the 
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membrane is propelled forward while new adhesion sites are generated for the attachment to 

the substrate. Then; in the next step, secondary forces, such as contractile forces, are created by 

the actomyosin network to pull the cell body forward in the direction of migration. Cells 

proceed to crawl by repeating these steps in a cyclic manner until they reach their final positions. 

The contractile forces are generated through the repetition of a three-step process, which is 

sequentially myosin motor protein binding, power stroke, and unbinding on actin filaments 

(25). In addition to force generation, adhesion mechanics takes an essential role in the crawling 

behavior of the cells. Adhesion is reprocessed by emergence and disintegration from the 

substrate. For instance, the migration of cells in two-dimension [2D] on endothelial surfaces or 

in extracellular matrices requires integrin-dependent adhesion and adhesion forces, as well as 

the spatial distribution of the attachment sites, which determines the rate of translocation. 

However, leukocyte crawling in three-dimension [3D] both in vitro and in vivo is integrin-

independent and mediated by only cytoskeletal reorganization, shape changing, and squeezing 

through narrow regions (26). Similarly, amoeboid migration is different from collective or 

mesenchymal migration in terms of lacking strong adhesive interactions and preserving tissue 

integrity (27). For example, neutrophils could migrate with a velocity of up to 30 µm/min with 

amoeboid migration using protease-independent mechanisms to overcome matrix barriers while 

fibroblasts migrate much slower, a velocity of up to 1 µm/min, due to the generation of strong 

adhesions, stable focal contacts with extracellular matrices, and proteolytic tissue remodeling. 

Within leukocyte subtypes, there are also broad differences in velocity, such as lymphocytes 

locomote with a velocity of up to 25 µm/min, dendritic cells locomote with a velocity of up to 

10 µm/min and monocytes locomote with a velocity of up to 5 µm/min, due to different myosin 

II activities and deformability of the nucleus (20). Cells perform this dynamic motion process 

with high energy efficiency and execute their complex responses in a highly targeted manner 

due to their high sensing capacities (28). Apart from amoeboid movement, leukocytes also 

display rolling-arrhythmic tumbling on endothelial surfaces, which is mediated by formation 

http://tureng.com/tr/ingilizce-esanlam/arrhythmic
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and dissociation of noncovalent bonding between P-selectin/P-selectin glycoprotein ligand-1 

expressed in microvilli during intraluminal migration (Figure 1.2B) (29). Hydrodynamic shear 

force and torque created by the blood flow affect the bond kinetics and the dissociation time, 

and the increasing force results in increasing tethering force at the cell rear and contact force 

where leukocyte contacts with endothelium. This enables new bond formation and resistance 

to high shear stress. These newly formed bonds are known as catch bonds due to their different 

association and dissociation pattern under shear stress conditions. When the bonds at the cell 

rear have too much stress, which results in bond detachment, the cell undergoes rolling (30). 

Similar to crawling, as the cell rolls, new bonds are formed in the front part, and the old ones 

start bearing the stress. Rolling is followed by slow rolling, arrest, crawling, and transmigration. 

 

Figure 1.2 A. Amoeboid movement of the mammalian cells on 2D surfaces or endothelium. 

Cells extend a protrusion by actin polymerization in the direction of migration and form new 

adhesion sites on the leading edge. B. Rolling of the leukocytes on endothelium during 

intraluminal migration. Forces acting on the cells include contact force, shear force, and torque 

created by the blood flow and tethering of the microvillus at the cell rear is demonstrated. 

Reproduced with permission from (11). 
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2.2. Swimming Mechanisms 

Flagellated bacteria species employ the rotation of their flagella in a helical pattern to 

generate propulsion at low Re regime (31). The bacterial flagellum is a passive polymeric 

organelle that is attached to the cell body through the hook-basal body complex and is rotated 

by the bacterial rotary motor, which is an actual molecular engine that is capable of exerting a 

torque on the flagella (32). Propulsion results upon the rotation of the flagella, since chirality 

introduced by its helical geometry, and leads to conversion of its rotational motion into a 

translational thrust force (33). The number and position of the flagella used for locomotion at 

the low Re regime vary across the bacterial species. In general, there are four different 

flagellation types among the bacterial species, and the bacterial species are classified as 

monotrichous, peritrichous, lophotrichous and amphitrichous according to the arrangement of 

their flagella. Simply, monotrichously-flagellated bacterial species have a single flagellum at 

one end of their body, peritrichously-flagellated bacterial species have many randomly 

distributed flagella over their body, lophotrichously-flagellated bacterial species have multiple 

flagella gathered at one end of their body and amphitrichously-flagellated bacterial species have 

one or multiple flagella at each end of their body (Figure 1.3). 

Bacteria commonly perform the so-ca�O�O�H�G�� �³�U�X�Q��and �W�X�P�E�O�H�´�� �P�R�W�L�R�Q���� �D�� �V�R�U�W�� �R�I�� �U�D�Q�G�R�P��

walk, using their flagella for exploring their surroundings to survive. In multiflagellated bacteria 

species, such as E. coli�����³�U�X�Q���D�Q�G���W�X�P�E�O�H�´���V�H�T�X�H�Q�F�H�V���D�U�H���P�H�G�L�D�W�H�G���E�\��coordinated bundling and 

unbundling of the flagella (Figure 1.4) (34)�����'�X�U�L�Q�J���W�K�H���³�U�X�Q�´���S�K�D�V�H�����D�O�O��bacterial flagella rotate 

in the counter-clockwise direction that leads to bundling. Bundling enables the bacteria to swim 

in a �V�W�U�D�L�J�K�W���S�D�W�K�����'�X�U�L�Q�J���W�K�H���³�W�X�P�E�O�H�  ́phase, one or more bacterial rotary motors change their 

rotational direction to clockwise, and thus the bacterial flagella unbundle, which causes the 

bacteria to change their orientation (35). 
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Figure 1.3 Classification of the bacteria species based on their flagella arrangement: A. 

Monotrichous, B. amphitrichous, C. lophotrichous and D. peritrichous. 

 

 

Figure 1.4 Swimming mechanism of peritrichously-flagellated bacteria through corkscrew 

rotation of their flagella in bacteria (Top). Inset shows the hook-basal body complex, a true 

molecular engine, of the bacteria including the flagellar motor. �³Run�  ́and �³tumble�  ́sequences 

of the bacteria are mediated by bundling and unbundling of the flagella due to counter-

clockwise and clockwise rotation of the bacterial rotary motors (Bottom). Reproduced with 

permission from (11). 

 

Spermatozoa are the quintessential eukaryotic microswimmers that carry genetic material 

for reproduction. Like all eukaryotic unicellular microswimmers, spermatozoa employ 
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undulations of their flagella to generate thrust. Eukaryotic flagella are flexible and are actuated 

by axoneme consisting of multiple structural microtubules and dynein motor complexes 

distributed along their length. Flagellum changes its curvature when microtubules on one side 

of the axoneme extend by sliding over each other via the action of dynein motors. Spermatozoa 

achieve propulsion by generating traveling wave-like undulations along their flagella. 

Spermatozoa are capable of swimming at high velocities, such as a velocity of up to 3-5 

mm/min, and can survive in the female reproductive tract for extended periods while 

maintaining their motility (36). The female reproductive tract presents a series of challenges for 

spermatozoa before they reach the ovum, including highly viscoelastic mucus barriers and the 

tortuous, and narrow lumen of Fallopian tubes (37). Spermatozoa overcome these obstacles by 

displaying a variety of swimming modalities, including undulating, helical, hyper-helical, 

hyper-activated, chiral ribbons and slithering, depending on geometrical, physiological, 

chemical, and rheological stimuli in their environment (Figure 1.5A) (37-39). 

Motile unicellular microalgae, such as Chlamydomonas reinhardtii [C. reinhardtii] which 

are commonly found in freshwater and marine systems, are another class of eukaryotic 

microswimmers. C. reinhardtii are biflagellated and their flagella are positioned in front of their 

body. Algal flagella are structurally and functionally similar to the sperm flagella but have a 

different beating pattern than the sperm flagella. For locomotion, algal flagella undergo a two-

beat sequence of asymmetric deformations that resemble the breaststroke pattern in human 

swimming (40). During the power stroke, flagella are stretched out and rapidly move from the 

front to sides of microalgae, which is then followed by the recovery stroke, where flagella are 

bent and slowly move in the opposite direction (Figure 1.5B). A stretched algal flagellum is 

subjected to a larger hydrodynamic drag compared to the bent configuration. The asymmetry 

in generated drag between consecutive strokes enables net propulsion (33). C. reinhardtii beat 

their flagella in a synchronized fashion for swimming in a straight path, and they can change 

their orientation by performing asynchronous beating (41, 42). By alternating between 
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synchronous and asynchronous beating sequences, algae can randomize their trajectories 

similar to the �³run and tumble�  ́behavior of the bacteria (42). 

 

Figure 1.5 A. Flagellar swimming of spermatozoa using whip-like undulations of the active 

tail. The inset shows the cross-sectional structure of the eukaryotic flagella. Activated 

swimming mode of sperms near a surface where flagella undergo wave-like undulations for 

forward swimming (Bottom-left). Sperms transition to the hyper-activated mode where they 

show a vigorous type of flagellar motion (Bottom-right) . B. Flagellar swimming of C. 

reinhardtii, where flagella undergo an asymmetric beating cycle consisting of a power stroke 

followed by a recovery stroke. Microalgae alternate between two swimming modes: the 

synchronous beating of the flagella for forward propulsion, and asynchronous beating for 

changing their orientations (Bottom) (A. and B. were modified from (41)). Reproduced with 

permission from (11). 

 

3. Hydrodynamic Interactions of the Microorganisms with the Boundaries 

Biological microswimmers present a rich variety of behaviors when they are near 

boundaries. For instance, E. coli accumulate near walls and swim in circular trajectories with 

deterministic clockwise rotations due to the counter-clockwise rotation of their flagella (43, 44). 

E. coli preferentially follow boundaries on their right-hand side when they swim inside channels 

which can be used for guiding them along with desired directions at microchannel intersections 

(45). Spermatozoa also tend to accumulate over and follow boundaries (46, 47), which is 
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thought to play an essential role in their guidance by microarchitecture of the female 

reproductive tract (48, 49). The behaviors presented by the microorganisms near boundaries are 

governed by the microswimmer induced long-range flows and short-range ciliary interactions 

(47, 50-53). Understanding interactions of the microswimmers with the boundaries could 

enable design of different device geometries for guiding microswimmers into desired 

organizations, such as to control the direction of the motion in the microchannels with 

ratcheting walls and guiding posts (47, 54), to power microscopic gears and motors (55, 56), to 

funnel microswimmers, and to generate directed colloidal transport through ratcheting 

geometries (57, 58). 

4. Swimming of the Microorganisms in the non-Newtonian Fluids 

Even though the explanation of swimming mechanics so far has been dealing with 

Newtonian fluids, many microorganisms live and locomote in complex media such as mucus, 

soil, and biofilms that exhibit non-Newtonian fluid characteristics. Almost all biological fluids, 

including synovial fluid, blood, and mucus, demonstrate non-Newtonian material properties 

(59). Non-Newtonian fluid behavior arises from interactions of the internal structure of the 

complex media, which might consist of polymeric chains, colloidal particles, and interstitial 

fluid (60). Non-Newtonian fluids exhibit shear-rate dependent viscosity and elastic stresses that 

give the fluid a restorative force, which can significantly influence the locomotion of biological 

microswimmers. Presence of elastic forces or shear-rate dependent viscosity renders the 

�U�H�T�X�L�U�H�P�H�Q�W�V���R�I���³�6�F�D�O�O�R�S���W�K�H�R�U�H�P�´���R�E�V�R�O�H�W�H���L�Q���Q�R�Q-Newtonian fluids and microswimmers can 

generate net motion by reciprocal deformations at low Re regime (61, 62). Viscoelastic 

response of fluids is generally measured by the Deborah number [De] and De is defined as: 

�&�A
L ���ã�B (4) 

where �ã is fluid relaxation time and �B is the frequency of perturbations. The response of fluids 

to perturbations varies from purely viscous when �&�A
L �r to purely elastic when���&�A�\ �», 

which highlights that viscoelasticity is a frequency-dependent phenomenon. For a 
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spermatozoon beating its tail at a frequency range of 20 Hz to 50 Hz in cervical mucus with a 

relaxation time of 1 sec to 10 sec, De can be estimated to be much greater than the unity. Hence, 

elastic forces are supposed to play a significant role in the swimming dynamics of the 

spermatozoon (60). 

Non-Newtonian fluids can significantly affect microswimmer�¶�V mobility depending on 

the propulsion modalities of the microswimmers and the properties of the fluids. For example, 

E. coli slows down with increasing polymer concentration in the Newtonian regime (63, 64). 

Whereas, their swimming velocities are enhanced in specific polymeric solutions with long 

chains due to shear thinning of the fluid around fast-rotating bacterial flagella (64) and the 

elastic stresses (65). On the other hand, spermatozoa (66) and C. reinhardtii (67) were observed 

to move slower in viscoelastic environments. Furthermore, the gait behavior of the 

microorganisms is affected by the viscoelastic properties of the fluids. An increase in viscosity 

of the suspending polymeric fluid causes bacteria to tumble less and swim straight due to an 

increase in flagellar bundling time (65, 68). It is widely known that spermatozoa enter a hyper-

activated state inside the Fallopian tubes, where they perform a vigorous type of flagellar 

motion. It had been demonstrated that hyper-activation enhances spermatozoa penetration 

through viscoelastic fluids and zona pelucida of the egg, whereas cells that were unable to 

hyper-activate were incapable of fertilization (69, 70). Finally, C. reinhardtii change their gait 

patterns inside the viscoelastic fluids by beating their flagella faster and with smaller 

amplitudes, which reduces power consumption compared to their gait in the Newtonian fluids, 

albeit to hindered mobility (67, 71). 

5. Biohybrid Microswimmers  

Successful microrobotic applications inside the human body require incorporation of 

sensing, computational capability and powering for actuation. Biohybrid microswimmers that 

are realized via integration of motile microorganisms, e.g. bacteria, microalgae, and 

spermatozoa, with nano-sized or micron-sized cargo delivery platforms, e.g. liposomes and 
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polymeric particles, have great potentials to fulfill the above-mentioned criteria for 

microrobotic applications inside the human body. Compared to their synthetic counterparts, 

biohybrid microswimmers can sense and respond to changes in their local environment, and 

therefore provide a higher level of autonomy. In addition to their intrinsic sensing capabilities, 

most of the microorganisms can achieve high propulsion speeds, in terms of body lengths per 

second, and interact with their targets at the same size scale (1-10 µm), which is also compatible 

with the smallest capillaries and interstitial spaces found in the body. Furthermore, advanced 

functionalities, including drug transport, targeted cellular interactions and heat generation, can 

be incorporated into biohybrid microswimmers by simple modifications to materials or surface 

chemistries. Such advantages make biohybrid microswimmers attractive candidates for medical 

applications, including micromanipulation and targeted drug delivery. 

The design of a biohybrid microswimmer requires careful evaluation and selection of a 

motile microorganism, as well as additional artificial components for generating desired 

therapeutic effects. While the selection of the microorganism mainly affects propulsion and 

control characteristics of the biohybrid microswimmers, the attached synthetic construct 

governs the type of therapy, such as drug transport or hyperthermia. In addition, the 

compatibility of the microorganism and the synthetic construct in terms of integration efficiency 

and yield should be considered for the facile and high-throughput fabrication of biohybrid 

microswimmers. In parallel, the safety of the microorganisms and the materials used in 

synthetic constructs, including degradability and immunogenicity, should be incorporated into 

the design process. 

In this section of the chapter, we focused on the microorganisms, such as sperms, 

macrophages, neutrophils, algae and bacteria, which can be single-handedly utilized to power 

biohybrid microswimmers. We first systematically reviewed various approaches developed in 

the literature for the selection of the microorganisms and the artificial carriers to effectively 

fabricate different biohybrid microswimmers. Then, we discussed the fabrication strategies and 
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techniques used to integrate the selected microorganisms with the selected artificial carriers. 

Finally, we provided information about various control schemes integrated into the biohybrid 

microswimmer designs to steer and control the locomotion and the localization of the whole 

microsystems. 

5.1. Selection of the Microorganisms 

The selection of the microorganism to be utilized in biohybrid microswimmer design 

highly depends on the intended medical application (Table 1.1) because of the compartment-

dependent varying physical, chemical, and biological properties of the human body. For 

example, the circulatory system presents high flow rates in arteries (100-400 mm/sec) as well 

as extremely small vessel diameter capillaries (<10 µm) (72), which would necessitate a 

microorganism that is small or soft enough to pass through the capillaries and strong enough to 

propel the biohybrid microswimmers against high flow rates. Although a strain of 

magnetotactic bacteria, Magnetospirillum magneticum [M. magneticum], has been shown to 

swim upstream in flow velocities up to 600 µm/sec (73), they would be ineffective for 

generating sufficient propulsion in arteries (74). Another size limitation for the biohybrid 

microswimmers is present in mucosal barriers, which prevent the transport of foreign pathogens 

and particles to the underlying epithelium in the respiratory, the gastrointestinal, and the 

cervicovaginal tracts (75). Mucus layer, a polymer-based hydrogel, filters particles based on 

their size and interactions with the mucus components, which requires any biohybrid 

microswimmer targeting to penetrate the mucus layer to be smaller than the pore size and inert 

against mucus components. Another approach may be using attenuated strains of enzymatically 

active bacteria species (76) or synthetic enzyme-loaded structures (77) that can locally change 

the pH of the environment, which would result in the gel-sol transition of the mucus and 

propulsion of the biohybrid microswimmers. 

Additionally, human body temperature may not be optimal for the motility of all 

microorganisms. While certain strains of E. coli and Salmonella enterica subspecies 1 serovar 
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Typhimurium [S. Typhimurium] can sustain and even increase their swimming speed at 37°C 

(78, 79), some strains of magnetotactic bacteria would slow down with increasing temperature 

which limits their operation time in the body to 30-45 min (74). Similarly, the penetration depth 

of light through skin and tissues hinders the application of phototactic microorganisms, such as 

green microalgae, in deeper regions of the human body. Furthermore, the natural accumulation 

of the microorganisms in specific locations of the body due to their inherent taxis capability 

might be exploited for targeted therapies. Certain bacteria species, including Salmonella, 

Bifidobacterium and Escherichia, have been reported to invade and colonize hypoxic regions 

of solid tumors, owing to their taxis behavior (80-82). Overall, several factors, including 

propulsion speed, optimum motility conditions, taxis behaviors, safety concerns, interaction 

with surfaces, and propulsion in complex fluids, should be critically investigated before 

fabrication of the biohybrid microswimmers. Furthermore, technical advantages in fabrication, 

such as ease of cultivation and integration with artificial carriers, might play a crucial role in 

the selection of microorganisms in biohybrid microswimmer design approaches. 

 

Table 1.1 Suitable/possible application sites of the microorganisms inside the human body that 

could be utilized to determine the biological segment of biohybrid microswimmers according 

to intended medical operations. 

Microorganism Suitable/Possible Medical Application Areas Reference(s) 

E. coli Cargo delivery to solid tumors & the gastrointestinal tract (81) 

H. pylori Stomach & mucus penetration (76) 

L. monocytogenes Cargo delivery to solid tumors (83) 

M. magneticum Locomotion inside capillaries & cargo delivery to the 
hypoxic regions of solid tumors (73, 84, 85) 

S. Typhimurium Cargo delivery to solid tumors (86, 87) 

Spermatozoa Fallopian tube & fertilization (88, 89) 
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5.2. Selection of Artificial Carriers  

Artificial carriers integrated to microorganisms can provide additional capabilities to the 

biohybrid microswimmers, including magnetic steerability, drug encapsulation and release, and 

specific interactions with the targeted cells and tissues. The physical and chemical properties 

of the artificial carriers highly depend on the desired and foreseen application of the biohybrid 

microswimmers. For instance, drug loading and release require porous material selection, and 

encoding interactions with the targeted cells and tissues necessitates biochemically active 

surfaces. Regardless of the specific application, all artificial carriers need to enable proper 

integration and viability of the microorganisms and also need to be non-toxic to the eukaryotic 

cells. While a myriad of artificial carriers with different sizes, shapes, and materials have been 

developed and utilized in the fabrication of biohybrid microswimmers, we described the key 

features of these artificial carriers, including size and shape, cargo loading and release, 

biocompatibility, biodegradability, and deformability. 

5.2.1. Size and Shape 

The size and shape of the artificial carriers are crucial determinants of the propulsion and 

the drug loading efficiency of biohybrid microswimmers. Size of the artificial carrier compared 

to microorganisms used for actuation can be; (1) more significant where generally a large 

number of microorganisms propel the carrier, (2) approximately similar where one or two 

microorganisms propel the carrier, (3) smaller where single microorganism carrying a large 

number of the carriers on its cell membrane or intracellular space. So far, large (10-100 µm) 

artificial carriers with shapes ranging from 2D sheets to 3D spheres and cubes were presented 

to be propelled by large numbers of the attached bacteria (90-95). While using large numbers 

of microorganisms should simply generate greater propulsion forces, the uncontrolled 

orientation of the microorganisms mostly results in the cancellation of these forces, and thus, 

relatively similar translational velocities are obtained compared to smaller substrates (90, 93). 

Furthermore, higher propulsion speeds were reported for the biohybrid microswimmers where 
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carrier size is similar or smaller than the actuating microorganism, which can be attributed to 

smaller drag force on the biohybrid microswimmers and smaller surface area not interrupting 

with the flagella of the attached microorganisms (96, 97). On the other hand, usage of smaller 

artificial carriers would significantly lower cargo-loading capacity since particle volume is 

scaled down with L3 (where L is the isomorphic characteristic length scale), which would 

necessitate high-throughput fabrication of the biohybrid microswimmers to achieve an 

equivalent volume of cargo delivery. Additionally, increased directionality of the biohybrid 

microswimmers, even in the absence of uniform external magnetic fields, can be achieved by 

using non-spherical particles or tubular structures (98-100). Similarly, circular carriers with 

ratchets can be used to generate rotational motion by bacteria integrated to the top or side of 

surfaces (55, 56, 90, 101, 102). 

5.2.2. Cargo Loading and Release Capabilities 

Artificial carriers integrated to microorganisms are key components of the biohybrid 

microswimmers that can provide advanced functionalities from magnetic steering to drug 

delivery through molecules and particles loaded onto cell membranes or inner spaces of the 

microorganisms. The cargo-loading capability of the biohybrid microswimmers depends highly 

on the material composition of the artificial carriers. Efficient cargo-loading can be achieved 

by using porous materials, such as biological hydrogels, or empty vesicles, such as liposomes 

or cell ghosts. Loading of drug molecules, genes, photosensitizers, and antibiotics, including 

paclitaxel (103, 104), docetaxel (105), doxorubicin [DOX]  (106-108), mRNAs (109), 

indocyanine green [ICG] (108), and ciprofloxacin (110), into a variety of artificial carriers, 

including liposomes (103, 104), poly-lactic-co-glycolic-acid [PLGA] particles (105), 

mesoporous silica nanoparticles (107), microtubes (110), red blood cell [RBC] ghosts (108), 

and polyelectrolyte multilayers (106), has been demonstrated in several biohybrid 

microswimmer design approaches. While propulsion of the drug-loaded biohybrid 

microswimmers was reported for short time periods, further investigations are needed to 
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confirm the non-invasiveness of any potential drug toward the biological unit of the biohybrid 

microswimmers. In addition, desired cargo, such as nanoparticles and drug molecules, can be 

directly loaded onto the microorganism membrane or into the intracellular space, despite the 

risk of perturbed cellular functions (89, 111, 112). Furthermore, the release of the loaded cargo 

can be modulated by using different stimuli-responsive materials, such as pH-responsive 

mechanisms (106, 110), which can be advantageous in targeted disease sites with distinctly 

different biophysical and biochemical local environmental conditions compared to healthy 

tissues. 

5.2.3. Artificia l Carrier Interaction  with the Biological Units and the Target Cells 

Programming and encoding desired interactions of the artificial carriers with the 

biological units and the targeted cells or tissues is crucial for efficient propulsion and targeted 

cargo delivery capability of the biohybrid microswimmers. Especially when the artificial carrier 

size is larger than a microorganism, the effect of the number of microorganisms on the 

biohybrid microswimmer�¶�V velocity is not significant, unless microorganism�V�¶ orientation and 

attachment site are properly controlled (93, 113). So far, various strategies, including Janus 

microparticles with selectively functionalized and/or blocked hemispheres (113-117), 

liposomes with bioactive raft domains (93), metal-capped spherical particles (97), microtubes 

with bioactive internal surface area (100), and microfluidic laminar flow deposition (94), have 

been developed to achieve spatially controlled attachment of the microorganisms. In addition, 

secondary interactions can be encoded on artificial carriers for selective targeting of the specific 

cells or tissues, using antibodies or aptamers. Furthermore, the use of cell membrane coated 

particles can provide interactions with specific cells or microorganisms due to ligands and 

receptors that are inherently present on the utilized cell membranes (118, 119). Especially white 

blood cell [WBC] membrane coated particles would be useful for targeting damaged 

vasculature and pathogens that would naturally bind to WBCs in the body (10). However, 

combining such membrane coated particles with biological propellers require extra caution to 
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avoid any unintended invasive interactions between membrane ligands and biological unit. 

Aside from patterning adhesive interactions, microorganisms can be guided to the desired parts 

of artificial carriers using physical guides, such as base ramps leading to microchambers of a 

motor (56). 

5.2.4. Biocompatibility and Biodegradability  

Artificial carriers incorporated into biohybrid microswimmer design should not elicit an 

inflammatory response or cause toxicity towards non-target cells or tissues. Therefore, the 

usage of biocompatible materials, including poly(ethylene glycol) [PEG] and PLGA, in the 

fabrication of artificial carriers is crucial in the medical application of the biohybrid 

microswimmers. Similarly, artificial carriers should also be non-toxic to the biological unit of 

biohybrid microswimmers to preserve vital functions, including motility and taxis behavior. 

Additionally, artificial carriers should be degraded in the body after the intended operation 

without generating any unintended byproducts. Different materials have been used in the 

fabrication of biodegradable carriers in the biohybrid microswimmers, including emulsions 

(120), PEG (114), alginate (116), polycaprolactone (94), PLGA (105), and RBCs (108, 121). 

On the other hand, designing carriers that can be degraded upon encountering specific cues, 

such as acidic pH or body enzymes, at the local environment of the targeted area can enable the 

release of drugs or other cargoes in a controlled fashion (122, 123). 

5.2.5. Deformability  

The deformability of the artificial carriers can be an important feature for the biohybrid 

microswimmers, especially where carrier size is comparable or larger than the propelling 

microorganisms. While navigating inside the human body, biohybrid microswimmers may need 

to pass through confined spaces, depending on the route of administration and the site of action, 

which necessitates the ability to deform and adapt to such confined environments without losing 

their structural integrity and functionality. For instance, biohybrid microswimmers targeting 

deep body locations through the circulation system would need to pass through capillaries, 
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which can be as small as few microns, and the interstitial tissue space. In human physiology, 

RBCs and WBCs are deformable in their nature, which allows them to passively or actively 

reach deep body locations, respectively. For biohybrid microswimmer designs, liposomal 

constructs (120) and emptied RBCs (108) are inherently soft artificial carriers among different 

materials used so far in the literature, although emptied RBC may be mechanically more stable 

for long-�W�H�U�P�� �R�S�H�U�D�W�L�R�Q�V���� �5�%�&�V�� �D�U�H�� �Q�D�W�X�U�H�¶�V�� �R�Z�Q���F�D�U�U�L�H�U�V�� �Z�L�W�K�� �U�H�P�D�U�N�D�E�O�H�� �I�O�H�[�L�E�L�O�L�W�\���� �G�X�H�� �W�R��

loss of their nuclei through maturation, which allows them to passively travel through 

capillaries half of their size without jamming (124-126). Deformability of the biohybrid 

microswimmers composed of E. coli and cargo-loaded emptied RBCs was demonstrated by 

manual injection of the microswimmers through microchannels smaller than the 

microswimmers (126). Furthermore, active deformation of the RBC carriers through confined 

spaces by only bacteria propulsion was presented (108), which proves that when the artificial 

carrier is soft enough, propulsion of the microorganisms might be more than sufficient to propel 

and squeeze the microswimmer through the confined spaces. 

5.3. Fabrication of the Biohybrid Microswimmers 

Fabrication of the biohybrid microswimmers requires the integration of two main 

components, which are the microorganisms and the artificial carriers, using different physical 

and chemical techniques (5, 8). The selection process of the microorganisms and the artificial 

carriers, according to the envisioned operation, limits fabrication strategies to certain techniques 

due to possible unforeseen alteration of the physical and/or chemical properties of the 

components. For example, the usage of certain chemical crosslinking reactions, such as utilizing 

carbodiimide crosslinkers, for the fabrication of biohybrid microswimmers alters cell 

membrane proteins of the microorganisms in an uncontrolled way. Consequently, different 

populations of the microorganisms might lose their different intrinsic properties, including 

motility, taxis, and targeting, and eventually these alterations could lead to the uncontrolled 

fabrication of different biohybrid microswimmers with unknown physical and chemical 
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properties. Therefore, it is important to take into account the feasibility of fabrication strategies, 

while selecting the microorganisms and the artificial carriers, according to the envisioned 

operations. In this section of the chapter, we focused on four main artificial carrier integration 

methodologies: (1) non-covalent interactions, (2) covalent interactions, (3) physical 

entrapment, and (4) internalization, which are generally used to fabricate biohybrid 

microswimmers since the beginning of the field. 

5.3.1. Non-covalent Interactions 

Benefiting from non-covalent interactions for the fabrication of biohybrid 

microswimmers is a straightforward methodology. Non-invasive nature of the non-covalent 

interactions is crucial to fabricate biohybrid microswimmers with a well-defined cell membrane 

and surface properties. Usage of non-covalent interactions in the fabrication of biohybrid 

microswimmers could also be further classified in different categories according to their 

strength and realization complexity. The simplest way to fabricate biohybrid microswimmers 

using non-covalent interactions is like in the case of Serratia marcescens [S. marcescens] and 

polystyrene [PS] particles. Electrostatic interactions between negatively charged PS particles 

and naturally positively charged S. marcescens are enough to fabricate the biohybrid 

microswimmers (90, 127). Next, physical techniques, such as oxygen plasma treatment and 

physisorption of the molecules, can be used to focus position of the non-covalent interactions 

to certain locations of the artificial carriers for enhanced propulsion (113, 128). For the case of 

some bacteria species, like E. coli, alteration of the surface properties of the artificial carriers, 

such as softness, is also an important parameter, in addition to the charge, to fabricate biohybrid 

microswimmers using non-covalent interactions and to enhance the fabrication efficiency. 

Recently, Park et al. demonstrated that modification of PS particles using oppositely charged 

polyelectrolytes is an option to provide a soft surface for bacterial adhesion and to fabricate 

biohybrid microswimmers with high efficiency in a non-invasive fashion (106). Additionally, 

the surface of microorganisms can be modified with biotin-conjugated antibodies through 
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antibody-antigen interactions to fabricate biohybrid microswimmers non-invasively (129). 

Finally, bioengineered strains of microorganisms can be used to fabricate biohybrid 

microswimmers through non-invasive modifications of the bacterial membranes and the 

artificial carriers. To illustrate, Alapan et al. used a bioengineered strain of E. coli MG1655 to 

fabricate biohybrid microswimmers using the biotin-streptavidin-biotin complex (Figure 

1.6A). As demonstrated in this study, the integration of biotin to the bacterial membranes and 

the artificial carrier surfaces through peptide interaction and antibody binding, respectively, and 

sandwiching streptavidin with the biotin-containing segments was another way of non-covalent 

integration techniques (108). 

5.3.2. Covalent Interactions 

Chemical modifications of the microorganisms with different molecules, which can be 

used to covalently integrate the microorganisms with the artificial carriers, have been used as 

an alternative methodology to fabricate biohybrid microswimmers. If it is not straightforward 

to realize the adhesion of the artificial carriers through non-covalent interactions, chemical 

reactions, such as carbodiimide and Click chemistry, could be used to modify either the cell 

membrane of the microorganisms or the surfaces of the artificial carriers for proper integration. 

Various chemical reactions were utilized to attach different sizes of artificial carriers onto 

bacteria (96, 120, 130, 131), algae (132), and lymphocytes (133). Covalent interactions provide 

a stable adhesion between the biological units and the artificial carriers and can be further used 

for the controlled release of the cargo moieties at the desired locations (Figure 1.6B) (132). 

Regardless, the effects of chemical reactions on the microorganisms, in terms of motility, cell 

membrane integrity, and genetic material alteration, should be addressed well for the biohybrid 

microswimmers which will be used in a medical operation. 

5.3.3. Physical Entrapment 

Depending on the chosen artificial carrier geometries, such as hollow tubes, 

microorganisms can be physically entrapped by the artificial carrier moieties for the fabrication 
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of biohybrid microswimmers (Figure 1.6C). In the literature, physical entrapment methodology 

has been mainly utilized to fabricate biohybrid microswimmers powered and actuated by 

spermatozoa (99, 134-136). Physical entrapment methodology was initially presented for 

dynamic trapping of spermatozoa due to the increase of their flagellar oscillation amplitude 

towards their distal ends. Next, it was presented that biochemical modifications of the interior 

of the microtubes, such as with fibronectin, can further enhance the binding of the spermatozoa 

into the microtubes following to physical entrapment. Recently, physical entrapment 

methodology was also adapted to bacteria-powered biohybrid microswimmers (100, 110). In 

one of these studies, the interior of the microtubes was modified with polydopamine molecules 

and in this way eased the fabrication and formation of the biohybrid microswimmers by 

favoring attachment of the bacteria inside the microtubes. Like every method utilized in the 

literature, the physical entrapment technique also has advantages and disadvantages. The 

advantages are that; it does not affect any cellular activity and motility, like in the case of 

covalent interactions, and provides highly directional swimming. The disadvantage of the 

technique is that the biohybrid microswimmer formation is limited to the action of the 

microorganisms, which means that entrapment of the microorganisms into the tubes occurs 

stochastically, even if the artificial carriers can be modified with certain molecules to favor the 

swimming of the microorganisms toward the microtubes. 

5.3.4. Internalization  

Internalization methodology is mainly used to fabricate biohybrid microswimmers from 

surface walkers such as macrophages and neutrophils (Figure 1.6D). (137) The first study of 

photothermal therapy that used tumor-associated macrophages successfully report the 

development of a gold nanoshell-monocyte hybrid therapeutic strategy by phagocytosis of 

nanoshells by the cells (138). In other studies, internalization of colloidal particles (139), drug 

molecules (89, 107, 140), terbium (141), and magnetic iron oxide particles (105) by T-cells, 

neutrophils, sperms, microalgae, or macrophages was demonstrated, respectively. Possible 
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effects of the internalized molecules and particles on viability, cellular behaviors, and genetic 

materials of the cells are the main concerns that arise when internalization methodology is 

utilized to fabricate biohybrid microswimmers for medical applications. 

 

Figure 1.6 Fabrication of biohybrid microswimmers. Mainly four different fabrication 

methodologies, A. non-covalent interactions (reproduced with permission from (108)), B. 

covalent interactions (modified from (132)), C. physical entrapment, and D. internalization 

(reproduced with permission from (11)), have been utilized to fabricate biohybrid 

microswimmers since the beginning of the field. 

 

5.4. Control Schemes of the Biohybrid Microswimmers  

Control of the biohybrid microswimmer motility is a critical component of the 

microswimmer design and a crucial determinant in the successful completion of the tasks at the 

desired sites. Control over the motility of the biohybrid microswimmers can be achieved by 

either using the inherent characteristics of the microorganisms or the artificial carriers attached 

to them. Control stimuli can be generated externally (e.g., acoustic waves, electric field, or 

magnetic field) by an operator or received from the local environment (e.g., nutrients, 

temperature, or pH). For example, biohybrid microswimmers can autonomously steer their 

direction of propulsion towards the gradients of chemoattractants by using the intrinsic 
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properties of their biological units. On the other hand, the direction of the biohybrid 

microswimmers can also be controlled through the alignment of the magnetic artificial carrier 

in the direction of the externally applied uniform magnetic field. While relying on sensing 

capabilities of the microorganisms provides autonomy and self-guiding in most cases, taxis 

response time to environmental changes can be slow, position-dependent and short-range. On 

the other hand, guiding biohybrid microswimmer motility using external fields allows rapid 

control, although it requires imaging and feedback loop control strategies that can be 

challenging for in vivo operations. Therefore, the optimal control scheme for the biohybrid 

microswimmer motility has to be included in the design process and chosen according to the 

specific application. 

5.4.1. Magnetic Control 

Magnetic fields can be utilized to generate a magnetic torque on the biohybrid 

microswimmer that results in the alignment of the propulsion direction with the applied 

magnetic field direction. To generate magnetic torque on the biohybrid microswimmers, either 

biological unit or integrated artificial carrier should have magnetic properties. Some 

microorganisms inherently possess magnetic properties due to the intracellular production of 

magnetic crystals that allows them to align their direction with the �H�D�U�W�K�¶�V���P�D�J�Q�H�W�L�F���I�L�H�O�G��(73, 

85, 96). Moreover, naturally non-magnetic microorganisms, including microalgae, 

macrophages or Tetrahymena pyriformis [T. pyriformis], can be magnetically engineered by 

induced production of intracellular magnetic crystals or internalization of magnetic iron 

particles that are seeded in their growth environment (105, 141, 142). Alternatively, magnetic 

steering of the biohybrid microswimmers can be achieved by attaching microorganisms to 

magnetic artificial carriers, which enables facile magnetic control of any microorganisms 

lacking natural magnetic properties (89, 100, 106, 108, 143). 

One of the most attractive features of the magnetic field is its deep penetration into the 

human body safely, which makes it an ideal candidate for the steering of the biohybrid 
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microswimmers in medical operations. External homogenous magnetic fields can be generated 

using either electromagnets or permanent magnets to control and steer the biohybrid 

microswimmers. While electromagnets can rapidly and precisely generate homogeneous 

magnetic fields upon application of electrical currents, heating due to the same currents is the 

major limitation. On the other hand, permanent magnets do not heat, but they require precise 

positioning and motion to generate the desired homogeneous magnetic field. Different magnetic 

actuation approaches might be more favorable in specific applications depending on the route 

of administration and distance from the site of administration to the site of action. 

So far, different magnetic control schemes were integrated to the biohybrid 

microswimmers, composed of different microorganisms, to obtain steering and control 

functionalities. Manipulation of the biohybrid microswimmers for active targeting through 

magnetic intervention was demonstrated using macrophages that internalized docetaxel-loaded 

PLGA nanoparticles and Fe3O4 magnetic NPs (105). They showed both the magnetic 

recruitment of cell aggregates toward tumor spheroid in vitro with a velocity up to 50 µm/sec 

and the positive effect of actively delivered docetaxel on reducing tumor cell viability. In 

another study, paclitaxel-encapsulated magnetic liposomes were carried by macrophages with 

a magnetization saturation value of 8.15 emu/g to breast and colorectal cancer models in vitro 

through electromagnetic actuation and the chemotaxis of the cells at an average velocity of 

������������ ���P���Vec (104). Tumor targeting and induced therapeutic effect of the paclitaxel was 

reported in CT26 mouse colon carcinoma cells and 4T1 mouse breast cancer cells. However, 

free magnetic liposomes with the encapsulated drug showed a higher amount of release 

compared to macrophage engulfed counterparts. Moreover, Yan et al. reported a basic and low-

cost mass�æproduction method to produce biohybrid microswimmers using a helical microalga, 

Spirulina platensis [S. platensis], as a biotemplate. These microalgae were immersed in 

magnetite [Fe3O4] suspensions to induce crystallization on organism surface to provide 

magnetic steerability property (144).  In addition, Yan et al. also reported that their biohybrid 
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magnetic robots were displaying intrinsic fluorescence, MR signals, natural degradability, and 

appropriate cytocompatibility. They monitored the microswimmer navigation in real-time and 

tracked a swarm of the microswimmers inside rodent stomach by magnetic resonance imaging, 

in vivo (145). Recently, Yasa et al. presented magnetic control of biohybrid algal 

microswimmers and tracked the 3D motion of the microswimmers under a uniform magnetic 

field (146). Finally, Magdanz et al. presented the guidance of a spermatozoon by catching it in 

rolled-up ferromagnetic microtube and remotely controlled its direction using an external field 

(99, 147). In 2016, the same group also utilized a magnetic microhelice for the transportation 

of an immotile sperm cell to the oocyte with the aim of fertilization (88). At the same time, a 

thermoresponsive polymer poly(N-isopropylacrylamide) [PNIPAM] was also used to fabricate 

a dynamic microtube for the remote-controlled release of a spermatozoon (136). 

5.4.2. Chemical Control 

Chemical control of the biohybrid microswimmers relies on the intrinsic ability of the 

microorganisms for sensing chemical gradients in their local environment that is governed by 

diffusion. Chemical control and directional motility of the biohybrid microswimmers were 

demonstrated within microfluidic devices in the presence of different chemoattractants, 

including L-aspartate (92, 115, 148), L-serine (149), casamino acid (150)���� �D�Q�G���.-methyl-DL-

aspartate (106), and chemorepellents, such as NiSO4 (115). Similar to chemoattractants, taxis 

of the biohybrid microswimmers in the presence of pH gradients, towards the optimal pH 

condition of the bacteria, was also presented (151). In addition, motion and chemotaxis of 

bacterial microswimmers, actuated by S. marcescens, S. Typhimurium or E. coli, were 

analytically modeled and simulated in several studies (152-155). An attractive aspect of 

chemical control is the availability of a wide variety of chemical signals released locally by the 

targeted cells or tissues, which can autonomously induce taxis behavior in different 

microorganisms. For instance, biohybrid microswimmers powered by neutrophils and 

macrophages were able to migrate towards chemoattractants generated by E. coli (107) and 
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tumor cell lysate (104), respectively. Similarly, chemotactic motility of S. Typhimurium driven 

microswimmers was reported towards tumor cell lysates and spheroids in a microfluidic setup, 

as well as accumulation in tumors in a CT-26 tumor mouse model (86). Additionally, E. coli 

and S. marcescens can sense temporal changes in the concentration of chemoattractants (e.g., 

L-serine) and chemorepellents (e.g., NiCl2), and suppresses its tumbling rate accordingly, 

switching from a random walk behavior to a biased random walk (149, 156). 

Even though taxis based chemical control can provide flexibility in design space, due to 

a large variety of chemoattractants and chemorepellents specific to different microorganisms, a 

large degree of stochasticity and low temporal resolution prevent straightforward and rapid 

steering of the biohybrid microswimmers. Additionally, the formation of chemical gradients 

and their strength is limited by diffusion and concentration of chemicals at the source, which 

hinders long-range chemotactic motility. Therefore, chemical control should ideally be coupled 

with a long-range uniform control schemes, such as acoustic waves and magnetic field, in 

medical operations to guide biohybrid microswimmers to the close proximity of the target cells 

and tissues, where chemotactic motility can further provide local guidance. 

5.4.3. Optical Control  

Optical control of the biohybrid microswimmers can be in the form of steering, when 

phototactic microorganisms used as the biological units, or on/off control for typical flagellated 

bacteria species. Optical control can provide localized, parallel and wavelength-specific control 

of the biohybrid microswimmers fabricated using various phototactic microorganisms. It was 

demonstrated that the direction of biohybrid algal microswimmers could be repeatedly changed 

upon the application of an LED light from opposite directions (132, 157). On the other hand, 

on/off control of SU-8 microstructures powered by swarms of S. marcescens was achieved by 

exposure of UV, which stops bacterial motility within 5 sec (91). Furthermore, Vizsnyiczai et 

al. showed optical control of the speed of micromotors driven by a genetically engineered strain 

of E. coli, expressing a light-driven proton pump that allows tuning of swimming speed by 
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changing light intensity (56). Even though optical control is attractive due to the fast and 

specific response of phototactic microorganisms, the penetration depth of light is a major 

challenge in its in vivo usage. Moreover, exposure of UV light for extended time periods is not 

feasible, since it can cause damage to both microorganisms and the targeted cells or tissues. 

Finally, Xie et al. presented algae species, Eudorina elegans [E. elegans] and C. reinhardtii, as 

an option to optically control biohybrid microswimmers. In this study, they developed an algae 

guiding system using E. elegans and C. reinhardtii to robotize algae cells and employ them in 

microscale applications. The swimming trajectories of algae cells controlled to swim back and 

forth, and traverse a crossroad as a microswimmer following traffic rules. In addition, they 

could follow specific trajectories like zigzag, and triangle under optical light control (158). 

5.4.4. Other Control Schemes 

Electrical control can also be utilized to control the biohybrid microswimmers, although 

limited to microfluidic applications, through galvanotaxis of microorganisms, which is 

directional propulsion in response to an electric field (159). The selection of electrodes, as well 

as magnitude and time scale of the applied electric potential, are critical to limit changes in 

media temperature, pH, and biochemical damage to cells. Moreover, other taxis behaviors, such 

as thermotaxis or aerotaxis, can be used for control of the biohybrid microswimmers. Aerotaxis 

was suggested to play a role in the accumulation of liposomes attached to Magnetococcus 

marinus [M. marinus] strain MC-1 bacteria in hypoxic regions of HCT116 colorectal xenografts 

(85). Finally, the actuation of magnetic nanoparticle-loaded RBCs and on/off control over their 

motion were demonstrated by using ultrasound (160). 

6. Synthetic Microswimmers 

Synthetic microswimmers have been mainly classified according to their actuation and 

control schemes. There are mainly five different types of synthetic microswimmers which are 

briefly named acoustic, catalytic, electrical, thermal (light-powered) and magnetic 

microswimmers. While designing synthetic microswimmers for medical operations, it is 
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important to consider their geometries to locomote at low Re flow regime, their material 

properties, including cytotoxicity and biodegradability, fuel used for propulsion in the case of 

catalytic microswimmers, and tissue penetration depth of the chosen actuation and/or control 

schemes. While magnetic and acoustic fields have high tissue penetration depth, light has very 

low tissue penetration depth, and therefore, the synthetic microswimmers actuated using light 

energy have either topical or under skin medical applications. In the case of electrical 

microswimmers, the usage of electricity for the actuation of the microswimmers drastically 

limits their medical applications due to the danger caused by the electricity to the human body. 

In this section of the chapter, we initially discussed the design principles for low Re flow regime 

locomotion, then the materials used to fabricate synthetic microswimmers, after that the 

common 2D and 3D fabrication strategies used to realize miniaturization of the functional 

synthetic machines, and finally the five commonly used actuation and control schemes, 

including acoustic, catalytic, electrical, thermal (light-driven) and magnetic, used to power and 

navigate synthetic microswimmers in vitro and in vivo. 

6.1. Design of the Synthetic Microswimmers 

Microswimmer design has paramount importance in the development of synthetic 

microswimmers because of the reasons that it determines locomotion capability in different 

environments, e.g. Newtonian and non-Newtonian fluids, swimming performance, and medical 

operation capacity. In the case of magnetic microswimmers, two different design approaches 

could be used to obtain locomotion at the microscopic world under a uniform magnetic field. 

The first design approach is the integration of a flexible beam-like structure to the 

microswimmer body and actuation of the microswimmer in a planar waveform, like in the case 

of spermatozoa (2). To achieve this type of locomotion either a magnetic element could be 

integrated into the flexible structure of the microswimmer (161) or the whole microswimmer 

could have pre-programmed magnetic properties (162) that could be oscillated in a planar 

waveform via applying a uniform magnetic field. The second design approach is the integration 
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of the helical shape of the bacterial flagella to the microswimmer body and rotation of the 

microswimmer under a uniform magnetic field (163). This type of magnetic actuation could be 

realized either by integrating a magnetic microstructure in front of the helical structure (163), 

completely coating the helical structures with magnetic atoms (164), or embedding magnetic 

nanoparticle into the microswimmer (123). In the case of catalytic microswimmer, initial 

designs had a gold segment and a platinum segment to create an interfacial tension gradient 

along the microswimmers for locomotion inside hydrogen peroxide solutions (165). After that, 

catalytic microswimmers were fabricated as Janus structures to achieve locomotion inside non-

toxic fuels and to obtain higher propulsion speed (166). Finally; in the case of the bubble 

generating catalytic microswimmers, microstructures with cylindrical openings are utilized to 

generate microbubbles and to locomote in a directional fashion (167). In the case of acoustic 

microswimmers, proper fabrication of the microcavities to trap bubbles is very crucial for 

locomotion at a certain ultrasound frequency (168) or to achieve directional locomotion (169). 

If the designed acoustic microswimmer structures are below a certain threshold, it is important 

to design cavities in spherical shapes rather than cylindrical shapes to enhance bubble stability 

during the actuation and locomotion of the microswimmers (170). Lastly, regadless the 

mechanism used for the actuation and control of the microswimmers, synthetic microswimmers 

need to be designed according to the envisioned medical operations due to the varying physical 

and chemical properties of the human body. 

6.2. Selection of the Materials for the Fabrication of Synthetic Microswimmers 

The materials used in the fabrication of synthetic microswimmer designs should firstly 

be biocompatible if they are intended to be utilized in medical operations. This means that they 

should not cause any adverse side effects on the cells and tissues, and they should not lead to 

any unwanted cell death or tissue damage. Initially, metals, including cobalt, nickel, gold, and 

platinum, were utilized to fabricate both the magnetic and catalytic microswimmers (165, 171-

173). Next, biocompatible materials and polymers, such as silica and PEG, were integrated into 
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the synthetic microswimmer designs with the advancements of microfabrication technologies 

(164, 174). However, these microswimmers were still coated with magnetic elements, including 

cobalt and nickel, to obtain a magnetic response for the actuation and control of the synthetic 

microswimmers. When the synthetic microswimmers were coated with cobalt and nickel atoms, 

additional gold or titanium layer were sputtered to cover the surfaces of the microswimmers to 

obtain less toxicity and more biocompatibility with the cells and the tissues (175). Nevertheless, 

the long-term in vivo cytotoxicity of these synthetic microswimmers should be studied before 

their transition into clinics. Recently, materials from biological origins, including gelatin and 

chitosan, were introduced to fabricate synthetic microswimmer designs and iron oxide 

nanoparticles were also embedded into these hydrogels for the actuation and control of the 

microswimmers (122, 123, 176). The advantages of these biological materials are that they are 

first of all biocompatible due to their natural origins, and secondly, they are biodegradable, and 

thirdly, they do not generate any cytotoxic by-products upon degradation which is very crucial 

for the medical applications of the synthetic microswimmers. Finally, fully metallic helical 

microswimmers were fabricated from iron using an electrodeposition technique (177). These 

microswimmers are very promising to obtain higher actuation efficiency due to the fabrication 

from fully iron atoms. In the case of catalytic microswimmers, initially, the fuels used to actuate 

the microswimmers, such as hydrogen peroxide, were more problematic than the materials 

utilized to fabricate the microswimmers. Later, metal-functionalized and enzyme-

functionalized microstructures were proposed and integrated to the catalytic microswimmer 

designs, and in this way, actuation in biofriendly fuels was realized (166, 178-181). This 

advancement in the catalytic microswimmer designs enhanced the in vivo applications of the 

catalytic microswimmers especially in the gastrointestinal tract (182-184). Acoustic 

microswimmers, which are micron size and operate in the microscopic world, are relatively 

new areas of the microrobotics. Polymeric materials were mainly utilized to realize the 

miniaturization procedure and these studies were mostly focused on the theories behind the 
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actuation mechanisms of the microswimmers rather than their medical applications (169, 185). 

To sum up, there are many more different examples of materials used for the fabrication and 

the realization of synthetic microswimmers. However, overall literature is proceeding in a way 

that from the usages of cytotoxic and non-biocompatible materials to the usages of 

biocompatible, biodegradable and even immunocompatible materials. 

6.3. Fabrication of the Synthetic Microswimmers 

Various fabrication methods from 2D to 3D have been utilized to realize the 

miniaturization of the synthetic microswimmers. In the case of magnetic microswimmers, 

initially, self-scrolling and glancing angle deposition techniques were used to fabricate 

microscale and nanoscale helical structures, which can be operated at low Re regime, 

respectively (163, 173, 174). Afterward, the advancements in 3D fabrication techniques, such 

as two-photon polymerization, led to the development of complex helical polymeric 

microswimmers and provided the possibility to embed biocompatible magnetic nanoparticles 

into the polymeric networks (122, 123, 164, 186, 187). In the case of catalytic microswimmers, 

initial examples were synthesized using spatially selective chemical modification and 

sequential electrochemical deposition techniques, respectively (165, 172). Afterward, several 

different techniques, including microcontact mixing, photocatalytic degradation, Janus 

modification, 3D photopolymerization, were developed to fabricate catalytic microswimmers 

which can be operated in different fuels at low Re regime (166, 178, 188-191). In the case of 

acoustic microswimmers, photopolymerization-based 3D fabrication techniques were mostly 

used to realize the miniaturization process (169, 185). Overall, the microrobotics field is 

proceeding in the direction to fabricate more complex microswimmer designs by moving from 

2D fabrication techniques, such as contact microprinting, to 2.5D, such as photolithography, to 

3D, such as photopolymerization, fabrication techniques. 
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6.4. Actuation and Control Schemes of the Synthetic Microswimmers 

Five different actuation modalities, including acoustic, catalytic, electrical, thermal (light-

driven), and magnetic, have been primarily used to power and actuate the synthetic 

microswimmers. Most commonly, catalytic and magnetic actuation modalities have been 

integrated to the synthetic microswimmer designs. In the case of catalytic microswimmers, 

additional control modality, such as thermal or magnetic, should be integrated to the synthetic 

microswimmer designs if precise navigation of the microswimmers is necessary for the 

intended medical application. In the case of magnetic microswimmers, the magnetic field could 

be used for both the actuation and control of the microswimmers. In the case of acoustic 

microswimmer, acoustic fields could be used for both the actuation and control of the 

microswimmers, however, to integrate acoustic controllability, the microswimmers design 

should be in such a way that it would be possible to trap more than one air bubbles with different 

diameters. In this way, it would be possible to resonate each bubble with different frequency, 

and thus, would be possible to control the microswimmers acoustically. It is also possible to 

reach greater propulsion speeds, in terms of body length per second, by using acoustic fields 

for actuation. On the other hand, light-powered microswimmers are commonly slower than the 

acoustic and magnetic microswimmers, and also tissue penetration depth of the light limits their 

medical application areas. In the case of electrical microswimmers, it is possible to reach 

relatively faster propulsion speeds according to the chosen method for actuation, such as self-

electrophoresis. However, the shortcoming of the electrically-actuated microswimmers is the 

challenge of generating localized electric fields feasibly in the human body. Overall, the 

actuation and the control modalities of the synthetic microswimmers should be selected 

according to the intended medical applications. 
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7. The Aim of the Dissertation 

The overall aim of this dissertation is to develop and investigate novel microswimmer 

designs that could be utilized in targeted cargo delivery applications. During the doctoral 

research period, we tried to address several issues encountered by both the biohybrid and the 

synthetic microswimmer designs that were previously reported in the literature. The key 

objectives of this dissertation are as follows: 

�ƒ Investigation and utilization of the intrinsic properties of the microorganisms, used as 

the biological segments of the biohybrid microswimmers, as sensory and active 

targeting units in addition to their powering and actuation capabilities in the biohybrid 

microswimmer designs. 

�ƒ Investigation of new biological materials as the artificial segments of the biohybrid 

microswimmers, and development of soft biohybrid microswimmers, which are 

deformable and could be navigated through confined spaces that are smaller than the 

overall size of the microswimmer design without losing their integrity and properties, 

using these biological materials. 

�ƒ Investigation of alternative biological powering and actuation sources, such as 

microalgae or spermatozoon, to develop and realize highly motile and biocompatible 

biohybrid microswimmer designs that could be used in medical applications and 

operations. 

�ƒ Investigation and development of new natural biological materials, which are 

potentially biocompatible and biodegradable in the human body, and compatible with 

the two-photon polymerization technique, to develop complex 3D microstructures and 

microswimmers and to be alternatively utilized in magnetically actuated synthetic 

microswimmer designs.



36 
 

CHAPTER 2 
BIOADHESIVE BACTERIAL MICROSWIMMER S 

 
1. Introduction  

Bacterial species, including Clostridium novyi [C. novyi] (192), S. Typhimurium (193), 

E. coli (194) and Listeria monocytogenes [L. monocytogenes] (195), have been used to treat 

different disease types, such as cancer, diabetes, and colitis, for a very long time (196). Initial 

promising results obtained in the laboratories have led to initiate several clinical level trials that 

were aimed to treat specific disease types such as oral mucositis, cervical cancer, and bladder 

cancer (5). In several animal studies, it was demonstrated that above mentioned bacterial 

species could trace and colonize tumor tissues, and eventually lead to tumor regression upon 

intratumoral or systemic injection (81). Besides, certain anaerobic bacterial species could also 

more efficiently detect and localize themselves into the hypoxic regions of the tumor 

microenvironment (197). Finally, it was also presented that certain strains of these bacterial 

species could even chemically sense the tumor ingredients and precisely accumulate in the 

proximity of tumor tissue by using their taxis behaviors (198). In addition; over the past decade, 

there has been an enormous interest in combining bacterial species, utilized in cancer research, 

with artificial cargo carriers to actively deliver cargo moieties in medical applications due to 

their autonomous propulsion capacities, low production costs, and high fabrication efficiencies 

(8). In these biohybrid microsystems, bacterial species could be utilized as autonomous 

actuation and environmental sensory units. It was demonstrated that bacterial species could be 

used to actively transport cargo moieties, as bacterial microswimmers, and their sensory units 

could be utilized to effectively control the targeting of the transported cargo moieties (98, 115). 

In 2013, Vibrio alginolyticus [V. alginolyticus] was used in the bacterial microswimmer 

design as an actuator and a cargo carrier, and ���������P���O�L�S�R�V�R�P�Hs were attached to the bacteria to 

demonstrate the significant enhancement of liposomal motility compare to Brownian motion 
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(199). In other preliminary studies, chemotaxis and pH-taxis behaviors of liposome attached S. 

Typhimurium toward chemoattractants were demonstrated in microfluidic taxis setups (151, 

200). Recently, it was shown that anti-cancer drug-containing microscale liposomes attached 

S. Typhimurium could sense cancerous cells and cancerous cell lysates, and autonomously 

navigate toward them in a microfluidic setup. In this study, it was demonstrated that the 

bacterial microswimmers had higher tumor-killing efficiency than the bare liposomes but the 

therapeutic output was not extraordinary (103). Finally, magnetotactic bacterial species, such 

as M. marinus MC-1, were also utilized to fabricate bacterial microswimmers which were 

intrinsically responsive to both magnetic fields and hypoxic stimuli. It was reported that these 

bacterial microswimmers could penetrate into tumor xenografts in vivo under the effect of a 

uniform magnetic field in addition to their intrinsic sensory behaviors (85, 96). Till now, only 

intrinsic taxis behaviors of the bacteria species, such as aerotaxis, chemotaxis, and 

magnetotaxis, have been proposed and utilized to control the localization of the bacterial 

microswimmers at the desired sites of actions. However, intrinsic cell membrane properties of 

the bacteria species, such as presence of lectin molecules on the tips of type 1 pili , have not be 

taken into account in bacterial microswimmer designs for cell specific localization at the desired 

operation sites via bacteria-cell interaction, which could be beneficial for long-term target 

specific cargo delivery applications. 

In this chapter, it was demonstrated that the intrinsic bioadhesive properties of certain 

bacterial species could be used in biohybrid microswimmer design for chemically anchoring 

the microswimmers to specific locations (129). The anchoring sites could be antigens found on 

the surface of the target cells that could bind to artificial cargo carriers (201). Wild-type E. coli, 

which are covered with type I pili  that contain lectin molecules, were used in the microswimmer 

design. Certain pathogenic E. coli strains use these lectin molecules to attach and colonize the 

mannose expressing cells found in the urinary tract (202). In this work, lectin-mannose 

interaction mechanism was used to anchor bacterial microswimmers to mannose expressing 
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cancerous cells. In this way, it was aimed to increase cargo delivery efficiency by prolonging 

the localization at the site of action and thus enhancing cargo release profile at that locations. 

2. Results &  Discussion 

2.1. Fabrication & Characterization of the Bioadhesive Bacterial Microswimmers 

Bacterial microswimmers used in this study were fabricated through the conjugation of 

peritrichously-flagellated motile bacteria with streptavidin-functionalized microparticles using 

biotin-streptavidin interaction. E. coli MG1655, a wild-type strain derived from E. coli K-12 

(203), and E. coli MG1655�ûfimA-H, a mutant strain which has a deletion in the operon that 

encodes type I pili  of the bacteria (204), were utilized in the design of the bacterial 

microswimmers to fabricate bioadhesive and non-bioadhesive active cargo delivery systems, 

respectively. Initially, the outer membranes of the bacterial cell walls were functionalized with 

a biotin-conjugated polyclonal antibody, which was against the bacterial lipid A molecules, 

both in the case of E. coli MG1655 and E. coli MG1655�ûfimA-H. Then, fluorescently-labeled 

streptavidin-functionalized poly(methyl methacrylate) [PMMA] particles with 2.2 µm diameter 

were washed three times with 1x phosphate-buffered saline [PBS] and eventually dissolved in 

motility medium. Finally, the biotin-functionalized bacteria strains and the streptavidin-

functionalized PMMA microparticles were incubated altogether at RT on a shaker incubator 

for 1 h to realize the fabrication of the bacterial microswimmers through biotin-streptavidin 

interaction (Figure 2.1). 

 

 
Figure 2.1 Schematic representation of the bacterial 

microswimmers which were fabricated through the 

conjugation of the biotin-functionalized motile bacteria 

species with the fluorescently-labeled streptavidin-

functionalized microparticles. 
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Initially, the morphology and the fabrication efficiency of the bacterial microswimmers, 

in which bacteria were functionalized with antibodies that had either short or extended spacer 

arms to interact with the microparticles, were qualitatively and quantitatively characterized by 

using a scanning electron microscope [SEM] (Figure 2.2 & Figure 2.3). The low magnification 

SEM images qualitatively demonstrated that most of the bacteria, modified with the antibody 

which had an extended spacer arm for biotin functionalization, found in the field of view had 

an interaction with the streptavidin-functionalized microparticles, which was a qualitative 

indicator of the attachment efficiency (Figure 2.2A). The high magnification SEM images 

further demonstrated that several biotin-functionalized bacteria were firmly attached to a single 

streptavidin-functionalized microparticle when the antibody with an extended spacer arm was 

utilized for the fabrication (Figure 2.2B). However, the high magnification SEM images also 

demonstrated the number of attached bacteria and their orientations was random. It was also 

demonstrated that the spherical structure of the microparticles was unintentionally collapsed 

during the SEM sample preparation procedure due to the fact that PMMA is not resistant to 

ethanol treatment (205). 

 

 

Figure 2.2 A. Low magnification and B. high magnification, the red inset shown in the A, SEM 

images of the bacterial microswimmers fabricated using the bacteria which were modified with 

the antibody that had an extended arm for biotin functionalization. 
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Even though a conventional biotin functionalization procedure was utilized to modify the 

bacteria (206), it was observed and analyzed from SEM images that the bacteria modified with 

the antibody that had an extended spacer arm interacted with the streptavidin-functionalized 

microparticles more efficient than the ones modified with the antibody that had a short spacer 

arm for biotin functionalization (Figure 2.3). The change in the fabrication efficiency of the 

bacterial microswimmers could be explained by the higher accessibility of the biotin molecules 

on the surface of the bacteria when the antibody with an extended spacer arm was utilized for 

the biotin functionalization. The enhancement of the bacterial attachment, and thus, the 

enhanced fabrication efficiency of the bacterial microswimmers could potentially increase the 

average swimming speed of the microswimmers, and in this way, it could boost the overall 

active cargo delivery efficiency of the proposed microswimmer design. 

 

 

Figure 2.3 The effects of antibodies with either short or long (extended) spacer arms, utilized 

for the biotin functionalization of the bacterial membrane, on the attachment efficiency of the 

bacteria to the streptavidin-functionalized microparticles. Kolmogorov-Smirnov test 

(nonparametric and unpaired t-test) was applied to examine the results, and significant 

differences (***) were expressed when p < 0.05. Data represent mean ± standard error of the 

mean (n=6). 
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In the next step, 3D swimming behaviors and average swimming speeds of the bacterial 

microswimmers were investigated using a commercially available transmission digital 

holographic microscope [DHM]  (Figure 2.4). To explain in a simple way, DHM provided 3D 

information of the bacterial microswimmers in defined space overtime via numerically 

reconstructing 2D information of the images recording during the video acquisition (207). The 

trajectories obtained by the analyzed DHM measurements presented the random locomotion 

�D�Q�G���³�U�X�Q���D�Q�G���W�X�P�E�O�H�´���E�H�K�D�Y�L�R�U of the bacterial microswimmers in 3D space (Figure 2.4A). The 

average swimming speed of the bacterial microswimmers, investigated using the distribution 

of DHM measurements, was ���������� �“�� �������� ���P���Vec in 3D (Figure 2.4B). The observed average 

swimming speed of the bacterial microswimmers was higher than the ones, reported in the 

literature, fabricated with similar microparticles in a patterned or an unpatterned attachment 

fashion, in which ~ 9.9 ���P���Vec average swimming speed was reported for patterned one and ~ 

7.7 ���P���Vec average swimming speed was reported for unpatterned one (117). 

 

 

Figure 2.4 A. 3D swimming trajectories of the bioadhesive bacterial microswimmers obtained 

with a DHM. B. The 3D average speed distribution of the bioadhesive bacterial microswimmer 

obtained with a DHM. 
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2.2. Interaction of the Bacteria and the Bacterial Microswimmers with the 

Mannose-Functionalized Surfaces 

The static and dynamic interactions of the bioadhesive and non-bioadhesive bacterial 

microswimmers with the mannose-functionalized surfaces were investigated following to their 

fabrications and morphological and behavioral characterizations. To start with, E. coli 

MG1655, utilized in this study, has lectin molecules on the tip of their type I pili , and E. coli 

MG1655�ûfimA-H, also utilized in this study, has a deletion in the operon that encodes type I 

pili  that prevent the attachment of lectin molecules. Pathogenic bacteria benefit from lectin 

molecules, which have an affinity to mannose molecules, to colonize in the gastrointestinal and 

the urinary tracks where certain types of epithelial cells express mannose molecules on their 

cell membranes (208). During the colonization process, the presence of the lectin molecules 

leads to an anchoring effect and lets the bacteria to bind the mannose expressing cells (209). 

Here, the same mechanism was tested to investigate the possibility of bringing bacterial 

microswimmers to the close proximity of the targeted sites. 

Initially, attachments of the bacteria and the bacterial microswimmers to bovine serum 

albumin [BSA]-functionalized and BSA-mannose-functionalized surfaces were statically 

investigated. BSA-functionalized surfaces were utilized as a negative control group to 

demonstrate that the attachment of the bacterial microswimmers to the mannose-functionalized 

surfaces was due to the presence of lectin molecules on the type I pili . E. coli MG1655�ûfimA-

H was also utilized as a negative control group to support the proposed mechanism. First, it was 

demonstrated that E. coli MG1655 attached to BSA-mannose-functionalized surfaces 

significantly more than E. coli MG1655�ûfimA-H. However, both E. coli MG1655 and E. coli 

MG1655�ûfimA-H showed similar affinities and failed to attach to only BSA-functionalized 

surfaces (Figure 2.5). The results showed that the attachment mechanism between the bacteria 

and the BSA-mannose-functionalized surfaces is through the lectin-mannose interaction. 
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Figure 2.5 The attachment densities of E. coli MG1655 and E. coli MG1655�û�I�L�P�$-H to i. BSA-

mannose-functionalized and ii.  BSA-functionalized surfaces. Kolmogorov-Smirnov test 

(nonparametric and unpaired t-test) was applied to examine the results, and significant 

differences (****) were expressed when p < 0.05. Data represent mean ± standard error of the 

mean (n=10). 

 

In the next step, the attachments of the bacterial microswimmers, fabricated using either 

E. coli MG1655 or E. coli MG1655�û�I�L�P�$-H, to the BSA-mannose-functionalized and BSA-

functionalized surfaces were investigated (Figure 2.6, Figure 2.7 &  Figure 2.8). The 

attachment of the bacterial microswimmers was tested by using the fluorescence properties of 

the microparticles. First of all, it was demonstrated that there was at least one bacterium 

attached to most of the fluorescent microparticles (Figure 2.6). After that, it was further 

presented that the attachment of the bacterial microswimmers, fabricated from E. coli MG1655, 

to the BSA-mannose-functionalized surfaces was drastically higher than the attachments of the 

microparticles and the one fabricated from E. coli MG1655�û�I�L�P�$-H. In the case of BSA-

functionalized surfaces, it was observed that the attachment efficiencies of the whole groups, 

microparticles, E. coli MG1655-based bacterial microswimmers and E. coli MG1655�û�I�L�P�$-H-

based bacterial microswimmers, were similar, and they were comparable to the bare 

microparticles or E. coli MG1655�û�I�L�P�$-H-based bacterial microswimmers attached to the 

BSA-mannose-functionalized surfaces (Figure 2.7). 
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Figure 2.6 Overlay image of the differential 

interference contrast [DIC]  image, which shows the 

positions of the E. coli MG1655 as rod-shaped 

objects with an approximate dimensions of 0.8x2.0 

µm, and the fluorescence (red) image, which shows the positions of the fluorescent 

microparticles, taken by using an inverted fluorescence microscope upon treatment of a BSA-

mannose-functionalized surface with the prepared bioadhesive bacterial microswimmers. 

 

 

Figure 2.7 Attachment of A. the E. coli MG1655-based bacterial microswimmers, B. the E. 

coli MG1655�û�I�L�P�$-H-based bacterial microswimmers and C. the bare microparticles to BSA-

mannose-functionalized surfaces. Attachment of D. the E. coli MG1655-based bacterial 

microswimmers, E. the E. coli MG1655�û�I�L�P�$-H-based bacterial microswimmers and F. the 

bare microparticles to BSA-functionalized surfaces. Scale bar�V���U�H�S�U�H�V�H�Q�W�����������P. 
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Next, the attachment of the bacterial microswimmers to the BSA-mannose-functionalized 

surface was quantitatively investigated by counting the number of fluorescent microparticles 

on each image. It was presented that the average attachment density of the bacterial 

microswimmers fabricated using E. coli MG1655 to BSA-mannose-functionalized surfaces was 

approximately ten times higher than the bare microparticles and the bacterial microswimmers 

fabricated using E. coli MG1655�ûfimA-H. However, there was not any significant change in 

the attachment density of the E. coli MG1655-based bacterial microswimmers in the case of 

BSA-functionalized surfaces (Figure 2.8). 

 

 

Figure 2.8 A comparison between the attachment efficiencies of the bioadhesive and non-

bioadhesive bacterial microswimmers and the bare microparticles to i. BSA-mannose-

functionalized and ii.  BSA-functionalized surfaces. Kolmogorov-Smirnov test (nonparametric 

and unpaired t-test) was applied to examine the results, and significant differences (****) were 

expressed when p < 0.05. Data represent mean ± standard error of the mean (n=10). 

 

Finally, dynamical attachment of the bacterial microswimmers fabricated by using E. coli 

MG1655 to BSA-mannose-functionalized surfaces was demonstrated in order to prove that the 

interactions of the bioadhesive microswimmers with the functionalized surfaces was not due to 

the precipitation of the tested bacterial microswimmers (Figure 2.9A). It was presented that the 
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bioadhesive bacterial microswimmers did not attach to the only BSA-functionalized 

polydimethylsiloxane [PDMS] rings (Figure 2.9B). In the case of BSA-mannose-

functionalization, PDMS rings were initially stained with green fluorescent dye-conjugated 

Concanavalin A [Con A] molecules to prove the presence of mannose molecules on the surface 

of the PDMS rings (Figure 2.9C). After this characterization, the bioadhesive bacterial 

microswimmers were injected into the PDMS ring system, and then over time, it was observed 

that the bioadhesive bacterial microswimmers started to accumulate on the BSA-mannose-

functionalized semi-vertical surface of the PDMS rings (Figure 2.9D). 

 

 

 

Figure 2.9 A. The schematic representation of the PDMS ring utilized in the dynamic 

attachment studies. The PDMS rings were functionalized with either B. BSA or C. BSA-

mannose. The BSA-mannose functionalization of the PDMS rings was confirmed by Con A-

conjugated Alexa Fluor 488® staining. D. The attachment of the bacteria and the bioadhesive 

bacterial microswimmers to the BSA-mannose-functionalized PDMS rings. The red dots 

indicate the fluorescent microparticles, which were used to fabricate the bacterial 

microswimmers. 
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In addition to the above mentioned qualitative results, the attachment kinetics of the 

bioadhesive bacterial microswimmers to the BSA-functionalized and the BSA-mannose-

functionalized surfaces was analyzed by counting the numbers of the attached microparticles to 

the surfaces over time (Figure 2.10). The density of the attached bioadhesive bacterial 

microswimmers reached to approximately 5.0 x 104 microswimmers/mm in the case of 

interaction with the BSA-functionalized surfaces. However, the density of the attached 

bioadhesive bacterial microswimmers was higher in the case of interaction with the BSA-

mannose-functionalized surfaces and reached to approximately 2 x 105 microswimmers/mm. 

The change in the attachment density of the microswimmers could be explained by the 

detachment of the week bonds between the microswimmers and the surfaces in the case of 

BSA-functionalization of the PDMS rings. 

 

 

 

 

 

Figure 2.10 The attachment kinematics of the 

bioadhesive bacterial microswimmers to the 

BSA-functionalized and the BSA-mannose-

functionalized semi-vertical PDMS surfaces over time. Data represent mean ± standard error of 

the mean. (n=5) 

 

2.3. Interaction of the Bacteria and the Bacterial Microswimmers with the 

Mannose-Overexpressing Cells 

Specific types of eukaryotic cells found in the gastrointestinal tract express mannose 

molecules on their cell membranes. Pathogenic bacteria species and strains benefit from the 
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lectin-mannose interaction to colonize the eukaryotic cells found in the gastrointestinal and the 

urinary tracts (210). Here, it was demonstrated that the bacterial microswimmers fabricated by 

using E. coli MG1655 have the capability to immobilize on certain types of mannose-

overexpressing eukaryotic cells (Figure 2.11, Figure 2.12, Figure 2.13 & Figure 2.14). In the 

experiments, a eukaryotic cell line, which was originated from a cancerous bladder tissue and 

express mannose molecules on their cell membranes (211), was utilized to investigate the 

attachment of the bioadhesive bacterial microswimmers. Initially, the attachments of E. coli 

MG1655 and E. coli MG1655�ûfimA-H to the mannose-overexpressing cell line was analyzed 

to prove that only the bacteria with type I pili  could adhere to the cells because of the lectin-

mannose interaction (Figure 2.11). 

 

 

Figure 2.11 Attachments of A. the E. coli MG1655�ûfimA-H and B. the E. coli MG1655 to 

mannose-overexpressing eukaryotic cells. It was demonstrated that only the bacteria with type 

I pili  could stay adherent to the cells following to several times 1x PBS washing. 

 

After that, the expression of the mannose molecules by the chosen cell line was confirmed 

through the incubation of the cells with green fluorescent dye-conjugated Con A (Figure 

2.12A). The green fluorescence emission indicated the presence of D-mannose molecules on 

the surface of the cells. Then, it was further demonstrated that only the bioadhesive 
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microswimmers attached to the mannose-expressing cells compare to the non-bioadhesive 

bacterial microswimmers and the bare microparticles (Figure 2.12B, C & D). 

 

 

 

 

 

 

 

 

Figure 2.12 A. 

Characterization of the 

mannose expression by the cell 

line using Alexa Flour 488®-

conjugated Con A. B. Attachment of the bacterial microswimmers fabricated from E. coli 

MG1655 to the mannose-expressing cells. C. Attachment of the bacterial microswimmers 

fabricated from E. coli MG1655�ûfimA-H to the mannose-expressing cells. D. Attachment of 

the bare microparticles to the mannose-expressing cells. Scale bar�V���U�H�S�U�H�V�H�Q�W�����������P. 

 

Next, attachment densities of the bioadhesive bacterial microswimmers, the non-

bioadhesive bacterial microswimmers, and the bare microparticles were investigated, and it was 

presented that there was significantly more adherent bioadhesive bacterial microswimmers on 

the surfaces of the cells due to the lectin-mannose interaction (Figure 2.13). 
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Figure 2.13 Density of the 

attached bacterial microswimmers 

and microparticles to mannose-

expressing cells. Kolmogorov-Smirnov test (nonparametric and unpaired t-test) was applied to 

examine the results, and significant differences (****) were expressed when p < 0.05. Data 

represent mean ± standard error of the mean. (n=10) 

 

Finally, as a negative control, the mannose-expressing cells were treated with Con A 

molecules to saturate the mannose molecules found on their cell membranes. Then, the 

bioadhesive bacterial microswimmers were applied to the cells to demonstrate that the 

attachment of the bacterial microswimmers was really due to the presence of lectin molecules 

found on the tips of type I pili  of the bacteria (Figure 2.14). It was clearly presented that there 

were not any bioadhesive bacterial microswimmers on the cells treated with Con A molecules. 

 

 

 

 

 

 

 

Figure 2.14 The mannose-expressing cells 

treated with Con A molecules and exposed 

to the bioadhesive bacterial microswimmers. 
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It was demonstrated that there were not any interactions between the cells and the 

microswimmers. Scale bar represents ���������P. 

 

2.4. Cytotoxicities and Immunogenicities of the Bacteria and the Bacterial 

Microswimmers 

The cytotoxicities of the bacteria and the bacterial microswimmers were investigated 

using two different assays. Lactate dehydrogenase [LDH] assay was utilized to analyze the cell 

membrane damages, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide [MTT] 

assay was utilized to analyze the metabolic activities of the cells following to the treatments 

with different concentrations of the microparticles, the bacteria or the bacterial microswimmers. 

Initially, the cytotoxicities of the bare microparticles and the bioadhesive and the non-

bioadhesive bacterial microswimmers towards the mannose-expressing cell line were examined 

using the LDH assay for a broad range of concentration gradients (Figure 2.15). It was shown 

that the bare microparticles did not cause any significant cell membrane damage even if they 

were applied to the cells in high concentrations (Figure 2.15A). In the cases of E. coli MG1655 

and E. coli MG1655�ûfimA-H, it was demonstrated that the mannose-expressing cells remained 

viable more than approximately 80% for the highest applied bacterial concentration, and the 

cytotoxicities of the bacteria decreased gradually in a concentration-dependent manner (Figure 

2.15B & Figure 2.15C). These results were utilized to determine the concentration of the 

bacteria which were utilized to fabricate the bacterial microswimmers. 
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Figure 2.15 Cytotoxicities of different concentrations of A. the bare microparticles, B. the E. 

coli MG1655, and C. the E. coli MG1655�û�I�L�P�$-H to the mannose-expressing cells which were 

investigated using the LDH assay. LDH activity of the cells was monitored after 4 h incubation 

with the samples. 0.1% Bead represents 3.0 × 108 microparticles/mL. (n=3) 
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After that, the cytotoxicities of the bioadhesive and non-bioadhesive bacterial 

microswimmers were investigated using both the LDH and the MTT assays (Figure 2.16). A 

functional concentration value of the bacterial microswimmers was determined before the 

cytotoxicity experiments, and then, the reactions of the cells towards different concentrations 

or dilutions of that amount of the bacterial microswimmers were checked to provide detail 

information about the cellular response to the bacterial microswimmers. The functional 

concentration value (X) was prepared �E�\���P�L�[�L�Q�J�������������/���R�I���W�K�H���E�D�F�W�H�U�L�D����Optical density [OD]600 

= 0.2 and it means 1.5 x 108 �F�H�O�O�V���P�/�����D�Q�G�����������/���R�I���W�K�H���P�L�F�U�R�S�D�U�W�L�F�O�H�V���������������Z���Y���I�U�R�P���V�W�R�F�N��

solution and it means 3.0 x 108 particles/mL) in 1 mL of the cell culture medium. It was 

demonstrated that the cells were fully viable when they were treated the number of the bacterial 

microswimmers utilized in the attachment studies. For higher concentrations of the bacterial 

microswimmers, the mannose-expressing cells were still viable more than approximately 80%, 

which showed that a certain amount of the bacterial microswimmers could be utilized in active 

cargo delivery applications. 

 

 

Figure 2.16 Cytotoxicities of the bacterial microswimmers, fabricated using A. the E. coli 

MG1655 and B. the E. coli MG1655�ûfimA-H, to the mannose-expressing cells analyzed using 
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the LDH assay. Cytotoxicities of the bacterial microswimmers, fabricated using C. the E. coli 

MG1655 and D. the E. coli MG1655�ûfimA-H, to the mannose-expressing cells analyzed using 

the MTT assay. Concentration X is the optimum concentration of the bacterial microswimmers 

utilized in the attachment experiments. 

 

Finally, the immunogenicities of the bacteria and the bacterial microswimmers were 

investigated in order to demonstrate the in vivo potentials of the proposed microswimmer 

design. Administration of the bacteria to the human body generates an immune response which 

could be lethal in severe cases if it would not be controlled and treated properly (5). Because of 

the reason that the designed bacterial microswimmers, used in this study, could hypothetically 

be used in certain parts of the body, such as the gastrointestinal or the urinary tracts, to deliver 

cargo moieties actively, the immunogenicities via activation of the complement system was 

examined. C3a complement activation assay was utilized in the experiments according to the 

standard procedures described in previous studies (212). It was previously shown that the 

bacteria could activate and induce the complement system (213), but the dual effects of the 

microparticles and the bacteria, which would be administered together as in the case of the 

bacterial microswimmers, have not been addressed, yet. Here, it was experimentally presented 

that the bacterial microswimmers, fabricated by using the chosen concentrations of the 

microparticles and the bacteria, partially activated the C3a complement system, which was 

analyzed through the conversion of C3 to C3a (Figure 2.17). However, the activation degree 

of the bacterial microswimmers was comparable with the bare microparticles that were 

produced by using a well-known biocompatible material. On the other hand, the 

immunogenicity of the bacterial microswimmers was interestingly lower than the 

immunogenicity of the bacteria only. This could be due to the partial coverage of the bacterial 

lipopolysaccharide [LPS] molecules, one of the critical sources of the bacterial immunogenicity 

(213), by the attached microparticles. This means that the coverage of the bacterial membranes 
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with the microparticles could make LPS molecules less accessible to the proteins involved in 

the triggering and activation of the complement system. 

 

 

Figure 2.17 C3a complement activation by the microparticle, the bacteria, and the bacterial 

microswimmers. The microparticles and the bacteria were analyzed regarding their effects on 

C3a complement activation at the same concentrations used to fabricate the bacterial 

microswimmers. 

 

2.5. Growth, Viability, and Swimming Behaviors of the Bacteria at Different pH 

Conditions 

Specific parts of the gastrointestinal tract have different pH conditions ranging from pH 

5.7 to pH 7.4 (214) so that the bacteria, used in the microswimmer design, should remain 

healthy and motile in these pH conditions in order to efficiently propel the bacterial 

microswimmers. Initially, the growth rate of E. coli MG1655 was investigated at three different 

pH conditions, which were pH 5.7, pH 6.0, and pH 7.4. It was demonstrated that the growth 

rate of the bacteria slowed down when the pH of the environment decreased from pH 7.4 to pH 

5.7 (Figure 2.18). However, this change in the growth rate was negligible and did not affect 

the viability and the motility of the bacteria as presented in the below sections. 
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Figure 2.18 Growth rates of the E. coli MG1655 cultured overnight in LB media at different 

pH conditions. Each data point was obtained every 10 min. (n=4) 

 

After the investigation of the bacterial growth rates at different pH conditions, the 

viabilities of the bacteria at different pH conditions were examined by using a live/dead 

bacterial viability kit (Figure 2.19). According to the results, there was not any significant 

decrease in the viability of the bacteria when the pH of the environment decreased from pH 7.4 

to pH 5.7. Then, similar results were obtained in the case of bacterial behavior and motility. 2D 

motility of the bacteria at different pH was analyzed by using an in-house MATLAB code 

(Figure 2.20). Although the bacterial motility slightly decreased by changing the pH of the 

environment from pH 7.4 to pH 5.7, this change was not significant. Finally, the lectin-mannose 

bond should remain stable at different pH in order to have functional bioadhesive bacterial 

microswimmers in the intestine. Therefore, the efficiency of the lectin-mannose bond at 

different pH was investigated by monitoring the interaction of bacteria with the BSA-mannose-

functionalized surfaces (Figure 2.21). It was presented that the attachment of the bacteria to 

the BSA-mannose-functionalized surfaces, and thus, the efficiency of the lectin-mannose 

interaction slightly decreased when the pH of the environment decreases from pH 7.4 to pH 

5.7. However, this change was not significant. These results showed that the bacterial 

microswimmers could potentially be bioadhesive at different parts of the gastrointestinal tract. 
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Figure 2.19 Viability of the E. 

coli MG1655 cultured overnight 

in LB media at different pH 

conditions. Live/dead fluorescent 

microscopy images of the bacteria 

when cultured at A. pH 5.7, B. pH 

6.0 and C. pH 7.4. D. The 

bacterial live to dead ratio after incubating at different pH conditions. (n=4) 

 

 
 

 

 

 

Figure 2.20 Motility analysis of 

the E. coli MG1655 at different 

pH conditions. 2D trajectories of 

the bacterial motion after 

incubating in motility mediums 

at different pH conditions: A. pH 

5.7, B. pH 6.0 and C. pH 7.4. D. 

The average swimming speed of the bacteria at different pH conditions. 
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Figure 2.21 The immobilization 

of the E. coli MG1655 after 

incubating them on the BSA-

mannose-functionalized surface at 

different pH conditions: A. pH 5.7, 

B. pH 6.0 and C. pH 7.4. D. The 

bacterial attachment density on the BSA-mannose-functionalized surfaces when they were 

cultured and incubated at different pH conditions. (n=4) 

 

3. Conclusions & Future Perspectives 

In this work, a new microswimmer design approach, which could be potentially used as 

a targeted cargo delivery platform in medical operations, was proposed and be utilized for 

anchoring bacterial microswimmers, powered by wild-type E. coli MG1655, onto mannose-

functionalized surfaces and mannose-overexpressing specific cell line. It was presented that, by 

using lectin molecules found on the tip of type I pili , the bacteria not only could attach to 

mannose-functionalized surfaces and mannose-overexpressing cells but also in the case of 

bacterial microswimmers could anchor the microparticles. The bacterial microswimmers, 

fabricated by using E. coli MG1655, showed an efficient adhesion through the lectin-mannose 

interaction. It was confirmed that this adhesion was not just the effect of precipitation of the 

microparticles. The lectin-mannose interaction is just one method for anchoring of the bacterial 

microswimmers, but this anchoring approach could be furthermore exploited by using more 
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precise targeting moieties such as antibodies or aptamers. Since releasing the drug at the site of 

the disease could significantly increase delivery efficiency and suppress parts of side effects, 

using this active bioadhesive approach could be very helpful for future targeted drug delivery 

applications of the bacterial microswimmers. Moreover, a modified functionalization method 

was utilized to build the bacterial microswimmers. By using the biotin-conjugated antibody 

with an extended spacer arm between the antibody and biotin molecules, the attachment 

efficiency of the bacteria and the microparticle was increased and obtained bacterial 

microswimmers had improved motilities. Additionally, with a systematic study on the 

biocompatibility of the bacterial microswimmers, it was demonstrated that the cytotoxicity 

caused by the bacterial microswimmers in the functional concentrations were negligible. 

Interestingly, it was shown that the fabrication of the bacterial microswimmers could even 

decrease certain aspects of the immunogenicity caused by the bacteria. Although this topic 

needs much more investigation, current results could be the first hint to design bacterial 

microswimmer systems with reduced immunogenicity by masking their immunogenic factors. 

With respect to the application of the bacterial microswimmers for drug delivery at the 

gastrointestinal tract, there are some concerns regarding the viability and the motility of the 

bacteria and the controllability of the bacterial microswimmers. Although it was shown that the 

bacterial cells remain viable and motile at different pH conditions, in the case of oral 

administration, the bacterial microswimmers should pass through the stomach containing 

gastric acid (pH 1.5 to pH 3.5) and degrading enzymes. Some bacteria strains were shown to 

survive this harsh condition (215). In an in vivo study, a probiotic strain of E. coli was 

administrated to the mice having a cancerous liver. It was observed that the bacteria survive in 

the harsh condition of the stomach and passed through the intestinal barrier to colonize the 

cancerous liver through its chemotaxis competence (198). On the other hand, for oral 

administration of sensitive therapeutic agents, they are generally encapsulated in degradable 

protective coatings. Enteric-coated systems have been extensively studied because they can be 
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tuned to release the drug in a specific part of the intestine after a specific time or by exposure 

to specific chemicals (216). These types of capsules have been already used to deliver probiotic 

bacteria for therapeutic applications (217). Encapsulation of E. coli has also been studied by 

using this mechanism (218). 

The other concern, with respect to the gastrointestinal application of the bacterial 

microswimmers, is the presence of a mucus layer that makes difficult the motility of the 

bacterial microswimmers on their way to the epithelial cell layer. It was shown that in addition 

to affinity toward the epithelial cells, pathogenic bacteria species and strains could stick to the 

mucus layer through the lectin-mannose interaction at certain pH conditions (219, 220). This 

could give the bacterial microswimmer�V���³�P�X�F�R�D�G�K�H�V�L�Y�H�´���I�H�D�W�X�U�H, which is a goal in oral drug 

delivery (221). On the other hand, certain strains of E. coli are capable of compromising the 

mucus layer and getting access to epithelial cells (222). Other bacterial species have enzymes 

on the surface to locally degrade/disrupt mucus and penetrate to it. Walker et al. utilized one of 

these enzymes expressed by Helicobacter pylori [H. pylori] to functionalize a synthetic 

microswimmer in order to give them the competence to penetrate the mucus layer (77). In the 

same way, it is possible to express such enzymes in bacteria through genetic engineering, and 

subsequently, to fabricate bacterial microswimmers that can pass through the mucus layer. 

It is worth mentioning that there is a need to implement other features in the bacterial 

microswimmer system to have functional medical microswimmers. Although the chemotaxis 

could guide the bacterial microswimmers toward the site of disease, it can only sense the 

environment just in a short-range distance. Some groups made hybrid systems by including a 

magnetic part in the bacterial microswimmers in order to use magnetic steering/guidance. The 

magnetic part can be implemented in the synthetic counterpart, or be the natural iron oxide 

mineralized by the bacteria (85, 143, 223). 

The microparticles that could potentially contain therapeutic drugs (encapsulating a 

fluorescent dye in this proof-of-concept study) can stay in the proximity of the cells through the 
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attachment of bacteria to the cells. Although, in the delivery of drugs, the therapeutic efficiency 

is influenced by several factors such as encapsulation efficiency and release rate, however, it 

was reported already that bioadhesive approach could increase the local concentration of drug 

in the desired location and reduce the side effects (224, 225). 

It should be considered that the current bioadhesive system is just a model to show some 

potential features of the bacterial microswimmer�V�����,�Q���R�U�G�H�U���W�R���W�H�V�W���W�K�H���D�F�W�X�D�O���³�U�R�E�R�W�L�F�´���V�\�V�W�H�P����

the effect of bioadhesive feature on therapeutic efficiency should be examined when the 

bacterial microswimmer is guided through external stimuli, such as magnetic field or 

chemotaxis. On the other hand, the bioadhesive feature could be more exploited by expressing 

specific antibodies on the surface of bacteria which can be explicitly attached to specific 

antigens. 

4. Experimental 

4.1. Bacterial Culture and Fabrication of the Bacterial Microswimmers 

E. coli MG1655 was purchased from Coli Genetic Stock Center (Yale University, New 

Haven, CT) and E. coli �0�*���������ûfimA-H was obtained from Dr. Luis Ángel Fernández Herrero 

(National Center for Biotechnology (CNB), Madrid, Spain). Initially, E. coli MG1655 and E. 

coli �0�*���������ûfimA-H were cultured overnight in lysogeny broth [LB] medium at 37°C and 

200 round per minute [rpm]. After that; in the case of E. coli �0�*���������������������/���R�I���W�K�H��overnight-

growth bacterial culture was inoculated into a swarm plate [0.45% (w/v) Eiken Agar in LB 

medium] to induce flagellation and further incubated overnight at 30°C. The next day, bacteria 

reached to the edge of the swarm plate were transferred to tryptone broth and further incubated 

at 37°C and 200 rpm. Ultimately, these bacteria were utilized in the fabrication of bioadhesive 

bacterial microswimmers when OD600 of the culture reached to 0.2. In the case of E. coli 

�0�*���������ûfimA-H, ���������/���R�I���W�K�H��overnight-growth bacterial culture was directly transferred to 

tryptone broth and further incubated at 37°C and 200 rpm. Ultimately, these bacteria were 
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utilized in the fabrication of non-bioadhesive bacterial microswimmers when OD600 of the 

culture reached to 0.3. 

Biohybrid bacterial microswimmers were fabricated as previously described with some 

modifications (206). Initially, E. coli MG1655 and E. coli �0�*���������ûfimA-H were washed three 

times with 1x PBS (pH 7.2) and collected via centrifugation at 1500g for 5 min. After that, 

biotin-conjugated LPS antibodies were added into the washed bacterial samples with a final 

dilution of 1:50. Following 1 h incubation on an orbital shaker at RT with biotin-conjugated 

LPS antibodies, the bacterial samples were washed three times with 1x PBS (pH 7.2). In 

parallel, 2.2 µm streptavidin-functionalized PMMA particles were also washed three times with 

1x PBS (pH 7.2) and collected via centrifugation at 6000g for 5 min. Finally, biotin-modified 

bacterial samples and streptavidin-functionalized PMMA microparticles were mixed together 

in motility medium and incubated for at RT 1 h to successfully fabricate the biohybrid bacterial 

microswimmers. 

4.2. Characterization of the Bacterial Growth and the Viability at Different pH 

Conditions 

The growth rate of E. coli  MG1655 at different pH conditions (pH 5.7, pH 6.0 and pH 

7.4) was investigated using Synergy 2 Multi-Mode microplate reader (BioTek, Winooski, VT). 

Briefly, single bacterial colonies from an overnight-growth bacterial culture were inoculated 

into different wells of a 96-well culture plate which contained 200 µL LB medium with pH 5.7, 

pH 6.0 or pH 7.4. Then, the culture plate was incubated inside the microplate reader with a slow 

shaking at 30°C and absorbance at 600 nm was collected from the wells every 10 min for 18 h. 

Finally, the growth rate of E. coli MG1655 at different pH conditions was determined from the 

changes of absorbance at 600 nm over the 18 h incubation period. 

The viability of E. coli MG1655 at different pH conditions (pH 5.7, pH 6.0, and pH 7.4) 

was investigated using LIVE/DEAD® BacLight�Œ bacterial viability kit (Molecular Probes, 

Eugene, OR). The experiment was performed as provided by the company with minor changes. 
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Briefly, E. coli MG1655 was cultured overnight in different LB medium with pH 5.7, pH 6.0 

or pH 7.4 at 30°C and 200 rpm. Then, 5 mL of the overnight-growth bacterial cultures were 

concentrated via centrifugation at 10000g for 10 min. After that, the pellets were resuspended 

in 1 mL of 0.85% (w/v) NaCl solution, and 500 µL of these suspensions were transferred to 

new bacterial culture tubes which contained 10 mL of 0.85% (w/v) NaCl solution. The bacterial 

samples were additionally incubated at RT for 1 h and mixed in every 15 min. After the 

incubation, the samples were collected via centrifugation at 10000g for 10 min and then further 

washed two times with 0.85% (w/v) NaCl solution. Then, 1 mL of each bacterial suspensions 

were mixed and incubated with 3 µL of the dye solution, which was prepared by combining the 

equal volume of Component A and Component B, at RT for 15 min. Finally, 5 µL of the stained 

bacterial suspensions were sandwiched between two coverslips and the viability of the bacteria 

was investigated with a Nikon Eclipse Ti-E spinning disk confocal microscope using 60x oil 

immersion objective. 

4.3. Characterization of the Bacterial Motility  at Different pH Conditions 

The motility of E. coli MG1655 at different pH conditions (pH 5.7, pH 6.0 and pH 7.4) 

was analyzed using an in-house MATLAB tracking code. Briefly, 25 ���/�� �R�I�� �W�K�H��overnight-

growth bacterial culture was inoculated into a swarm plate and incubated overnight at 30°C. 

Then, 25 µL of the overnight-growth bacteria from the edge of the swarm plate was taken and 

inoculated into different LB medium with pH 5.7, pH 6.0 or pH 7.4, and further incubated until 

OD600 of the culture reached to 0.2. After that, the bacterial cultures were ten times diluted in 

their respective motility buffers, which also had different pH conditions (pH 5.7, pH 6.0 or pH 

7.4). Finally, the bacterial motility was investigated in microchambers, which were used to 

avoid external fluid flow formation, under a Leica DMi8 inverted microscope using a 40x water 

immersion objective and the videos used in the analysis were recorded at 50 frames per second 

[fps]. 



64 
 

4.4. Characterization of the Bacterial Interaction  with the Mannose-functionalized 

Surfaces at Different pH Conditions 

The interactions of E. coli MG1655 and E. coli �0�*���������ûfimA-H with BSA-mannose-

functionalized surfaces at different pH conditions (pH 5.7, pH 6.0 and pH 7.4) were investigated 

via modifying the glass surfaces as previously described with some modifications (226). 

Initiall y, the glass surfaces were functionalized with (3-Aminopropyl)triethoxysilane [APTES] 

at RT for 45 min, then rinsed with absolute isopropanol, and finally incubated at 120°C for 5 

min. After that, the APTES-functionalized glass surfaces were incubated with BSA-mannose 

solution �������������J���P�/�����I�R�U�������K���D�Q�G��afterward rinsed three times with 1x PBS (pH 7.2). Next, the 

suspensions of the overnight-growth bacterial cultures were placed onto the BSA-mannose-

functionalized surfaces and incubated at RT for 1 h. Finally, the glass surfaces were washed 

three times with 1x PBS (pH 7.2), and the density of bacteria interacted with the BSA-mannose-

functionalized surface was calculated from the images of twelve different samples obtained 

with a Nikon Eclipse Ti-E spinning disk confocal microscope using 60x oil immersion 

objective. 

4.5. Attachment of the Bacterial Microswimmers to the Mannose-functionalized 

Surfaces and the Mannose Overexpressing Cells 

Attachment of the bacterial microswimmers to the BSA-mannose-functionalized surfaces 

was investigated through the functionalization of the semi-vertical PDMS surfaces with the 

mannose molecules. In order to achieve mannose functionalization, PDMS square rings were 

initially functionalized with amine groups via APTES treatment as previously described, but 

with some modifications(227). Briefly, the surface of the PDMS rings was activated for 3 min 

using an oxygen plasma system (Plasma System Zepto, Diener Electronics, Ebhausen, 

Germany). Then, the activated PDMS rings were immersed in 10% (v/v) APTES, dissolved in 

absolute ethanol, at 50°C for 2 h. After that, the APTES-functionalized PDMS rings were 

washed three times with ddH2O and immediately dipped into 10% (v/v) BSA or BSA-mannose 
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solutions in 1x PBS (pH 7.2). Following protein coating, the PDMS rings were washed three 

times with 1x PBS (pH 7.2) to remove the unbounded proteins. Finally, the PDMS rings were 

sandwiched between two coverslips via leaving a hole for injecting the bacterial 

microswimmers. The bacterial microswimmers were injected into the semi-vertical PDMS ring 

system when the system was placed on the confocal microscopy stage. Time-lapse movie was 

recorded with 10 sec intervals from 5 samples, and the number of fluorescent particles attached 

to the wall was counted over 2 min period. 

Attachment affinity of the bacteria and the bacterial microswimmers toward HTB-9 cells, 

a mannose overexpressing cell line, has also been investigated. First, the mannose expression 

of the HTB-9 cells was investigated using a fluorescent dye with an affinity toward the mannose 

molecules. For this purpose, the cells were cultivated in a 24-well culture plate at a density of 

5×105 cells/well. After reaching 90% confluency, the cells were washed with 1x PBS. Then, 1 

mL solution of Alexa Fluor 488®-conjugated Con A in 1x PB�6�������������/���P�/�� was added, the cells 

were incubated for 15 min at 37°C. Finally, the cells were washed three times using 1x PBS in 

order to remove the free dye and imaged using a Nikon Eclipse Ti-E spinning disk confocal 

microscope using 60x oil immersion objective. 

To investigate the attachment of the bacterial microswimmers, the cells were again seeded 

in a 24-well culture plate at a density of 5×105 cells/well. After reaching 90% confluency, the 

cells were washed with 1x PBS. Then, the cells were incubated with the bacteria, the bare 

microparticles, and the bacterial microswimmers dispersed in RPMI 1640 medium (without 

antibiotics) for 1 h, followed by a washing step with 1x PBS for three times. The density of the 

bacteria and the bare microparticles attached to the cells was calculated after performing live-

cell imaging on 10 samples using a Nikon Eclipse Ti-E spinning disk confocal microscope 

using 60x oil immersion objective. As a negative control, the HTB-9 cells were treated with 50 

���J���P�/���V�R�O�X�W�L�R�Q���R�I���&�R�Q���$�����6�L�J�P�D��Aldrich®, St. Louis, MO) for 30 min. After washing the cells 
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three times with 1x PBS, the attachment of THE bacterial microswimmers to the cells was 

monitored using the confocal microscopy. 

4.6. Cytotoxicity  of the Bacterial Microswimmers 

The cytotoxicity of the bacterial microswimmers towards the HTB9 cells was analyzed 

using both the MTT and the LDH assays over a broad range of concentrations of the bacteria, 

the bare microparticles, and the bacterial microswimmers. For this purpose, the HTB9 cells 

were seeded in 96-well culture plate at a density of 1x104 cells/well and incubated till they 

reached 90% confluency. Then, the cells were washed with 1x PBS buffer, and after that 

different concentrations of the bacteria, the bare microparticles and the bacterial 

microswimmers suspended in RPMI 1640 media were added to the cells and incubated for 4 h 

at 37°C. Cells cultured only in RPMI 1640 medium were used as a positive control, and 1% 

(v/v) Triton X-100 treated ones were used as a negative control. After the incubation period, 

the supernatants were separated and incubated with LDH reagent for 5 min, and the absorbance 

change was read at 492 nm using a Synergy 2 Multi-Mode microplate reader (BioTek, 

Winooski, VT). In parallel, the cells were incubated with MTT reagent for another 4 h and then 

dissolved using dimethyl sulfoxide [DMSO] to release the formazan content. Finally, the 

absorbance was read at 550 nm using the plate reader. The absorbance of positive and negative 

controls was considered as 100% and 0% viability of the cells. 

4.7. Immunogenicity of the Bacterial Microswimmers 

The effect of the bacterial microswimmers on activation of the complement system was 

investigated with a C3a complement enzyme-linked immunosorbent assay [ELISA] kit (Quidel, 

San Diego, USA) according to the manufacturer instructions. Briefly���������������/���D�O�L�Tuots of normal 

human serum (Quidel, San Diego, CA) were incubated with different concentrations of the E. 

coli MG1655, the E. coli �0�*���������ûfimA-H and the bacterial microswimmers at 37°C for 30 

min. �7�K�H�Q���� ������ ���/ ethylenediaminetetraacetic acid [EDTA] (220 mM) was added to normal 

human serum as a positive control, �D�Q�G���������/���R�I���F�R�E�U�D���Y�H�Q�R�P���I�D�F�W�R�U���>CVF] [Quidel, San Diego, 



67 
 

CA] was added to the normal human serum as a negative control. CVF is utilized as a negative 

control to activate the whole C3a content of the cells. After that, �����������/���R�I����x103 times diluted 

samples were added to the 96-well ELISA plate containing a murine antibody, and the plate 

was incubated at RT for 1 h. The wells were washed four times and �����������/���R�I��the conjugate 

solution, which contains horseradish peroxidase-conjugated polyclonal antibody to C3a, was 

added to each well. The plate was incubated at RT for 1 h and �W�K�H�Q���Z�D�V�K�H�G���W�K�U�H�H���W�L�P�H�V���������������/��

of substrate solution containing 3�����•���������•-tetramethylbenzidine, and H2O2 was added to each 

well. After incubating the plate at RT for 15 min in the dark, 100 ���/���V�W�R�S���V�R�O�X�W�L�R�Q������N HCl) 

was added to each well. The C3a concentration was calculated after reading the absorption of 

each well at 450 nm using a microplate reader. The results were normalized considering the 

positive control as 0 ng/mL C3a. 

4.8. Statistical Analysis 

All quantitative values were represented as the mean ± standard error of the mean. All 

experiments were conducted for at least three independent times. One-way ANOVA with 

Kruskal-Wallis post-test was used for the statistical analysis, and the number of samples and 

the significance criteria are mentioned individually for each graph.
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CHAPTER 3 
DEFORMABLE  BACTERIAL MICROSWIMMER S 

 
1. Introduction  

Biohybrid microswimmers, which are formed by the integration of biological entities with 

synthetic constructs, have been at the forefront of minimally invasive theranostic applications 

for the last decade (8, 228). The potential of biohybrid microswimmers to enable in vivo active 

cargo delivery applications lies in their autonomously functioning biological entities, which 

provide active propulsion and environmental sensing capabilities, and also their steerability 

using external magnetic fields or acoustic fields (229). Several bacterial species, including E. 

coli, S. marcescens, and S. Typhimurium, have been extensively investigated as the biological 

entities of biohybrid bacterial microswimmers for the active delivery of cargo moieties (5). 

Bacteria, and thus bacterial microswimmers, can efficiently swim using nutrients that are 

already present in the local microenvironment or inside the bacterial cell, and known to possess 

a diverse sensory system, which allows their taxis-based self-guidance both in vitro and in vivo 

through gradients of temperature, pH, oxygen, and different attractant chemical molecules (85, 

86, 127, 149, 151, 230-232). Autonomous propulsion and sensing capabilities of the bacteria 

have been exploited for enhancing functions of the bacterial microswimmers for their 

propulsion, guidance, and delivery of various cargos through their synthetic carriers, including 

bare or functionalized microbeads, liposomes, double emulsions, nanofibrous hydrogels, and 

electropolymerized polypyrrole microtubes (96, 100, 103, 106, 113, 117, 120, 129, 233). In 

addition, bacterial microswimmers can be also externally guided and selectively brought to 

target locations via magnetic steering of the microsystem through either magnetic cargo units 

or natural magnetotactic bacterial species (143, 223, 234, 235). Despite all the developments, 

translation of bacterial microswimmers to clinical diagnosis and cargo delivery applications 

still requires the design and fabrication of multifunctional cargo carriers with superior 
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performance in payload efficiency, biocompatibility, biodegradability, in vivo stability and 

deformability. 

Inside the body, specific cell types, such as macrophages and RBCs (also named as 

erythrocytes), are evolutionarily specialized for optimal transportation of specific molecular 

cargos. Among these cell types, RBCs have received significant attention as a model carrier 

due to their abundance, biocompatibility, biodegradability, non-immunogenicity, inert 

intracellular environment and ease of handling (236). To enhance their cargo transportation 

efficiency, RBCs lose their nucleus and organelles during maturation from erythroid cell 

lineage, which renders their complete inner volume as available cargo encapsulation space and 

provides high deformability (237). Even though such advantages of RBCs as physiological 

carriers have been exploited in many in vitro and in vivo studies to deliver bioactive substances 

and contrasting agents towards sites of action, RBCs have been mainly utilized as passive 

carriers (238-241). Actuation of RBCs loaded with magnetic nanoparticles was previously 

shown using ultrasound waves, albeit a non-specific actuation affecting not only loaded RBCs 

but also normal RBCs due to the asymmetric nature of the cells (160). To the best of our 

knowledge, there has been no report in the literature on bacterial propulsion of cargo-loaded 

RBCs that can transform passive RBCs into active autonomous microswimmers with sensing 

and external guiding/steering capabilities. 

In this chapter, we reported a biohybrid microswimmer composed of bioengineered 

motile bacteria and RBCs loaded with a model anti-cancer drug (DOX) and superparamagnetic 

iron oxide nanoparticles [SPIONs], which provides autonomous propulsion, non-tethered 

magnetic steering, efficient drug encapsulation, and release and near-infrared [NIR] activated 

hyperthermia termination switch (108). Multifunctional biohybrid microswimmers (denoted as 

deformable bacterial microswimmers) were fabricated by first loading DOX molecules and 

SPIONs into RBCs, following by the attachment of these loaded RBCs to a bioengineered E. 

coli MG1655 substrain via biotin-streptavidin-biotin binding complex (Figure 3.1). The 
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deformable bacterial microswimmers were actuated via flagella of the bacteria and externally 

guided through SPIONs, loaded into RBCs, using a uniform external magnetic field. Moreover, 

the deformability of the cargo carrier and robustness of the integration between the bacteria and 

the RBCs, which are critical requirements for the successful operation of the bacterial 

microswimmers even in tight physiological environments, were tested inside microfluidic 

channels with gaps smaller than their size. Due to the inherent deformability of the RBCs and 

strong non-covalent conjugation chemistry between the bacteria and the RBCs, deformable 

bacterial microswimmers displayed high stability subsequent to squeezing through the confined 

channels. Furthermore, an on-demand NIR activated hyperthermia termination switch was 

engineered for the microswimmers to control the bacteria population after cargo delivery 

operations. The biohybrid microswimmer design approach presented here takes advantage of 

autologous RBCs to enable a new biomaterials-based cargo-carrier architecture for 

biocompatible, biodegradable and multifunctional microswimmers that can be used in future 

medical applications. 

 

 

Figure 3.1 Deformable bacterial microswimmers are composed of an RBC, loaded with DOX 

molecules and SPIONs, non-covalently bounds to a motile peritrichously flagellated 

bioengineered bacterium via biotin-streptavidin-biotin binding complex. 
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2. Results & Discussion 

2.1. Encapsulation of the DOX molecules and the SPIONs into the RBCs 

Prior to the fabrication of deformable bacterial microswimmers, the encapsulation of the 

DOX molecules and the SPIONs into the RBCs was realized by using a hypotonic-isotonic 

treatment procedure (Figure 3.2). Simply, RBCs were incubated in a gently shaking hypotonic 

solution along with the DOX molecules and 50 nm citric acid-coated SPIONs at 4°C. Incubation 

of the RBCs in a hypotonic solution caused swelling of the cells due to the osmotic influx of 

water molecules and the formation of approximately 100 nm diameter pores on the cell 

membrane. The formation of the pores on the cell membrane resulted in outward diffusion of 

the hemoglobin content and inward diffusion of the DOX molecules and the SPIONs (242). 

Once the diffusion of the molecules was reached to equilibrium, RBCs, which will be 

mentioned as RBC ghosts from now on due to the removal of their cellular contents, were 

centrifuged and transferred into an isotonic solution at 4°C to reseal the pores formed on their 

cell membranes, and thus, to entrap the DOX molecules and the SPIONs. 

 

 

Figure 3.2 Encapsulation of the DOX molecules and the SPIONs into the RBCs by using a 

hypotonic-isotonic treatment procedure. 

 

2.2. Characterization of the DOX- and the SPION- Encapsulated RBC Ghosts 

The hypotonic-isotonic treatment procedure resulted in efficient encapsulation of the 

DOX molecules and the SPIONs while preserving critical membrane properties of the RBCs, 
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including membrane target ligand (TER119), which was used to modify the RBC ghosts with 

biotin-conjugated antibodies for the fabrication of the deformable bacterial microswimmers. 

(Figure 3.3, Figure 3.4 & Figure 3.5). Initially, successful encapsulation of the DOX 

molecules into the RBC ghosts was quickly characterized and demonstrated by using 

fluorescence properties of the DOX molecules (Figure 3.3). 

 

 

Figure 3.3 Characterization of the encapsulation of the DOX molecules into the RBC ghosts 

with an inverted fluorescence microscope. A. DIC and B. fluorescence images of the DOX-

encapsulated RBC ghosts, and C. overlay of the DIC and fluorescence images. 

 

Next, it was shown that the hypotonic-isotonic treatment procedure did not affect the cell 

membrane ligands of the RBCs (Figure 3.4). The RBC ghosts loaded with the DOX molecules 

and the SPIONs were stained with Alexa Fluor®488-conjugated TER119 antibodies and then 

investigated using an inverted fluorescence microscope. The results demonstrated that the 

membrane target ligand was still intact and homogeneously distributed on the membranes of 

the RBC ghosts. Therefore, it was concluded that the RBC ghosts could be utilized for biotin 

functionalization and then for the fabrication of the deformable bacterial microswimmers. 

Finally, the encapsulation of the SPIONs into the RBC ghosts was proven by using energy-

dispersive x-ray spectroscopy [EDS] mounted to an SEM (Figure 3.5). The iron signal in 

addition to the gold signal, coming due to the sputter coating of the samples to reduce charging 
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and thermal damage and to enhance secondary electron signal, demonstrated successful 

encapsulation of 50 nm citric acid-coated SPIONs into the RBC ghosts. 

 

 

Figure 3.4 Characterization of the cell membrane ligands using Alexa Fluor®488-conjugated 

TER119 antibodies after the hypotonic-isotonic treatment procedure to encapsulate the DOX 

molecules and the SPIONs into the RBC ghosts. 

 

 

Figure 3.5 Characterization of the encapsulation of 50 nm citric acid-coated SPIONs into the 

RBC ghosts using EDS. A. SEM image of a typical SPION-loaded RBC ghost is shown along 

with detected signals of B. gold (Au), in turquois, and C. iron (Fe), in blue, atoms. The EDS 

measurement was performed for 5 min using an accelerating voltage of 15 keV. Scale bars 

represent 1 µm. 

 

2.3. Fabrication of the Deformable Bacterial Microswimmers 

Fabrication of the deformable bacterial microswimmers was realized by the attachment 

of the RBC ghosts, loaded with the DOX molecules and the SPIONs, to motile peritrichously-
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flagellated bioengineered bacteria through the biotin-streptavidin-biotin binding complex. To 

accomplish this construction, a bioengineered substrain of E. coli MG1655 (243), which was 

modified to express biotin acceptor peptide on the bacterial membrane, was utilized to 

nondestructively functionalize the bioactuators with initially biotin molecules, and 

subsequently, with streptavidin molecules. The bioengineered substrain of E. coli MG1655 

contains an expression plasmid in which the coding sequence of a biotin acceptor peptide was 

integrated into the coding sequence of the autotransporter antigen 43 for surface display of the 

biotin molecules (Figure 3.6 A). First of all, the expression of the biotin acceptor peptide on 

the bacterial membrane was characterized through the �V�W�D�L�Q�L�Q�J�� �R�I�� �L�V�R�S�U�R�S�\�O�� ��-D-1-

thiogalactopyranoside [IPTG] induced bioengineered bacteria, which were incubated with the 

biotin molecules, with fluorescently-labeled streptavidin molecules (Figure 3.6 B). 

 

 

Figure 3.6 Bioengineered E. coli MG1655 substrain for biotin acceptor peptide expression on 

the bacterial membrane through autotransporter antigen 43. A. The gene map of the biotin 

acceptor peptide expression plasmid OS233. B. Alexa Fluor®488-conjugated streptavidin 

staining of the bioengineered bacteria, which were incubated with the biotin molecules, after 6 

h of 100µM IPTG induction. 
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In parallel, cargo-loaded RBC ghosts were prepared using the hypotonic treatment 

procedure and then decorated with the biotin molecules via specific attachment of the biotin-

conjugated TER119 antibodies onto the membrane of the RBC ghosts. The presence of TER119 

antigens on mouse RBC ghosts after the hypotonic treatment procedure was confirmed by 

labeling the treated RBCs with fluorescein isothiocyanate [FITC]-conjugated TER119 

antibodies (Figure 3.7 A-C). After that, the integration of the biotin-conjugated TER119 

antibodies onto the treated RBCs was also demonstrated by staining the biotin-conjugated anti-

TER119 treated ghosts with fluorescently-labeled streptavidin molecules (Figure 3.7 D-F). 

 

 

Figure 3.7 Characterization of the presence of TER119 antigen on mouse RBC ghosts and 

binding of the biotin-conjugated TER119 antibodies for streptavidin modification. A-C 

Membrane expression of the TER119 antigens was characterized by labeling with the FITC-

conjugated TER119 antibodies. D-F Binding of the biotin-conjugated TER119 antibodies was 

confirmed by labeling with the Alexa Fluor®488-conjugated streptavidin molecules. 
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After that, the deformable bacterial microswimmers were fabricated through non-

covalent interaction of the biotin-functionalized RBC ghosts with the streptavidin-

functionalized motile bioengineered bacteria as demonstrated with an SEM image (Figure 3.8). 

 

 

 

 

 

 

Figure 3.8 SEM image of an example deformable 

bacterial microswimmer. (Pseudo-colored red: RBC 

ghost; pseudo-colored green: bioengineered bacterium) 

 

2.4. Characterization of the Deformable Bacterial Microswimmers 

Biotin-streptavidin-biotin binding complex, which is one of the strongest known non-

covalent interactions in nature, was selected for the fabrication of the deformable bacterial 

microswimmers to provide robust attachment between the bioengineered bacteria and the RBC 

ghosts and to ensure the stability of the microswimmers in chemically and physically harsh 

conditions. Before moving to detailed experiments, attachment of the bioengineered bacteria to 

the DOX- and SPION-encapsulated RBC ghosts and propulsion of the deformable bacterial 

microswimmers were investigated with an inverted fluorescence microscope (Figure 3.9 & 

Figure 3.10). It was initially observed that the bioengineered bacteria preserved their 

attachment with the cargo moieties when they were integrated with the DOX- and the SPION-

encapsulated RBC ghosts. However, the number of attached bacteria and their orientations were 

stochastic (Figure 3.9). Then, the locomotion of the microswimmers was analyzed, and it was 

presented that the bioengineered bacteria attached to the RBC ghosts using biotin-streptavidin-
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biotin binding complexes were able to propel the payload with ease through the solution 

(Figure 3.10). 

 

 

Figure 3.9 Attachment of the bioengineered E. coli MG1655 substrain to the DOX- and the 

SPION-encapsulated RBC ghosts using biotin-streptavidin-biotin binding complex. It was 

clearly demonstrated that the number of attached bacteria and their orientations were stochastic. 

 

 

 

 

 

Figure 3.10 Example 2D 

propulsion trajectories of 

the deformable bacterial 

microswimmers via 

bacteria over time. The 
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inset displays a bacterium attached to an RBC ghost, loaded with the DOX molecules and the 

SPIONs. Scale bar represents 5 µm. 

 

After the attachment and swimming characterizations of the deformable bacterial 

microswimmers, flow cytometry analyses further demonstrated that the RBC ghosts preserved 

their membrane ligands after the hypotonic-isotonic treatment procedure (Figure 3.11, Figure 

3.12 & Figure 3.13). Before the hypotonic-isotonic treatment procedure, 78.11% of the RBC 

population were TER119 positive, and the treatment process did not significantly alter the 

percentage of TER119 positive cells in which 77.97% of the RBC population were still TER119 

positive. The flow cytometry results also presented that 78.37% of the RBC population 

successfully encapsulated DOX molecules, and overall, 54.52% of the RBC population were 

double-positive for both DOX molecules and TER119 (Figure 3.11). The encapsulation 

efficiency of the DOX molecules into the RBC ghosts was around 78%. In the flow cytometry 

analysis of the RBCs and the unmodified RBC ghosts, the same gate values and the same cell 

populations were selected (Figure 3.12). Similarly, in the flow cytometry analysis of the DOX- 

and the SPION-encapsulated RBC ghosts, the same gate values and the same cell populations 

were selected to obtain comparable results (Figure 3.13). 
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Figure 3.11 Flow cytometry density plots obtained from the RBC ghosts i. following to the 

hypotonic-isotonic treatment, ii.  encapsulation of the DOX molecules into the RBC ghosts, iii.  

anti-TER119 staining of the RBC ghosts to demonstrate preservation of the cell membrane 

ligands, and iv. both anti-TER119-stained and DOX-encapsulated RBC ghosts showed the 

successful encapsulation of the DOX molecules and the preservation of the TER119 expression 

in more than 50% of the RBC ghosts population. 
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Figure 3.12 Flow cytometry 

population selections and density 

plots for the RBCs without the 

hypotonic-isotonic treatment procedure. A. Population selection for the RBCs (i) without any 

fluorescent staining and (ii)  with anti-TER119 staining. B. Density plots obtained from the 

RBCs (i) without any fluorescent staining and (ii)  anti-TER119 staining. 

 

 
 

 

 

 

Figure 3.13 Population selection 

for the RBCs A. after the hypotonic-

isotonic treatment procedure, B. 

encapsulation of the DOX 

molecules, C. fluorescence staining 

with anti-TER119, and D. both 

encapsulation of the DOX molecules and staining with the anti-TER119. 
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After the flow cytometry analyses, the release of the DOX molecules from the RBC 

ghosts was analyzed over 120 h at different pH conditions, which were ranging from pH 3.1 to 

pH 9.2, evaluating pH responsiveness of the deformable bacterial microswimmers (Figure 

3.14). The results revealed an enhanced release of the DOX molecules at lower pH values, 

especially at pH 3.1. Within 24 h, around 98% of the DOX molecules were released at pH 3.1, 

whereas less than 70% released at pH 7.2. Moreover, a burst release was observed within 3 h, 

with around 70% release at pH 3.1 and more than 40% release at pH 7.2. However, the release 

of the DOX molecules was continued almost at a constant rate until 96 h at pH 7.2. These results 

showed a pH-dependent release rate profile of the deformable bacterial microswimmers, with 

considerably enhanced release rates at lower pH values, most likely due to swelling of the RBCs 

osmotically and their eventual hemolysis (244). Such enhanced release at low pH conditions 

might be especially useful for applications aimed at cargo delivery to cancer cells, which 

flourish in a highly acidic tumor microenvironment (245). 

 

 

Figure 3.14 Cumulative released percentage of the DOX molecules overtime for 5 d from the 

RBC ghosts at pH 3.1, pH 5.0, pH 7.2 and pH 9.2. The inset demonstrates the burst release 

profile of the DOX molecules from the RBC ghosts overtime for 6 h. 
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In the end, encapsulation of the SPIONs into the RBC ghosts was further presented 

qualitatively by using a permanent magnet. The RBC ghosts loaded with the SPIONs displayed 

an attraction to the permanent magnet, which provided information about the magnetic 

properties of the RBC ghosts after the hypotonic-isotonic treatment procedure (Figure 3.15). 

 

 

Figure 3.15 Attraction of the SPION-loaded RBC ghosts to a permanent magnet which clearly 

demonstrates the successful encapsulation of the 50 nm citric acid-coated SPIONs into the RBC 

ghosts. 

 

2.5. Motility  characterization and Magnetic Guidance of the Deformable Bacterial 

Microswimmers 

After fabrication of the deformable bacterial microswimmers through the attachment of 

the bioengineered bacteria and the RBC ghosts with biotin-streptavidin-biotin binding complex, 

motility characteristics of the microswimmers, including average velocity and 2D swimming 

trajectories, were analyzed and compared to free-swimming bioengineered bacteria (Figures 

3.16). The measured average velocity of the freely swimming bioengineered E. coli MG1655 

was 19.5 ± 9.2 µm/sec, which was comparable with the average velocity of wild-type E. coli 

MG1655 (34). This result showed that the expression of the biotin-attachment peptide and 
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subsequent functionalization on the cell membrane of the bioengineered bacteria with 

streptavidin molecules did not have a significant effect on the motility of the bioengineered 

bacteria. The measured average velocity of the deformable bacterial microswimmers was 10.2 

± 3.5 µm/sec, which was relatively higher than the previously reported bacterial 

microswimmers fabricated with a similar-sized cargo unit (5). The observed superior speed 

performance of the proposed deformable bacterial microswimmer might be due to the lower 

density (1.080 - 1.120 g/ mL) and higher buoyancy of the RBC ghosts compare to the other 

synthetic cargo carriers (246). Moreover, while some of the deformable bacterial 

microswimmers followed smooth random paths, others displayed wavy, spiral-like trajectories 

(Figure 3.16D). This difference in the swimming trajectories might have been due to the 

random attachment of the bioengineered bacteria to the RBC ghosts since the attachment from 

the side of the cell causes off-axis propulsion resulting in a combined rotational and 

translational motion (247). 

In addition to the stochastic motions of the deformable bacterial microswimmers, 

encapsulation of the SPIONs into the RBC ghosts allowed external guiding of the deformable 

bacterial microswimmers under a uniform magnetic field generated using a custom-made 

electromagnetic coil setup mounted on an inverted optical microscope (Figure 3.17). 

Encapsulation and asymmetrical aggregation of the SPIONs inside the RBC ghosts provide net 

magnetization, thus, alignment along the applied magnetic field direction (160). In the magnetic 

guidance experiments, the fabricated deformable bacterial microswimmers were injected into a 

microchannel, which was then placed inside the five-coil electromagnetic setup for the steering 

of the microswimmers. The deformable bacterial microswimmers displayed swimming paths 

parallel to the applied magnetic field, which was 20 mT, whereas the RBC ghosts without any 

attached bioengineered bacteria did not display any net displacement, indicating the necessity 

of an on-board actuator for guided swimming of the RBC ghosts. The controlled guidance of 
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the deformable bacterial microswimmers was further realized under uniform magnetic fields by 

demonstrating a square swimming path (Figure 3.17). 

 

 

Figure 3.16 A-D. Mean speed distributions and 2D swimming trajectories of (A, B) the free 

bioengineered bacteria and (C, D) the deformable bacterial microswimmers, respectively. The 

free bioengineered bacteria displayed a mean speed of 19.5±9.2 µm/s, whereas the mean speed 

of the deformable bacterial microswimmers was 10.2±3.5 µm/s. 
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Figure 3.17 Magnetic steering of a deformable bacterial microswimmer and changes in 

swimming direction upon a change in the uniform magnetic field direction (i-iii) . Red arrows 

indicate the direction of the uniform magnetic field. The inset shows the five-coil setup used 

for the magnetic steering of the deformable bacterial microswimmers. Scale bars represent 10 

µm. 

 

2.6. Deformability of the Fabricated Bacterial Microswimmers 

Inside the human body, motility and transportation of specific cell types occur through 

deformation and adaptation of the cells to tissue microenvironment. Because of this reason, the 

ability to deform and pass through confined spaces without damaging the microswimmers is a 

critical prerequisite for all the microswimmer designs intended for in vivo applications. Passive 

deformability and stability of the proposed bacterial microswimmers were investigated by 

injecting and squeezing them through microfluidic channels with a width of 3 µm, which was 

smaller than the size of the RBC ghosts (4-5 µm). The bacterial microswimmers were able to 

deform inside the microchannels and pass through with ease (Figure 3.18, Figure 3.19 & 

Figure 3.20). 

 

 

Figure 3.18 The bacterial microswimmers, fluorescently-labeled with the Alexa Fluor®488-

conjugated TER119 antibodies, were able to squeeze with ease through the microchannels with 

a width of 3 µm. i-iii.  The bacterial microswimmers moving through a single channel over a 

time period of 0.56 s were highlighted with red circles. 
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Figure 3.19 The passive entrance of the Alexa 

Fluor®488-labeled bacterial microswimmers to 

the microchannel with 3 µm diameter. A. DIC 

and B. fluorescence images of the 

microswimmers, and C. overlay of the DIC and fluorescence images. 

 

 

Figure 3.20 Passive deformation of the Alexa Fluor®488-labeled bacterial microswimmers 

inside the microchannels with 3 µm diameter. Images clearly demonstrated the attachment of 

the bioengineered bacteria to the RBC ghosts. 
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In addition to the passive deformation inside the microchannels with 3 µm diameter, the 

bacterial microswimmers also preserved their integrity after the deformation and collected 

intact at the outlet of the microchannels (Figures 3.21). Fabrication yield of the deformable 

bacterial microswimmers was approximately 72% of the total RBC ghost population. 

Comparison of initial bacterial microswimmer fabrication yield (~72%) with TER-119 positive 

RBC ghost population (77.91%), measured in flow cytometry analyses, further indicated an 

effective microswimmer fabrication efficiency of more than 90%. In the passive deformation 

experiments, the percentage of the bacterial microswimmers before the injection did not 

decrease significantly (two-tailed t-test, p > 0.05) after squeezing through the microchannels 

(~50%) (Figure 3.21B). This result demonstrated the stability of the proposed bacterial 

microswimmers and their future potential in vivo usage capability. 

 

 

Figure 3.21 A. The bacterial microswimmers preserved their integrity when deformed inside 

the microchannels and collected at the outlet. White arrows indicate the intact RBC 

microswimmers, where bacteria preserved their attachment to the RBCs. B. Change in 

percentage of the bacterial microswimmers after squeezing through the microfluidic channels 

was not statistically significant (Mann-Whitney test, p > 0.05). Error bars represent mean ± the 

standard deviation of the mean. 
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Finally, active deformation and passage of the bacterial microswimmers only by means 

of bacterial propulsion was investigated inside a confined space smaller than the size of the 

microswimmers (Figure 3.22). Initiall y, micro gaps inside a microfluidic channel were formed 

by fabricating circular micropillars with a controlled gap distance of 2 µm. Then, the bacterial 

microswimmers were injected into the fabricated microfluidic channel with a pillar array and 

sealed completely to prevent fluid drift. Within the microchannels, a bacterial microswimmer 

was observed to approach and actively deform its cargo unit between the gaps smaller than its 

size. During and after the deformation and passing through the micro-gap, the bacterial 

microswimmer was able to preserve its integrity, as well as its motility. This observation 

demonstrated as a proof-of-concept that bacteria could generate enough force to deform its 

flexible cargo through a narrow gap and pass through. The deformability of the proposed 

bacterial microswimmers was due to the inherent flexibility of the RBCs, while the stability of 

attachment was due to the strong non-covalent interaction between the biotin and the 

streptavidin molecules, which coupled the bioengineered bacteria and the RBC ghosts. 

 

 

Figure 3.22 The bacterial microswimmer approached to a gap formed by two adjacent 

micropillars (i) and pushed its flexible cargo unit to deform within the micro-gap (ii -iv). Scale 

bars represent 5 µm. 

 

2.7. NIR-Activated Termination of the Deformable Bacterial Microswimmers 

Biohybrid microswimmers, especially the ones driven by microorganisms such as 

bacteria or microalgae, provide considerable advantages compared to their synthetic 

counterparts, including dynamic response to changing environmental conditions and the use of 
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inexpensive and eco-friendly fuel. However, one drawback of utilizing microorganisms in the 

microswimmer design is the rapid and uncontrolled proliferation of the microorganisms such 

as ~20 min of doubling time in the case of E. coli when they are cultured in their optimum 

microenvironment or cell culture media. Therefore, a termination switch is required in an ideal 

biohybrid microswimmer design to stop the uncontrolled growth of the microorganism and to 

prevent any potential side effects such as sepsis. In this study, the deformable bacterial 

microswimmers were engineered with an on-demand hyperthermia termination switch 

activated by NIR light to control the bacteria population during the in vivo applications. ICG, a 

NIR-activated photothermal agent, was coupled to BSA and loaded into the RBC ghosts to 

realize the NIR-activated termination switch (Figure 3.23). 

 

 

Figure 3.23 Schematic of a deformable bacterial microswimmer, loaded with a photothermal 

agent (ICG)-coupled with BSA, generating heat upon irradiation with the NIR light and 

resulting in termination of the bioengineered bacteria. 

 

Upon irradiation with the NIR light, the absorbed energy was converted to heat inside the 

ICG molecules, and this heat conversion resulted in hyperthermia, which was defined as >60°C 

of max temperature (Figure 3.24A), along with rupture of the RBC membrane, as well as death 

of the attached bioengineered bacteria (Figure 3.24B). The number of the intact RBC ghosts 

was significantly lower in samples irradiated with the NIR light and underwent hyperthermia 
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compared to before irradiation (Figure 3.24C). Furthermore, the percentage of the viable 

bioengineered bacteria decreased significantly in samples irradiated with the NIR light (~16%) 

compared to samples without any irradiation (~82%) (Figure 3.24 D). Proof-of-concept on-

demand termination of the deformable bacterial microswimmers was demonstrated by using 

NIR-activated ICG-BSA-loaded RBC ghosts. The results provided an insight about the 

feasibility of controlling the bacteria population in the biohybrid microswimmer designs in a 

non-invasive way. 

 

 

Figure 3.24 A. Thermal images of the deformable bacterial microswimmers loaded inside a 

capillary tube before and during the NIR irradiation. B. Live/dead staining of the bioengineered 

bacteria before (i) and after (ii)  the NIR irradiation, respectively. Scale bars represent 5 µm. 

Quantitative measurement of C. number of the intact RBC ghosts and D. percent viable 
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bioengineered bacteria before and after the NIR-activated hyperthermia termination, 

respectively. Data represent the mean ± standard deviation of the mean. 

 

3. Conclusions & Future Perspectives 

In nature, certain cell types are specialized to deliver substances by leveraging their 

unique features, including deformability, target affinity, taxis, and barrier-crossing capability. 

Such unique features of natural cells, including RBCs, macrophages, and stem cells, have been 

utilized in the systemic delivery of drugs and contrast agents (236, 248). RBCs are the natural 

carriers of the body constituting more than 90% of the whole blood. Due to their abundance 

and affordability, RBCs represent the most feasible and practically applicable personalized 

carriers for cargo delivery inside the body (236). Moreover, RBCs are uniquely specialized to 

carry maximum loads by losing their nuclei through maturation, which also allows them to 

deform and repeatedly squeeze without blocking any capillaries that can be as small as half of 

their diameter (125, 249, 250). Due to their unique capabilities, RBCs have been employed 

intensively as passive carriers to deliver drugs and contrast agents targeting several maladies, 

�V�X�F�K���D�V���R�Q�F�R�O�R�J�L�F�����L�Q�À�D�P�P�D�W�R�U�\�����D�Q�G���Q�H�X�U�R�O�R�J�L�F�D�O���G�L�V�H�D�V�H�V��(236, 251, 252). 

Despite the vast utilization of RBCs as passive carriers in cargo delivery applications, 

engineering RBCs for active propulsion as swimmers is still an open area for investigation. 

Actuation of the RBCs was shown previously by means of beating magnetic filaments under 

oscillating fields and as well as acoustic propulsion of the magnetic nanoparticle-loaded RBC 

ghosts. In 2005, Dreyfus et al. described propulsion of the RBCs using a linear chain of 

colloidal magnetic particles linked by DNA, which was actuated under an oscillating magnetic 

field (161). Even though this study demonstrated the controlled propulsion of the RBCs with 

an oscillating magnetic field as a proof of concept, the described approach suffers from a 

complicated and expensive fabrication process, which limits its potential biomedical 

applications. Moreover, Wu et al. recently developed a hybrid micromotor by loading citrate-
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stabilized magnetic nanoparticles [MNPs] into the RBC ghosts to actuate and control the motion 

of the micromotor with ultrasound and external magnetic field, respectively (160). Later, co-

encapsulation of quantum dots and drug molecules with MNPs into the RBCs also 

demonstrated, and their actuation and steering inside a complex microchannel were investigated 

(253). Even though the use of ultrasound provided an external actuation, the asymmetric shape 

of the RBCs prevented specific propulsion and control of the fabricated micromotors. The 

bacterial microswimmer design approach presented here transformed passive RBCs into active 

soft microswimmers with autonomous, on-board actuation and sensing capabilities, via motile 

bioengineered bacteria, and external guiding, via encapsulation of the SPIONs into the RBC 

ghosts. 

Bacterial microswimmer design approach presented here yielded higher fabrication 

efficiency, speed and deformability compared to the previously reported bacterial 

microswimmers which were fabricated using E. coli MG1655 as the actuator but carrying 

different synthetic cargo units. As previously shown, mechanical properties of the cargo unit, 

especially softness, have a direct effect on optimum attachment of the bacteria to the cargo 

surface, which might also have been in effect for the high yield of the deformable bacterial 

microswimmer fabrication reported here (106). Moreover, the density of the RBCs is inherently 

lower than many synthetic materials and provides buoyancy to the fabricated bacterial 

microswimmers. Aside from E. coli, other bacteria species with higher swimming speeds, such 

as ~30 µm/sec for S. marcescens (148) and ~100 µm/sec M. marinus MC-1 (96), have been 

previously used as actuators for bacterial microswimmers. Despite its relatively lower speed 

compared to other bacteria species, E. coli could be genetically modified more comfortable than 

the other bacteria species, due to its well-understood genetics, which was also performed in this 

study to engineer biotin attachment peptide on its membrane. By utilizing this peptide, the 

deformable bacterial microswimmers were fabricated through biotin-streptavidin-biotin 

binding complex, which eliminated the need for harsh chemical reactions that were heavily 
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used in the previously reported bacterial microswimmer design approaches. When properties 

mentioned above considered altogether, the deformable bacterial microswimmers presented 

here displayed higher average velocities compared to the previous designs using synthetic cargo 

carriers and chemical attachment methods (5). Finally, the inherent flexibility of the RBCs 

provided a significant asset to the bacterial microswimmers presented here in terms of 

deformability, which might prove to be a critical advantage in cargo delivery applications. 

RBCs have been extensively investigated as non-genetically engineered cargo carriers for 

theranostic applications. Even though ex vivo engineered RBCs show better biocompatibility 

and immune-evasive properties compared to artificial systems, including conventional 

liposomal delivery platforms, there are still significant challenges that need to be addressed 

before their full translation into the clinic (236, 254). Specifically, in microswimmer 

applications, fabrication of biohybrid microswimmers involving RBCs needs to be critically 

optimized to minimize membrane damage of the RBCs and to avoid excessive cross-linking, 

which might compromise biocompatibility and lead to rapid clearance in vivo (236). To 

illustrate, non-specific chemical reactions used for coupling peptide sequences or drugs onto 

the RBC membrane may inhibit membrane molecules, including CD47, CD59, and C8bp, that 

protects against phagocytosis and assembly of membrane attack complexes (236). Therefore, 

non-invasive and specific fabrication methods, such as the one utilized here, are needed for 

preserved membrane properties. Furthermore, RBCs are limited in their ability to cross 

biological barriers, such as the blood-brain barrier, which needs to be taken into account in 

targeted delivery applications of the microswimmers using RBCs as cargo carriers. Finally, the 

pH-dependent release of drug molecules from RBCs may not be feasible and sensitive enough 

for all clinical scenarios, which would necessitate on-demand and site-specific active release 

mechanisms. 

Termination of the bacterial propulsion and other bacterial functions after delivery 

operations or in case of emergencies is a critical component of biohybrid microswimmer design, 
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although largely neglected in the literature. Here, ICG molecules, coupled with BSA, 

encapsulated inside the RBC ghosts were used to induce non-invasive activation of 

hyperthermia in the microswimmers to terminate bacterial functions. ICG is a water-soluble 

tricarbocyanine dye with a strong absorption band around 800 nm. ICG was first approved for 

clinical applications by the US Food and Drug Administration in 1956, and today is widely 

used in human medical imaging and diagnosis (255). Photothermal capabilities of the ICG have 

been recently coupled to RBCs and RBC-derived vesicles for photodynamic therapy combined 

with active drug release (256, 257). The photothermal capability of the ICG was utilized as a 

termination switch that can be activated remotely to stop the functioning of the bioengineered 

bacteria. Even though NIR light has a penetration depth of 3-5 mm into the skin, such a 

termination switch may still be useful in applications targeting subcutaneous tumors or tumors 

lining inner cavities, such as colon, with the assistance of endoscopic or colonoscopic 

irradiation. Furthermore, hyperthermia of the bacterial microswimmers can be theoretically 

induced using other activation means, including alternating magnetic fields or ultrasound, in 

future applications (258). 

RBCs have been exploited as cargo carriers due to their biocompatibility and immune 

evasive stealth properties, especially compared to synthetic cargo carriers. In nature, specific 

pathogens, ranging in size from 0.2 µm to 2 µm (e.g., hemobartonella), can bind to the RBC 

membrane to evade the immune system and remain in circulation for weeks (259). Furthermore, 

by mimicking nature, dramatically increased retention times were also shown for PS particles 

that are attached to (hitch-hiking) RBCs compared to free particles (259, 260). Drawing 

similarities between the deformable bacterial microswimmers introduced in this report and 

analogs available in nature or engineered systems, the deformable bacterial microswimmers 

would also possess better biocompatibility compared to free bacteria, which we will be 

investigated in future work. 
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The deformable bacterial microswimmers reported here demonstrate a unique multi-

functionality that has not been observed in other bacterial microswimmers, including; (1) facile, 

non-invasive, and high-throughput fabrication, (2) magnetic steerability, (3) compliant cargo 

that can be actively deformed via the force generated by the bacteria, and (4) an on-demand 

NIR-activated hyperthermia termination switch. Even though high-throughput fabrication and 

magnetic steering of biohybrid microswimmers have been previously shown (8, 85, 106), the 

deformable bacterial microswimmer design described here combines these features with 

additional advanced functionalities, including active deformation of the soft cargo and on-

demand termination switch of the actuators, within the same platform. The presented biohybrid 

microswimmer demonstrates elegant engineering and integra�W�L�R�Q���R�I���Q�D�W�X�U�H�¶�V���R�Q�H���R�I���W�K�H���P�R�V�W��

efficient microswimmers (bacterium) and the cargo carriers (RBC) to create the blueprint for 

the next generation of multimodal and targeted cargo delivery systems. 

4. Experimental 

4.1. Encapsulation of the DOX and the SPIONs into the RBCs 

Purified mouse RBCs were purchased from Innovative Research (Novi, MI). Initially, 

RBCs were washed three times with 1x PBS (pH 7.2) and then 250 µL of the washed RBCs 

were incubated in 1:1 PBS:ddH2O solution for 15 min. Afterward, 150 µL of SPION solution 

(25 mg/mL, 50 nm, chemicell, Berlin, Germany) and 100 µL of DOX solution (500 µg/mL, 

Sigma Aldrich®, St Louis, MO) were mixed with the RBCs. The mixed solution of RBCs with 

SPIONs and DOX was incubated at 4°C for 1 h to ensure proper swelling of the RBCs and 

formation of the pores on the cell membranes for the diffusion of the SPIONs and the DOX 

molecules into the RBCs. The loaded RBCs were then rinsed three times with 1x PBS (pH 7.2) 

at RT and further incubated at 37°C for 1 h for resealing the RBCs. Finally, the resealed RBCs 

were incubated with anti-mouse TER119 antibody conjugated with biotin for attachment to 

streptavidin-conjugated bacteria. 
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4.2. Characterization of the DOX- and the SPION-Loaded RBCs 

AlexaFluor®488-conjugated TER119 antibodies (BioLegend, San Diego, CA) were 

utilized to characterize the presence of TER119 antigen on mouse RBCs before and after the 

DOX and the SPION loading procedure. FITC-conjugated streptavidin (Sigma Aldrich®, St 

Louis, MO) was also used to confirm the binding of biotin-conjugated TER119 antibodies to 

the RBCs. DOX loading into the RBCs was confirmed using the autofluorescence of the DOX 

(Ex/Em: 470/585). Attachment of TER119 antibodies to the RBC membranes and loading of 

the DOX into the RBCs were validated using flow cytometry analyses. DOX-loaded RBCs 

labeled with AlexaFluor®488-conjugated TER119 antibodies were analyzed using a BD 

�)�$�&�6�0�H�O�R�G�\�Œ�� �F�H�O�O�� �V�R�U�W�H�U�� ���%�'�� �%�L�R�V�F�L�H�Q�F�H�V���� �(�D�V�W�� �5�X�W�K�H�U�I�R�U�G���� �1�-������ �)�R�U�� �H�D�F�K�� �H�[�S�H�U�L�P�H�Q�W, 

250,000 events were recorded using a 488 nm laser for excitation, and a 527 ± 16 nm emission 

filter for AlexaFluor®488 and a 700 ± 27 nm emission filter for DOX. 

SEM imaging of the bacterial microswimmers was performed via a Zeiss Ultra 550 

Gemini SEM (Carl Zeiss Inc., Oberkochen, Germany) using an accelerating voltage of 5 keV 

and an in-lens detector. For SEM imaging, the bacterial microswimmer samples were initially 

injected through track-etched polycarbonate membrane filters (Whatman, Maidstone, UK) with 

a pore diameter of 200 nm. Then, the membrane filters were incubated in 2.5% (v/v) 

glutaraldehyde in 1x PBS (pH 7.2) solution at 4°C for 1 h. Afterward, the samples were 

dehydrated in sequentially increasing ethanol concentrations up to absolute ethanol. Finally, the 

samples were dried using an automated critical point dryer (Leica EM CPD300, Leica 

Microsystems, Wetzlar, Germany) and coated with 10 nm of gold using a Leica EM ACE600 

sputter coater (Leica Microsystems, Wetzlar, Germany). EDS (Brucker, Billerica, MA) was 

performed to analyze the loading of the SPIONs into the RBCs, using an accelerating voltage 

of 15 keV. 
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4.3. pH-Responsive Drug Release 

After the DOX loading process as described above, RBCs were centrifuged to collect 

unloaded DOX molecules in the supernatant. For the characterization of drug release, RBCs 

(500 x 106 cells) were suspended in 1 mL of 1x PBS media at different pH values (pH 3.1, pH 

5.0, pH 7.2 and pH 9.2) and incubated at RT and 250 rpm. At predetermined time points, the 

samples were centrifuged to collect the supernatants and replaced with the equal volume of 

fresh medium. The loading and release of the DOX were quantified from collected supernatants, 

in combination with a standard curve of the DOX solutions (4-250 µg/mL), by measuring 

absorbance at 480 nm using a plate reader (BioTek Gen5 Synergy 2, Bad Friedrichshall, 

Germany). 

4.4. Fabrication of the Bacterial Microswimmers 

Bioengineered bacteria strain is derived from E. coli MG1655. It contains a pOS233 

plasmid which was modified in antigen 43 region to express FLAG epitope and biotin 

attachment peptide (243). Single colony of bioengineered E. coli MG1655 substrain was 

cultured overnight at 37°C and 200 rpm in TB medium (10 g tryptone and 5 g NaCl in 1L 

ddH2O, pH 7.0) containing 50 µg/mL kanamycin [Km] (Sigma Aldrich®, St Louis, MO) and 

100 µg/mL ampicillin [Amp] (Sigma Aldrich®, St Louis, MO). Then, 100 µL overnight-growth 

bacterial culture was transferred into 10 mL TB medium containing 1 µM biotin, 50 µg/mL 

Km, and 100 µg/mL Amp and incubated at 34°C and 270 rpm for 2 h. At the end of 2 h, 100 

µM IPTG (Sigma Aldrich®, St Louis, MO) was added into the culture and further incubated in 

the same conditions till OD600 (BioTek Gen5 Synergy 2 plate reader, Bad Friedrichshall, 

Germany) reached 0.6. After rinsing the bacteria with motility medium twice, the bacteria were 

incubated in motility medium (10 mM K2HPO4, 10 mM KHPO4, 67 mM NaCl, 0.1 mM EDTA, 

1% (w/v) glucose, pH 7.0) with 100 µg/mL streptavidin (Sigma Aldrich®, St Louis, MO) at 

37°C and 200 rpm for 1 h. After the incubation period, the bacteria were rinsed twice and 

resuspended in motility medium. Finally, streptavidin-conjugated bacteria were mixed with the 
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DOX- and the SPION-loaded RBCs for the fabrication of bacterial microswimmers and 

incubated at RT for 5 min. After the fabrication procedure, the bacterial microswimmers were 

injected into a microchannel (75 µM height x 2 mm width x 10 mm length), composed of laser 

cut PMMA pieces and double-sided adhesive films attached to a cover glass for motility 

characterization (124). 

4.5. Motility Characterization and Magneti c Guidance of the Bacterial 

Microswimmers 

The bacterial microswimmers were tracked from video recordings at 30 fps obtained 

using an inverted optical microscope with a 40x water immersion objective lens (DMi8, Leica 

Microsystems, Wetzlar, Germany). Motility characterization parameters, including mean speed 

and velocity for both the free bacteria and the bacterial microswimmers, were computationally 

analyzed using an in-house tracking software developed in MATLAB (Mathworks, Natick, 

USA). 

A custom-designed five-coil magnetic guidance setup built on an inverted microscope 

(Zeiss Axio Observer A1, Carl Zeiss, Oberkochen, Germany), housing a microfluidic channel, 

was utilized in magnetic guidance experiments. The magnetic guidance system was designed 

to generate magnetic fields up to 20 mT in x- and y-directions. Each coil was controlled 

independently by a current controller (Escon 70/10, Maxon Motor AG), and desired current 

values were determined by the pre-calibrated field to current ratios. The field was measured to 

be uniform within 5 mm from the center of the workspace in the x-y plane. The z-axis coil (out 

of plane) was not used in this work. 

4.6. Deformabilit y Analysis of the Bacterial Microswimmers 

Passive deformability and stability of the bacterial microswimmers were investigated by 

flowing the microswimmers through microchannels with a width of 3 µm, whereas active 

deformation of the bacterial microswimmers by bacterial propulsion was investigated by using 

a micro-fabricated fluidic channel incorporating circular pillar arrays with a controlled gap 
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distance of 2 µm. Microfluidic channels were fabricated based on photolithography and soft 

lithography (261, 262). Briefly, a negative template on a silicon wafer was fabricated using 

photolithography and silanization with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane 

vapor under vacuum. Then, PDMS (Sylgard 184, Ellsworth Adhesives, Germantown, WI) 

prepolymer (10:1 weight ratio, mixed and degassed) was molded over the negative template 

and cured at 90°C for 4 h. After curing, the PDMS block with microchannels was peeled off, 

treated under oxygen plasma, and bonded to pre-cleaned cover glass. Inlet ports were opened 

using a biopsy punch (0.75 mm diameter), and rectangle outlet ports were cut open using a 

razor blade. Once the channels were ready, fluorescently-labeled bacterial microswimmers 

were manually injected through the microchannels using a syringe and inlet tubing. 

4.7. NIR-Activated Hyperthermia Termination Switch Design and Operation 

To perform NIR-triggered hyperthermia in the bacterial microswimmers, as a termination 

switch, ICG was freshly dissolved in ddH2O and mixed with BSA, forming a working solution 

with 1 mg/mL ICG and 60 mg/mL BSA. Loading and sealing of the ICG-BSA were performed 

using the same process to load the DOX molecules and the SPIONs. After loading and sealing 

of the ICG-BSA, RBCs were incubated with anti-mouse TER119 antibody conjugated with 

biotin for attachment to streptavidin-conjugated bioengineered bacteria. After incubation, 

RBCs were centrifuged and resuspended in 1x PBS (pH 7.2) and mixed with the streptavidin-

conjugated bioengineered bacteria for the fabrication of the bacterial microswimmers. Next, the 

bacterial microswimmers were loaded in capillary tubes and irradiated under NIR (~0.6 

W/cm2), and thermal images were collected using a thermal infrared camera (ETS320, FLIR 

Systems, Wilsonville, OR, United States). Eventually, samples were recollected in micro-

ce�Q�W�U�L�I�X�J�H�� �W�X�E�H�V�� �I�R�U�� �I�O�X�R�U�H�V�F�H�Q�W�� �E�D�F�W�H�U�L�D�O�� �Y�L�D�E�L�O�L�W�\�� �W�H�V�W�L�Q�J�� ���/�,�9�(���'�(�$�'�Œ�� �%�D�F�/�L�J�K�W�Œ��

Bacterial Viability Kit, Thermo Fisher Scientific, Waltham, MA) and quantification of the 

number of the intact RBCs. 
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4.8. Statistical Analysis 

All quantitative values were presented as mean ± standard deviation of the mean. All 

experiments were performed for at least three independent repeats. Mann-Whitney test was 

used for the statistical analysis, and a p-value of less than 0.05 was considered statistically 

significant. 
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CHAPTER 4 
BIOCOMPATIBLE ALGAL MICROSWIMMER S 

 
1. Introduction  

�7�D�U�J�H�W�H�G�� �G�H�O�L�Y�H�U�\�� �R�I�� �W�K�H�U�D�S�H�X�W�L�F�V�� �H�I�¿�F�L�H�Q�W�O�\�� �L�Q�W�R�� �F�H�O�O�V�� �L�V�� �R�Q�H�� �R�I�� �W�K�H�� �P�D�M�R�U�� �F�K�D�O�O�H�Q�J�H�V��

encountered during the treatment of many diseases including cancer. In recent decades, various 

drug delivery platforms constituted from biocompatible materials, have been developed to 

control the targeted release of therapeutics. However, there are still obstacles in the successful 

transportation of therapeutics, since such delivery platforms are deficient in active motility and 

steerability (5, 8). Biohybrid microswimmers with sized down to a few microns could function 

autonomously by harvesting energy from their local environment and offer additional benefits 

over conventional therapies in accessing hard-to-reach inner body locations (3, 7). In biohybrid 

microswimmer designs, a living microorganism is simply integrated with artificial constructs. 

The biological segment of the biohybrid microswimmers serves as an actuator and sensor units, 

while their artificial segment provides support and other functionalities (228). Even though 

bacteria have been heavily used as actuators in biohybrid microswimmer designs (83, 85, 86, 

97, 103, 108, 120, 129, 155, 263-265), their possible acute toxicity along with rapid growth in 

physiological environments limit their clinical applications to inner body cavities and solid 

tumors. Therefore, there is an immense necessity for new biohybrid microswimmer designs 

with higher biocompatibility to effectively operate inside various body locations. 

Microalgae, eukaryotic swimmers with simple culture processes, which present high 

propulsion (>100 µm/sec), autofluorescence and phototactic guidance capabilities, have been 

barely explored as actuators in microswimmer designs (132, 145, 158). In 2005, Weibel et al. 

demonstrated the transport of micron-scale synthetic cargoes in a light-controlled manner using 

a unicellular photosynthetic microalga. Controlled release of the cargoes, which were attached 

to the microalgae with a photocleavable peptide, was achieved by ultraviolet [UV]  light 
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irradiation (132). A decade later, phototactic motion control and steering capabilities of E. 

elegans, a multicellular green alga species, and C. reinhardtii were presented as an option that 

can be integrated to biohybrid microswimmer designs for biomedical applications (158). 

Controlled motion of the algal cells along arbitrarily set trajectories, including zigzag and 

triangle ones, was realized using their intrinsic phototaxis behaviors. Recently, other algae 

species with different morphologies, including spiral, ellipsoidal and spherical shapes, were 

exploited as biological templates to fabricate magnetic microswimmers, where the viability of 

the algae was not preserved (145). Intrinsic autofluorescence capability of the microalgae and 

magnetic resonance imaging [MRI]  contrast, due to the magnetic component of the 

microswimmers, were used to image and track a swarm of the microswimmers in vivo. Despite 

the advancements in the usage of different microalga species as robotic actuators or templates, 

motility and functionality of the algal microswimmers, composed of and actuated by a living 

microalga, in physiologically relevant conditions have not been explored and demonstrated yet. 

In this chapter, we presented the design and fabrication of a biocompatible algal 

microswimmer towards biomedical applications, which is composed of an intact microalga, C. 

reinhardtii, attached to polyelectrolyte [PE]-functionalized 1 µm-diameter magnetic PS 

particles (146). Cargos were non-invasively attached to the microalgae, without compromising 

the natural motility, using non-covalent electrostatic interactions between the positively 

functionalized magnetic PS microparticles and the negatively charged microalgae. Initially, 

cargo attachment conditions to the microalgae were optimized, and then an intensive 

investigation was conducted to understand 2D and 3D motilities of the biocompatible algal 

microswimmers in the presence and absence of a uniform magnetic field in the x-direction. 

Next, motilities of the microalgae and the biocompatible algal microswimmers were tested in 

pseudo-physiological media, including minimum essential medium with serum, human tubal 

fluid [HTF], plasma and blood. Then, the cytocompatibility of the microalgae and the algal 

microswimmers was confirmed on cervical cancer cells, ovarian cancer cells, and healthy cells. 



103 
 

Eventually, the delivery potential of the biocompatible algal microswimmers was shown by 

delivering FITC-labeled dextran, as a high molecular weight model drug molecules, loaded into 

the PE-functionalized magnetic PS microparticles, to HeLa cells. Overall, the usage of the 

microalgae, as actuators, in biohybrid microswimmer design approaches is expected to establish 

the groundwork towards the next generation of the biocompatible biohybrid microswimmers 

towards dynamic cargo delivery applications in medicine. 

2. Results &  Discussions 

2.1. Fabrication of the Biocompatible Algal Microswimmers 

C. reinhardtii, as a puller microswimmer, tends to pull the fluids from its front part to the 

cell surface, while swimming with the breaststroke style, to create a nutrient flux for survival 

(266). Micron-scale particles interact with the microalgae in the near-field of the swimming 

microorganism via entrainment (267). In this manner, microparticles could come to the close 

proximity of the microalgae, due to their swimming style, and adhere to their cell surfaces if 

both have the proper chemical compositions. It was previously demonstrated that PE multilayer 

functionalization of the surfaces enhanced the adhesion of bacteria to the microparticles through 

non-covalent electrostatic interactions that take place between the positively charged PE outer 

layer and the negatively charged cell membrane of the bacteria (106). In this study, using the 

same electrostatic mechanism, magnetic PS microparticles, deposited with a final positively 

charged PE layer, were simply incubated with the negatively charged microalgae to fabricate 

biocompatible algal microswimmers. The microalgae had the proper cell wall chemistry for the 

optimum attachment of PE-functionalized PS microparticles at OD680 ~ 0.4. 

2.2. Layer-by-Layer PE Deposition onto the Magnetic PS Microparticles 

Commercially available negatively-charged magnetic PS microparticles were utilized as 

a template to fabricate the synthetic cargo moieties of the biocompatible algal microswimmers. 

The microparticles were briefly functionalized with oppositely charged polyelectrolytes using 

the layer-by-layer deposition technique for five consecutive layers (Figure 4.1). 
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Poly(allylamine hydrochloride) [PAH] was used as a positively-charged PE and poly(sodium 

4-styrenesulfonate) [PSS] was used as a negatively-charged PE. The layer-by-layer deposition 

of the selected polyelectrolytes was initialized with PAH for deposition of the first layer on the 

negatively-charged magnetic PS microparticles and finalized again with PAH to provide a 

proper surface charge for the adhesion of the negatively-charged microalgae. 

 

 

Figure 4.1 Overview of the layer-by-layer PE deposition onto spherical magnetic PS 

microparticles and fabrication of the biocompatible algal microswimmers utilizing electrostatic 

interactions between the microalga and the functionalized microparticles. PAH and PSS are 

utilized as positively and negatively charged polyelectrolytes, respectively. 

 

2.3. Characterization of the Layer-by-Layer PE Deposition 

First, PE deposition onto magnetic PS microparticles was confirmed with EDS analysis 

while performing the SEM characterization of the biocompatible algal microswimmers (Figure 

4.2). Microalga with adhered microparticles on the surface was also shown with an SEM image 

(Figure 4.2A). The presence of sulfur and iron peaks in the EDS spectra taken from the surface 

of a microparticle revealed PSS deposition onto iron-containing magnetic PS microparticles. It 

was also demonstrated that the sulfur and the iron atoms were one of the significant elemental 

content found on the PE-functionalized particles (Figure 4.2B & Figure 4.2C). 
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Figure 4.2 Elemental mapping of a biocompatible algal microswimmer using EDS. A. SEM 

image of an algal microswimmer which shows the selected positions for the elemental analysis, 

i. the microalga and ii.  the PE-functionalized magnetic PS microparticles. B. Tables that 

demonstrate the main elemental contents of the positions i and ii . C. EDS spectra were taken 

from positions i and ii . The presence of iron and sulfur peaks in the position ii  indicate magnetic 

content of the PS microparticles and deposition of the PSS electrolyte onto these magnetic PS 

microparticles, respectively. 

 

After that, layer-by-layer PE formation on the surface of magnetic PS microparticles was 

further confirmed using confocal laser scanning microscopy [CLSM] (Figure 4.3). For the 

experiments, p�R�O�\���À�X�R�U�H�V�F�H�L�Q���L�V�R�W�K�L�R�F�\�D�Q�D�W�H���D�O�O�\�O�D�P�L�Q�H���K�\�G�U�R�F�K�O�R�U�L�G�H�����>�3�$�+FITC] was utilized 

as an alternative to PAH during the fabrication process of the biocompatible algal 

microswimmers. The increase in green fluorescence intensity, obtained using the same laser 
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power and excitation duration after each PAHFITC incubation, qualitatively indicated the layer-

by-layer accumulation of the polyelectrolytes onto the magnetic PS microparticles. 

 

 

Figure 4.3 Confocal microscopy images of layer-by-layer PAHFITC/PSS deposited 1 µm 

magnetic PS particles: i. (PAHFITC/PSS)1, ii.  (PAHFITC/PSS)3, and iii. (PAHFITC/PSS)5. 

 

After the characterization with CLSM, quartz crystal microbalance with dissipation 

monitoring [QCM-D] was used to investigate thickness change on a flat quartz surface, which 

had similar properties with the surface of the negatively charged magnetic PS microparticles, 

following each PE deposition (Figure 4.4A). The QCM-D results presented layer-by-layer PE 

deposition and approximately 6.2 nm thickness increase in total after consecutive PE 

depositions. In addition, the zeta potential of the magnetic PS microparticles was evaluated 

following each layer-by-layer PE deposition (Figure 4.4B). The results demonstrated that bare 

magnetic PS microparticles had a net negative charge, which was approximately -20 mV, prior 

to the PE deposition. After each layer-by-layer alternating PE deposition, the charge of the 

magnetic PS microparticles fluctuated between positive and negative values and eventually 

reached ~40 mV subsequently the final PAH deposition. The characterization experiments 

revealed proper deposition of the polyelectrolytes onto both magnetic PS microparticles and 

flat quartz surfaces and showed that the PE-functionalized magnetic PS microparticles had a 

net positive charge, which is crucial for the non-invasive fabrication of the biocompatible algal 

microswimmers. 
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Figure 4.4 A. Estimated thickness values, from QCM-D analysis, using the Sauerbrey equation, 

following to each layer-by-layer PAH/PSS deposition onto a flat anionic model quartz 

substrate. Data represent means ± standard error of the means. B. Zeta potentials of layer-by-

layer PAH/PSS deposited 1 µm magnetic PS particles as a function of the number of layers. 

Data represent means ± standard error of the means. 

 

2.4. Characterization of the Microalgae Adhesion to the PE-functionalized Quartz 

Surfaces 

After layer-by-layer PE deposition onto a flat quartz surface during the QCM-D 

measurements, microalgae (OD680 = ~0.4) were passed through the channels for 30 min to 

analyze the interaction of the microalgae with the PE-functionalized and non-functionalized 

quartz surfaces. The QCM-D frequency changes revealed faster interaction of the microalgae 

with the PE-functionalized surfaces compared to the non-functionalized ones. The frequency 

change due to the algal adhesion onto the PE-functionalized surface was approximately 27.5 

Hz in the first 10 min and 38.2 Hz at the end of the incubation period. On the other hand, the 

frequency change for the non-functionalized surface at the end of 30 min was relatively lower 

and it was approximately 25.7 Hz (Figure 4.5A). After the QCM-D measurements, the quartz 

surfaces were extensively washed using Tris-Acetate-Phosphate [TAP] medium for 10 min, and 

fluorescence images of the attached microalgae were acquired to investigate the stability of the 



108 
 

electrostatic interactions between the microalgae and the PE-functionalized and non-

functionalized quartz surfaces. The extensive washing step and the following fluorescence 

microscopy investigation revealed the stability of the non-covalent interactions between the 

microalgae and the PE-functionalized surfaces. Cell counting following the fluorescence 

microscopy imaging demonstrated approximately 8-fold higher number of adhered microalgae 

to the PE-functionalized quartz surfaces compared to the non-functionalized ones (Figure 4.5B 

& Figure 4.5C). Despite the proximity of the frequency changes, between the PE-

functionalized and non-functionalized quartz surfaces, during the QCM-D measurements, 

further microscopy investigation following to an extensive washing step demonstrated the 

importance of the PE functionalization, even if the surfaces have the similar net positive 

charges, to obtain stable biocompatible algal microswimmers. Enhanced adhesion stability of 

the microalgae onto the PE-functionalized quartz surfaces might be due to the structural 

network formed by the interactions of oppositely charged polyelectrolytes (268). In the case of 

PE-functionalized spherical magnetic PS microparticles, it was expected to observe similar 

interactions between the microalgae and the PE-functionalized microparticles. The thickness of 

the PE layers on the microparticles could be different from the one deposited on the flat 

surfaces, but this difference could not expect to change adhesion greatly. Finally, adhesion 

stability of the microalgae to the PE-functionalized surfaces during the extensive washing step 

also presents a fabrication advantage which would be important in medical applications. 
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Figure 4.5 Characterization of the microalgae interaction with the layer-by-layer deposited 

PAH/PSS polyelectrolytes. A. Frequency changes following to 30 min microalgae treatment. 

The dashed area presents the frequency change of the PE-functionalized quartz surface during 

the first 10 min microalgae incubation. B. Number of the attached microalgae onto the PE-

functionalized or non-functionalized quartz surfaces following 10 min extensive washing step. 

Data represent means ± standard error of the means. (p-value < 0.05���� �6�W�X�G�H�Q�W�¶�V�� �W-test). C. 

Fluorescence microscopy images of the microalgae attached to i. the PE-functionalized and ii. 

the non-functionalized quartz surfaces following 10 min extensive washing step. Scale bars 

represent 40 µm. 

 

2.5. 2D and 3D Motility C haracterization and Magnetic Guidance of the 

Biocompatible Algal Microswimmers 

PE functionalization of the magnetic PS microparticles provides a non-invasive method 

for integration of the payload to the microalgae. Fabrication efficiency of the algal 

microswimmers depends on various parameters including relative concentrations of the PE-



110 
 

functionalized magnetic PS microparticles and the microalgae, microalgae motility, incubation 

time, incubation temperature, and most importantly microalgae division phase. Incubation of 5 

���/���3�(-functionalized magnetic PS microparticles (0.1 wt %) with �����������/���P�L�F�U�R�D�O�J�D�H���V�R�O�X�W�L�R�Q��

(OD680 = ~0.4) at RT for 30 min resulted in several algal microswimmers formation with a ~ 

62% fabrication yield (Figure 4.6). 

 

 

Figure 4.6 A. Bar graph demonstrates percentages of the algal microswimmers and the free 

microalgae, compared to the whole population, following to the non-invasive fabrication 

process. Data represent means ± standard error of the means. (p-�Y�D�O�X�H�������������������6�W�X�G�H�Q�W�¶�V���W-test). 

B. Representative images of the fabricated algal microswimmers (red circles) and the free 

microalgae (green circles) following to the non-invasive fabrication process. 

 

The swimming speeds and the trajectories of the algal microswimmers were analyzed 

both in 2D and 3D. In addition, the algal microswimmers were steered in one direction using 

two permanent magnets which were placed parallel to create a uniform magnetic field in the x-

direction (Figure 4.7A). Uniformity of the created magnetic field was checked at different 

positions, close to the center, with a Gauss meter before the steering experiments, and was also 
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simulated using COMSOL Multiphysics® software to prove further that the create magnetic 

field was uniform at the working position under the inverted microscope (Figure 4.7B). 

 

 

Figure 4.7 A. Two permanent magnets mounted to an inverted optical microscope using a 

custom-made stage for controlling the directionality of the algal microswimmers using a 

uniform magnetic field in the x-direction. The same permanent magnet setup was utilized for 

the transmission DHM video acquisitions. B. The generated magnetic field between two 

permanent magnets simulated by COMSOL Multiphysics® software. The region of interest 

(ROI) demonstrates the relative position of the microfluidic chamber used to eliminate the fluid 

flow during the video acquisition and the uniformity of the magnetic field at that position. The 

inset demonstrates the close view of the ROI to illustrate the homogeneity of the magnetic field. 

The distance between two cylindrical magnets was 10 cm. 

 

The algal microswimmers demonstrated here operate at low Re regime, below 10-3, in 

which fluid motion is governed by the Stokes equation, and inertial effects are negligible. 

Hence, fluid drag force (�(�×) and torque (�6�×) affecting the algal microswimmers can be 

respectively expressed as (269): 

 

�(�× 
L 
F�x�è�ß�:�4�Ô
E�4�ã�;�R (4.1) 
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where �ß is the dynamic viscosity of the fluid, �4�Ô and �4�ã are the radii of the microalga and the 

attached microparticle, respectively, and �R is the average velocity of the algal microswimmer, 

�6�× 
L 
F�z�è�ß�4�7�ñ (4.2) 

where �4 is the effective radius of the algal microswimmer when approximated as a sphere and 

�ñ indicates the angular velocity of the algal microswimmer. 

In the first place, 2D swimming trajectories and 2D average swimming speeds of both the 

microalgae and the algal microswimmers were investigated in their optimal growth medium. It 

was initially presented that the 2D swimming speeds of both the microalgae and the algal 

microswimmers followed Gaussian distribution in their optimum growth medium (Figure 4.8). 

 

 

Figure 4.8 Bar graphs demonstrating 2D swimming speed distributions of A. the microalgae 

and B. the algal microswimmers. 2D tracking of the microalgae and the algal microswimmers 

was performed with an in-house MATLAB code. 

 

Afterward, it was demonstrated that the 2D swimming trajectories of the algal 

microswimmers were wavier than the 2D swimming trajectories of the microalgae (Figure 4.9 

Insets). It was also observed during the video analysis that the majority of the algal 

microswimmers carried at least one or two PE-functionalized magnetic PS microparticles 
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attached to their body and could be steered magnetically in the x-direction. The changes in the 

2D swimming trajectories of the algal microswimmers, especially under a uniform magnetic 

field in the x-direction, could be due to the additional spinning torque emerged on the algal 

microswimmers as a result of the distance between the pulling force of the microalgae and the 

center of the attached PE-functionalized PS microparticles (143). Next, the 2D average 

swimming speeds of both the microalgae and the algal microswimmers were calculated from 

the analyzed 2D trajectories. The 2D average swimming speed of the microalgae was 109.54 ± 

2.59 µm/sec, whereas the 2D average swimming speeds of the algal microswimmers were 51.89 

± 1.67 µm/sec and 51.44 ± 2.16 µm/sec in the case of self-directed swimming and steering with 

a uniform magnetic field in the x-direction, respectively (Figure 4.9D). Finally, the fluid drag 

force affecting the algal microswimmers was calculated from the obtained 2D average 

swimming speed of the algal microswimmers. The calculated fluid drag force on an algal 

microswimmer at room temperature [RT] in the TAP medium was ~6.20 pN. Additionally, the 

motility of the microswimmers was highly dependent on the location of the attached 

microparticles on the algal body, as previously demonstrated (132). The PE-functionalized 

magnetic PS microparticles attached to flagella of the microalgae prevented the forward 

locomotion of the microswimmers, whereas PE-functionalized magnetic PS microparticles 

positioned at the equatorial plane of the algal body slowed down the microswimmers but did 

not completely stop the motility of the whole microswimmer. 

Following to the 2D swimming behavior analyses, we decided to characterize 3D motions 

and motilities of both the microalgae and the algal microswimmers, due to out of focus 

movements of the microswimmers, using a transmission DHM, which can measure the optical 

path difference of a beam traveling through samples and provides information about the 3D 

position of the objects in high speeds (155). 
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Figure 4.9 2D and 3D motion and motility characterizations of the microalgae and the algal 

microswimmers. 3D swimming trajectories of A. the microalgae, B. the algal microswimmers, 

and C. the algal microswimmers steered with a 26 mT uniform magnetic field in the x-direction. 

Insets demonstrate 2D swimming trajectories of the presented groups, obtained with an inverted 

optical microscope and analyzed by using an in-house MATLAB code. D. 2D and 3D average 

swimming speeds of the microalgae, the algal microswimmers, and the algal microswimmers 

steered with a 26 mT uniform magnetic field in the x-direction. Data represent means ± standard 

error of the means. 

 

3D swimming trajectories of the microalgae and the algal microswimmers were obtained 

from the phase images which were captured by using the DHM. The tracked microalgae and 

algal microswimmers were kept in focus in every frame and the analyses of the 3D swimming 

trajectories were performed in a frame-by-frame manner (Figure 4.10). 
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Figure 4.10 Example focus adjustment data of A. the microalgae and B. the algal 

microswimmers, obtained with a transmission DHM. i. Plots that indicate the initial z-positions 

of the focused microalga and algal microswimmer, ii.  intensity images of the focused microalga 

and algal microswimmer, and iii.  phase images of the focused microalga and algal 

microswimmer. 

 

Initially, the 3D swimming trajectories of both the microalgae and the algal 

microswimmers demonstrated that the algal microswimmers, especially the ones under a 

uniform magnetic field in the x-direction, swam in a tight helical path along with a nearly 

vertical centerline (Figures 4.9 A-C). The obtained 3D swimming trajectories explained that 

the obtained wavy 2D swimming trajectories of the algal microswimmers were due to the loss 

of the 3D information during the 2D video acquisition. The swimming behavior in such a tight 

helical path also means enhanced locomotion of the algal microswimmers in the z-direction, 

which again resulted in the loss of 3D swimming information during 2D video acquisition, and 

thus caused to obtain drastically lower the 2D average swimming speed value for the algal 

microswimmers compared to the 2D average swimming speed of the microalgae. In addition, 
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microalga typically rotates counterclockwise around its longitudinal axis during the forward 

motion due to the sensing mechanism of its eyespot, which is located 45° ahead from the 

flagellar beat plane and allows for scanning of the light coming from different directions (270). 

The decreased distance between loops (pitch) in the helical trajectory could be due to the 

changes in the angular rotation of the algal body upon particle attachment. Since the rotation 

rates of the captured helices were constant in time, the algal microswimmers might still follow 

the Stokes fluid drag force and torque equations, where the total force and the torque exerted 

by the microalgae on the PE-functionalized magnetic PS microparticles must be constant in 

time (143, 247). 

Afterward, the 3D swimming analyses revealed that the microalgae had a 3D average 

swimming speed of 162.05 ± 7.58 µm/sec, the self-directed algal microswimmers had a 3D 

average swimming speed of 135.92 ± 4.82 µm/sec, and the algal microswimmers in the 

presence of a 26 mT uniform magnetic field in the x-direction had a 3D average swimming 

speed of 156.13 ± 9.66 µm/sec (Figure 4.9D). Finally, frame-by-frame focus adjustment during 

the 3D swimming behavior analyses was further utilized to get information about the angular 

velocity of the algal microswimmers. The obtained angular velocity information was then used 

to determine the fluid drag torque acting on the algal microswimmers, and the calculated fluid 

drag torque on an algal microswimmer was found to be ~ 0.40 pN. As expected, the 3D average 

swimming speed of the microalgae was higher than their 2D average swimming speed due to 

the loss of 3D motion and motility information during optical microscopy video acquisition. 

Similarly, the 3D average swimming speed of the algal microswimmers increased more than 

two folds in the case of self-directed swimming of the algal microswimmers and increased 

approximately three folds in the case of their steering with a uniform magnetic field in the x-

direction compared to their 2D average swimming speeds. 
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2.6. 2D Motility Characterization of the Biocompatible Algal Micro swimmers 

following to Dark Exposure 

In order to utilize microalga as an actuator in the biohybrid microswimmer designs that 

are envisioned to be used as autonomous cargo carriers in biomedical operations, the integrated 

microalgae should, first of all, preserve their motility in dark conditions. To examine possible 

motility and behavior changes of the algal microswimmers in the dark conditions, they were 

investigated under a uniform magnetic field in the x-direction following to their exposure to 

complete darkness. In the whole experiments, a uniform magnetic field in the x-direction was 

applied to the algal microswimmers in order to estimate approximated positions of the tracked 

microswimmers upon the light was turning off and then turning on again. The presence of the 

uniform magnetic field in the x-direction decreased the random motion of the algal 

microswimmers to only one direction and thus led to properly track the same microswimmer 

following to the turning off and turning on of the light. Low magnification microscopy objective 

which can detect single algal microswimmer was utilized to have higher field-of-view and to 

expose the algal microswimmers to dark conditions for a longer period of time. In Figure 

4.11A, the algal microswimmer started to swim with an average 2D swimming speed of 56.45 

µm/sec for 6.34 sec (T1) and then was exposed to 8.26 sec darkness. Upon exposure to light 

again, it continued to swim with an average 2D swimming speed of 55.01 µm/sec for 21.18 sec 

(T2) and then was once more exposed to darkness for 7.97 sec. Finally, when exposed to light 

again, it continued to swim with an average 2D swimming speed of 46.65 µm/sec for 19.83 sec 

(T3). In Figure 4.11B, the algal microswimmer started to swim with an average 2D swimming 

speed of 81.88 µm/sec for 6.34 sec (T1) and then was exposed to 18.52 sec darkness. Upon 

exposure to light again, it continued to swim with an average 2D swimming speed of 70.71 

µm/sec for 21.73 sec (T2). In Figure 4.11C, the algal microswimmer started to swim with an 

average 2D swimming speed of 58.44 µm/sec for 12.08 sec (T1) and then was exposed to 14.77 

sec darkness. Upon exposure to light again, it continued to swim with an average 2D swimming 
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speed of 53.71 µm/sec for 9.97 sec (T2). These results presented that the algal microswimmers 

do not immediately stop their locomotion upon exposure to the dark conditions for several 

seconds, and therefore, have the potentials to be used in short-term autonomous medical 

operations deep in the body. 

 

 

Figure 4.11 A-C. 2D swimming trajectories of the algal microswimmers upon their exposure 

�W�R���Y�D�U�L�R�X�V���W�L�P�H���S�H�U�L�R�G�V���R�I���F�R�P�S�O�H�W�H���G�D�U�N���F�R�Q�G�L�W�L�R�Q�V�����<�H�O�O�R�Z���U�H�J�L�R�Q�V���G�H�P�R�Q�V�W�U�D�W�H���W�K�H���³�O�L�J�K�W���Z�D�V��

�R�Q�´���F�R�Q�G�L�W�L�R�Q���L�Q���Z�K�L�F�K���W�K�H�����'���W�U�D�F�N�L�Q�J���R�I���W�K�H���D�O�J�D�O���P�L�F�U�R�V�Z�L�P�P�H�U�V���Z�D�V���S�R�V�V�L�E�O�H�����*�U�H�\���U�H�J�L�R�Q�V��

�G�H�P�R�Q�V�W�U�D�W�H���W�K�H���³�O�L�J�K�W���Z�D�V���R�I�I�´���F�R�Q�G�L�Wion in which the 2D tracking of the algal microswimmers 

was not possible. D. Sample trajectory snapshots of the algal microswimmer, which was 

demonstrated in A as a whole xy graph, at different time points. The trajectories demonstrated 

in A are the mirror images of the snapshots due to the utilized 2D object tracking algorithm. 
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2.7. Motility  Characterization of the Biocompatible Algal Microswimmers in the 

Pseudo-physiological Fluids 

In order to examine the feasibility of the algal microswimmers for biomedical 

applications, 2D average swimming speeds of both the microalgae and the algal 

microswimmers were investigated in pseudo-physiological fluids and then compared with their 

optimum growth medium, which has an iron-rich content and contains tris base and essential 

elements (271). Four different culture media were used in the experiments, and these media 

were; (1) HTF, which intended to consume in assisted reproductive procedures, (2) HTF 

modified with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES] (mHTF), 

Dulbecco's modified eagle medium [DMEM] supplemented with 10% (v/v) fetal bovine serum 

[FBS] and constituted (3) with and (4) without phenol red. 2D average swimming speeds of the 

microalgae of were 68.40 ± 8.42 µm/sec in HTF, 95.58 ± 4.40 µm/sec in mHTF, 88.06 ± 5.44 

µm/sec in DMEM supplemented with 10% (v/v) FBS and constituted without phenol red, and 

50.54 ± 6.59 µm/sec in DMEM supplemented with 10% (v/v) FBS and constituted with phenol 

red. Initially, i t was observed that the microalgae preserved their 2D average swimming speed, 

reached in the optimum growth medium, both in mHTF and DMEM supplemented with 10% 

(v/v) FBS and constituted without phenol red (Figure 4.12). The 2D average swimming speeds 

of the algal microswimmers might possibly preserve in these pseudo-physiological fluids due 

to the presence of HEPES, which has a long-term buffering effect on the pH of the solutions, 

in both media. After that, the 2D average swimming speeds of the algal microswimmers were 

tested only in the media in which the microalgae preserved their motions and motilities. It was 

presented that the 2D average swimming speeds of the algal microswimmers were 30.05 ± 1.97 

µm/sec in mHTF, and 37.83 ± 1.61 µm/sec in DMEM supplemented with 10% (v/v) FBS and 

constituted without phenol red (Figure 4.12). The results showed a two-fold decrease in the 2D 

average swimming speed of the algal microswimmers compared to the microalgae, which was 

similar to the swimming trend observed in the optimum culture medium (Figure 4.8). 
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Figure 4.12 2D average swimming speeds of the microalgae and the algal microswimmers in 

different pseudo-physiological fluids. Data represent means ± standard error of the means. 

 

Finally, 2D average swimming speeds of the microalgae were investigated in plasma, 

blood and plasma/blood to further determine and demonstrate their feasibilities and potentials 

for biomedical applications. It was observed that the microalgae were still motile in plasma, 

blood and plasma/blood, and the 2D average swimming speeds of the microalgae were 92.76 ± 

4.59 µm/sec, 59.20 ± 2.70 µm/sec and 53.60 ± 2.60 µm/sec in plasma, blood and plasma/blood, 

respectively (Figure 4.13). Furthermore, the microalgae preserved their motility and swimming 

capabilities inside the blood for extended time periods (Figure 4.14). The decrease in the 2D 

average swimming speeds of the microalgae in plasma and plasma/blood might be due to the 

viscoelastic and non-Newtonian nature of the fluid (67). Overall, the 2D average swimming 

speeds of the microalgae in viscous fluids, and the 2D average swimming speeds of both the 

microalgae and the algal microswimmers in mHTF medium, a synthetic mimetic of the female 

reproductive system fluids (272), showed the potential of the algal microswimmers for targeting 

diseases in the reproductive tract, which is a relatively easy to access region with a 

straightforward route of administration. 
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Figure 4.13 Bar graph demonstrating the 2D 

average swimming speeds of the microalgae 

in various pseudo-physiological viscoelastic fluids. Data represent means ± standard error of 

the means. 

 

 

 

 

 

Figure 4.14 Bar graph demonstrating the 2D 

average swimming speeds of the microalgae 

inside the blood for extended time periods. Data represent means ± standard error of the means. 

 

2.8. Cytotoxicities of the Microalgae and the Algal Microswimmers 

Cytotoxicities of the microalgae and the algal microswimmers were investigated using 

NIH 3T3 fibroblasts, as a healthy cell line, HeLa, as a cervical cancer cell line, and OVCAR-3, 

as an ovarian cancer cell line. After 24 h of co-culture with the microalgae and the algal 

microswimmers, both healthy and cancerous cells showed comparable viabilities with the 

controls and revealed the cytocompatibility of the microalgae and the algal microswimmers 

(Figure 4.15, Figure 4.16 &  Figure 4.17). The time-lapse video, acquired during the initial 6 

h of HeLa cell line and microalgae co-culture, further demonstrated the compatibility of the 
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microalgae with the eukaryotic cells. Moreover, the cytocompatibility of both the PE-

functionalized magnetic PS microparticles and the algal microswimmers was also confirmed 

on HeLa cells (Figure 4.16). The captured images following to live-dead staining of the HeLa 

cells were investigated by using NIH ImageJ software. While performing the live-dead 

analyses, the cells that emitted red fluorescence, due to ethidium homodimer-1 staining, were 

counted as dead cells, and the cells that emitted green fluorescence, due to calcein-AM staining, 

were counted as live cells. In the live-dead staining, ethidium homodimer-1 is used to 

investigate the plasma membrane integrity of the cells, and calcein-AM is used to investigate 

the intracellular ester activity of the cells. The obtained live-dead staining data presented and 

suggested that the microalgae, the PE-functionalized magnetic PS microparticles, and the algal 

microswimmers did not have any cytotoxic effects on the chosen cancer cells, and therefore the 

algal microswimmers have a great potential to be utilized in different biomedical applications 

(Figure 4.17). 
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Figure 4.15 Live/dead staining of the NIH 3T3 fibroblasts (as a healthy cell line) and OVCAR3 

cells (as an ovarian cancer cell line) after 24 h incubation with the microalgae. Green indicates 

the live cells, and red indicates the death cells. Scale bars represent 100 µm. 

 

 

Figure 4.16 The microalgae and the microswimmers in cell culture. Live/dead staining of the 

HeLa cells, as a control group, and HeLa cells following to 24 h incubation with the microalgae, 

the PE-functionalized magnetic PS microparticles, and the algal microswimmers, respectively. 

Green indicates the live cells, and red indicates the death cells. Scale bars represent 100 µm. 

 

 

Figure 4.17 Percentage viability of the HeLa cells, as a control group, and HeLa cells incubated 

with the microalgae, the PE-functionalized magnetic PS microparticles and the algal 

microswimmers for 24 h. Data represent means ± standard error of the means. 
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2.9. Model Drug Delivery with the Algal Microswimmers 

FITC-dextran, an ~20 kDa model drug-mimicking high molecular weight therapeutics, 

was actively delivered to HeLa cells by using the algal microswimmers. In this way, we tried 

to examine and evaluate the biomedical potential of the algal microswimmers as active drug 

delivery agents. In the experiments, HeLa cells were incubated with the free model drug 

molecules, the drug-loaded PE-functionalized magnetic PS microparticles, and the algal 

microswimmers fabricated using the drug-loaded PE-functionalized magnetic PS 

microparticles. The autofluorescence property of the microalgae at 552 nm was used to capture 

fluorescence images of the microalgae, and the fluorescence property of the model drug 

molecule at 488 nm was used to examine the drug uptake by the HeLa cells upon their passive 

or active delivery. Initially, the calibration curve of the model drug molecules was established 

to determine the amount of the model drug molecules encapsulated into the shell of the PE-

functionalized magnetic PS microparticles (Figure 4.18). Then, the delivery of the model drug 

molecules to HeLa cells was observed in 3 h with the PE-functionalized magnetic PS 

microparticles and the algal microswimmers, but not in the ones treated with free model drug 

molecules. After a 24 h incubation period, the cellular uptake amount of the model drug 

molecules was found to be higher, when the cells were incubated with the drug-loaded PE-

functionalized magnetic PS microparticles and the algal microswimmers compared to the 

passive delivery (Figure 4.19). The results suggested that the algal microswimmers could be 

utilized to actively deliver drug molecules more efficiently than the free administration of the 

drugs if the medical intervention aims to obtain a therapeutic effect in a short time period. The 

algal microswimmers could also be advantageous in the long time period via decreasing 

unwanted side effects of the therapeutics due to their global spreading in the body upon their 

free administration. 
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Figure 4.18 Calibration curve of the FITC-

dextran, which was utilized to determine the amount of the encapsulated model drug molecules 

to the PE-functionalized magnetic PS microparticles prior to in vitro drug delivery experiments 

using the algal microswimmers. 

 

 

 

Figure 4.19 Model drug uptake by the HeLa cells in 3 h and 24 h. The cells were incubated 

with the free drug, the drug-loaded PE-functionalized magnetic PS microparticles, and the algal 

microswimmers fabricated using the drug-loaded PE-functionalized magnetic PS 

microparticles. Green color excited at 488 nm demonstrates cellular uptake of the model drug, 

and red color excited at 552 nm demonstrates autofluorescence of the microalgae. Scale bars 

represent 20 µm. 
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3. Conclusions & Future Perspectives 

Biohybrid microswimmers with autonomous propulsion and sensing capabilities present 

great promise for the active targeted delivery applications in medicine. While bacterial 

microswimmers with advanced propulsion and control using homogenous magnetic fields have 

been previously demonstrated (106, 108, 143, 263, 265), incompatibility of the bacteria with 

the eukaryotic cells possess a critical challenge for their translation to the clinic. The biohybrid 

microswimmers based on the microalgae reported herein demonstrate a biocompatible active 

delivery platform that can function in physiologically relevant Newtonian and non-Newtonian 

fluids and conditions. 

Even though there are several studies on swimming behavior and phototaxis of the 

microalgae in the recent literature (67, 266, 273-275), utilization of them in biohybrid 

microswimmer design has not been fastidiously investigated so far. Control of the algal 

microswimmers with a uniform magnetic field in the x-direction, as demonstrated here, rather 

than using their intrinsic phototaxis mechanisms, could enable their control in deep body 

locations, where tissue penetration depth of light is limited to several millimeters (276). The 

usage of uniform magnetic fields is also advantageous for controlling small magnetic objects 

away from the magnetic sources, such as operations in deep body locations, compared to 

magnetic gradient-based pulling (277). Targeting objects of interests can be achieved by 

changing the direction of the applied magnetic fields upon manual feedback from the user or 

via automated control algorithms by closed-loop tracking of the microswimmers and/or the 

target objects. Furthermore, targeting moieties, such as antibodies, can be functionalized onto 

the algal body or the PE-functionalized magnetic PS microparticles for autonomous recognition 

of the target objects. The proposed microswimmer design could be further developed for 

stimuli-responsive delivery of the therapeutics by altering the PE coatings on the magnetic 

cargo moieties, as previously demonstrated (106, 278), and in vivo fluorescence imaging and 

targeted delivery applications together with the locomotion and the autofluorescence 
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capabilities of the microalgae. Additionally, the microalgae are favorable organisms to study 

genetic alterations and to produce recombinant human proteins as therapeutics (279, 280). In 

this way, the microalgae could be engineered to carry genes and to produce therapeutics inside 

the body besides cargo delivery. 

Additionally, despite the reduction of the average swimming speed due to the attached 

cargo moieties, the algal microswimmers with ~150 µm/sec average swimming speed in 3D are 

much faster than most of the bacterial microswimmers with around 10-20 µm/sec mean speeds 

(281) and faster than the MC-1 magnetotactic microswimmers with around 100 µm/sec mean 

speed (96). Additionally, the easy mass culture process of the microalgae further provides an 

advantage to fabricate an enormous number of fully functional biohybrid microswimmers, 

compared to their certain counterparts (282). Finally, the swimming capability of the 

microalgae not only under illumination but also in dark conditions, by stochastically switching 

their flagella beating pattern between synchronous and asynchronous states (42), might allow 

biomedical applications of the algal microswimmers inside deep body locations without the 

necessity for external illumination. In brief, we demonstrated the biocompatibility of the 

microalgae and the algal microswimmers with certain types of mammalian cells. However, the 

immunocompatibility of the algal microswimmers should be further investigated in vivo also to 

assess their immune safety. By taking account of the potential immune response towards algal 

microswimmers, our initial in vivo target in future studies will be the immune-privileged sites 

in which the introduction of foreign antigens can be tolerated without eliciting an inflammatory 

response. Furthermore, straightforward administration methodologies could be used to target 

and treat diseases in deep body locations, such as the reproductive or the gastrointestinal tracts, 

by either direct injection to the close proximity of the site of action or by using catheters. 

Finally, recycling of the algal microswimmers would not be necessary for initial in vivo cargo 

delivery applications, since the microalgae are biodegradable in physiological environments 
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(145), and also fabrication process of the presented algal microswimmer design is easy and not 

time-consuming. 

4. Experimental 

4.1. Microalgae Culture  

The unicellular green microalgae C. reinhardtii (strain CC-125 wild type mt+), obtained 

�I�U�R�P���³�F�K�O�D�P�\�F�R�O�O�H�F�W�L�R�Q���R�U�J�´�����Z�H�U�H���X�V�H�G���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�V�����7�K�H���P�L�F�U�R�D�O�J�D�H���Z�H�U�H���F�X�O�W�L�Y�D�W�H�G 

in TAP medium (Thermo Fisher Scientific) at RT under 12 h:12 h light-dark cycle (Philips 

MASTER TL-D 58W/840 Super 80 Weiss) with orbital shaking at 150 rpm. 

4.2. PE Deposition onto the PS Microparticles 

The layer-by-layer assembly technique was applied to deposit polyelectrolytes onto the 

negatively charged magnetic PS microparticles. Poly (allylamine hydrochloride) (Mw = 50 

�N�'�D������ �S�R�O�\�� ���À�X�R�U�H�V�F�H�L�Q�� �L�V�R�W�K�L�R�F�\�D�Q�D�We allylamine hydrochloride) (50:1, Mw = 56 kDa), and 

poly (sodium 4-styrenesulfonate) (Mw = 70 kDa) were purchased from Sigma Aldrich® (St. 

Louis, MO). PAH and PSS were dissolved as 1.0 mg/mL concentration in 150 mM NaCl to 

prepare PE working solutions and then the working �V�R�O�X�W�L�R�Q�V�� �Z�H�U�H�� �¿�O�W�H�U�H�G�� �W�K�U�R�X�J�K�� ���������� ���P��

�F�H�O�O�X�O�R�V�H�� �D�F�H�W�D�W�H�� �¿�O�W�H�U�V���� �3�(-functionalized microparticles were fabricated by alternatingly 

depositing first positively-charged PAH and after that negatively-charged �3�6�6�� �R�Q�W�R�� ���� ���P��

anionic magnetic microparticles based on PS (Cat. No: 75597, Sigma Aldrich®, St. Louis, MO) 

with 10 min of incubation for each PE working solution. The dispersion (0.1 wt %) was 

centrifuged at 5000g for 5 min, the supernatant was removed, and the functionalized 

microparticles were washed with 150 mM NaCl for two times prior to the deposition of the next 

layer. 

4.3. Formation of the Algal Microswimmers 

C. reinhardtii cultures were typically grown to mid-logarithmic phase (OD680 = ~ 0.4), 

and harvested cells were diluted (1:4 (v/v)) using TAP medium for the fabrication experiments. 

�������/���R�I��the PE-functionalized microparticle solution (0.1 wt �����������P�/�����Z�D�V���D�G�G�H�G���W�R�������������/��
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microalgae solution in 25 mL Erlenmeyer flasks, and the solution was shaken at RT for 30 min, 

to allow initial adhesion of the microparticles to the cell wall of the microalgae. 

4.4. Characterization of the Algal Microswimmers using SEM 

For SEM imaging, both the microalgae and the algal microswimmers were initially 

allowed to sediment onto a glass coverslip for 30 min, and the cells were fixed with 

glutaraldehyde (2.5% (v/v) in 1x PBS (pH 7.2)) treatment at 4°C in the next 30 min. Then, the 

samples were dehydrated in a series of increasing ethanol concentrations up to absolute ethanol, 

and further dehydrated using a series of increasing hexamethyldisilazane [HMDS] (Sigma 

Aldrich®, St. Louis, MO) concentrations, dissolved in ethanol, up to absolute HDMS. After 

overnight air-drying, the samples were coated with 10 nm of gold using a Leica EM ACE600 

sputter coater (Leica Microsystems, Wetzlar, Germany). Finally, the samples were imaged with 

a Zeiss Ultra 550 Gemini SEM (Carl Zeiss Inc., Oberkochen, Germany) using an accelerating 

voltage of 5 keV and an in-lens detector. EDS (Bruker, Billerica, MA) was performed using an 

accelerating voltage of 15 keV to analyze the elemental content of the attached microparticles 

to the cell surface of the microalgae. 

4.5. Characterization of the PE Functionalization and the Algal Interaction using 

the QCM-D 

The PE deposition and effects of surface stiffness on the adhesion of the microalgae were 

characterized using QCM-D. The QCM-D analysis was conducted with AT-cut quartz crystals 

mounted in an E4 system (Q-�V�H�Q�V�H���$�%�����*�R�W�K�H�Q�E�X�U�J�����6�Z�H�G�H�Q�����X�Q�G�H�U���À�R�Z-through conditions 

�D�W�� ������ ���/���P�L�Q�� �X�V�L�Q�J�� �D�� �G�L�J�L�W�D�O�� �S�H�U�L�V�W�D�O�W�L�F�� �S�X�P�S�� ���,�V�P�D�7�H�F�� �3eristaltic Pump, IDEX). Before the 

experiments, gold quartz crystals (QSX-303, Q-sense AB, Sweden) were cleaned using 

ultrasonication in a 5:1:1 H2O/NH3/H2O2 aqueous mixture, which was pre-warmed to 75°C for 

������ �P�L�Q���� �D�Q�G�� �W�K�H�� �F�U�\�V�W�D�O�V�� �Z�H�U�H�� �P�R�G�L�¿�H�G�� �Z�Lth 1 mM mercaptopropionic acid [MPA] (Sigma-

Aldrich®, St. Louis, MO) for 16 h to introduce negatively charged carboxyl groups for 

interaction of the surface with the positively charged initial PAH layer. This process followed 
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by rinsing with ethanol and ddH2O and drying with air. To explore interactions of the 

microalgae with the soft PE functionalized (PAH/PSS)5 �D�Q�G���K�D�U�G���0�3�$���P�R�G�L�¿�H�G���T�X�D�U�W�]���F�U�\�V�W�D�O�V 

with respect to mechanical sti�¡ness, microalgae cultures were grown up to an OD680 about ~ 

0.4, and then microalgae suspension (5 × 105 cells/ mL) in TAP was injected into the sensor 

�F�K�D�P�E�H�U�V���D�W�������ƒ�&���Z�L�W�K���D���À�R�Z���U�D�W�H���R�I�����������/���P�L�Q���W�L�O�O���R�E�W�D�L�Q�L�Q�J���V�W�D�E�O�H��resonance frequencies from 

the sensors. Finally, the number of the microalgae adhered to the crystals was counted using 

the �D�X�W�R�I�O�X�R�U�H�V�F�H�Q�F�H���S�U�R�S�H�U�W�\���R�I���W�K�H���P�L�F�U�R�D�O�J�D�H���Z�L�W�K���D�Q���L�Q�Y�H�U�W�H�G���À�X�R�U�H�V�F�H�Q�W���P�L�F�U�R�V�F�R�S�H�����=�H�L�V�V��

Axio Observer A1, Carl Zeiss, Germany). The QCM-D data were analyzed using the Voight 

model and the Sauerbrey relation (283). 

�Â�I 
L 
F�%�ä�a�k
�Â�B�á
�J

 (4.3) 

�+�H�U�H�L�Q���� �û�P�� �L�V�� �W�K�H�� �D�G�V�R�U�E�H�G�� �P�D�V�V�� �R�Q�� �W�K�H�� �V�X�U�I�D�F�H���� �&qcm is the mass sensitivity constant (17.7 

ng.m�í2 Hz�í1 �D�W���I��� �������0�+�]�������D�Q�G���û�I n is the change in the resonance frequency at the nth harmonic. 

�6�L�Q�F�H���W�K�H���6�D�X�H�U�E�U�H�\���U�H�O�D�W�L�R�Q�V�K�L�S���L�V���R�Q�O�\���Y�D�O�L�G���I�R�U���D�F�R�X�V�W�L�F�D�O�O�\���U�L�J�L�G���¿�O�P�V���Z�L�W�K���O�R�Z���G�L�V�V�L�S�D�W�L�R�Q����

it is crucial to use the Voight model as a viscoelastic model to quantify the changes in mass and 

e�¡ective viscoelastic properties of the PE-functionalized surfaces. 

4.6. Motility Characterization and Magnetic Guidance of the Algal 

Microswimmers 

Motility and magnetic guidance characterization of both the microalgae and the algal 

microswimmers were performed in microfluidic channels with 350 µm height and 2 mm width. 

Microchannels were composed of double-sided adhesive films, laser cut with a channel 

geometry, and PMMA pieces with inlets and outlets attached to cover glass (284). Before the 

experiments, the microfluidic channels were incubated with a surfactant, Pluronic F-108, 

(Sigma Aldrich®, St. Louis, MO) at RT for 30 min to prevent non-specific adsorption of the 

microalgae to the channel surfaces. 2D videos of the microalgae and the biohybrid algal 

microswimmers were captured in microfluidic channels using Zeiss Axio Observer.A1 inverted 
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optical microscope with a 20X objective lens. In motility experiments, the algal medium, TAP 

(Gibco, A1379801), was mixed with high glucose DMEM with phenol red (Gibco, 1867617) 

and without phenol red (Gibco, 21063039) supplemented with 10% (v/v) FBS, mHTF (Irvine 

Scientific, 90126), bovine plasma (Sigma Aldrich®, P4639), and blood (mouse erythrocytes 

purchased from Innovative Research (Novi, MI)) in 1:3 (v/v) ratio. For magnetic guidance 

experiments in the x-direction, a custom-made magnetic guidance setup, mounted to the 

inverted microscope and composed of two disc-shaped NdFeB permanent magnets, was used. 

The magnets were 60 mm in diameter (S-60-05-N, Webcraft GmbH, Germany), axially 

magnetized, and separated by a distance of 10 cm. The samples were �L�Q�M�H�F�W�H�G���L�Q�W�R���P�L�F�U�R�À�X�L�G�L�F��

channels, which were placed to the middle of the stage. The uniformity of the magnetic field 

surrounding the permanent magnets in the x-axis was simulated by COMSOL Multiphysics 5.3 

software (COMSOL, Stockholm, Sweden). A computational analysis method was used to 

analyze 2D swimming speeds and trajectories of the samples from recorded videos. The in-

house analysis code was developed using MATLAB R2018a (Mathworks, Natick, MA). 3D 

motions of the microalgae and the algal microswimmers were similarly captured inside the 

microfluidic channels using DHM® T-1000 transmission digital holography microscope 

(Lyncee Tec, Lausanne, Switzerland), operating with a single laser and has a vertical measuring 

range up to 500 µm for continuous structures, with a 20x objective lens (Leica Microsystems, 

Wetzlar, Germany), and analyzed with the 3D tracking python code provided by the company. 

4.7. Cytotoxicity and Cargo Delivery Application of the Algal Microswimmers 

Human cervical cancer (HeLa) and murine fibroblast (NIH 3T3) cells were grown in 

DMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin (Gibco, Grand 

Island, NY). Ovarian cancer (OVCAR3) cells were cultured in RPMI 1640 supplemented with 

10% (v/v) FBS, 1% (v/v) penicillin/streptomycin and 0.01 mg/mL bovine insulin. Cell viability 

was investigated using a live/dead assay composed of calcein-AM (green) and ethidium 

homodimer-1 (red) dyes. Cells were seeded into 96-well plates (5.0 x 103 cells/well) and 
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cultured at 37°C in a 5% CO2, 95% air humidified atmosphere. When the cells became 

confluent, DMEM is changed with fresh mHTF (Irvine Scientific, Santa Ana, CA) and C. 

reinhardtii (OD680 = ~0.4) with 1:4 (v/v) dilution was added onto the cells. After 24 h of co-

culture in mammalian cell culture conditions, live/dead cell viability was characterized by 

fluorescence micrographs which were obtained using an inverted optical microscope with a 20x 

air objective lens (DMi8, Leica Microsystems, Wetzlar, Germany). 

PE-functionalized magnetic PS microparticles (2.5 mg) suspended in 25 µL of FITC-

dextran (0.05 mg/mL, 20 kDa) solution in 1x PBS (pH 7.2) at RT for 1 h, followed by 

centrifugation at 3500g for 5 min. The absorbance of the supernatants and the calibration 

solutions were measured using NanoOne UV/Vis spectrophotometer (Thermo Fisher Scientific) 

at 490 nm. The model drug loading efficiency of the PE-functionalized microparticles was 

calculated from the calibration curve and found as approximately 48% (Figure 4.17). Before 

cell culture experiments, the PE-functionalized microparticles (25 µL) suspended in 1 mL of 

FITC-dextran (1 mg/mL, 20 kDa) solution at RT for 1 h, followed by centrifugation at 3500g 

for 5 min, washing with 1x PBS (pH 7.2), and re-suspension in again 1x PBS (pH 7.2). The 

collected microparticles were incubated with C. reinhardtii in TAP medium for 30 min to 

fabricate the algal microswimmers. After additional centrifugation at 500g for 5 min, the algal 

microswimmers were re-suspended in the mHTF medium. Next, all samples were added on 

HeLa cells, which were seeded into microwells with glass bottoms (10.0 x 103 cells/well) (ibidi, 

Martinsried, Germany) 1 d before the experiments. Green fluorescent intensity on cells was 

visualized after 3 h and 24 h incubation periods by the fluorescence microscopy to investigate 

the uptake of the FITC-dextran into the cells. 

4.8. Statistical Analysis. 

The reported quantitative values for 2D and 3D motility analysis and QCM-D 

measurements are average of at least three independent repeats of the experiments. All 

quantitative speed values are presented as mean ± standard error of the mean. 
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CHAPTER 5 
BIODEGRADABLE  CHITOSAN MICROSWIMMER S 

 
1. Introduction  

Microswimmers powered by external magnetic fields possess significant potential in 

biomedical applications due to their wireless actuation, active locomotion and precise 

localization abilities (3, 228). Their microscopic size and untethered control could allow deep 

tissue penetration and thus could revolutionize minimally invasive therapies (7). Till now, 

biohybrid and synthetic magnetic microswimmers, which are actuated either using an external 

electromagnetic power source or an integrated microorganism, have been used in various 

platforms for targeted drug delivery, cell manipulation and tissue engineering applications (72, 

89, 106, 108, 143, 285-288). Especially, helical magnetic microswimmers have recently gained 

interest in drug delivery applications due to the efficiency of magnetic torque over magnetic 

gradient pulling for microscale actuation schemes (9). Helical magnetic microswimmers, 

operated at low Re regime with an external uniform rotating magnetic field, were previously 

designed in millimeter-scale using a small magnet incorporated to the head of spirally-bent 

copper wire (171, 289). Then, different fabrication techniques, including self-scrolling and 

glancing angle deposition, were used to fabricate helical magnetic swimmers at the micron scale 

(163, 174). Afterward, the advancements in two-photon direct laser writing [TDLW] technique 

realized 3D fabrication of more complex polymeric microstructures, eased their local 3D 

patterning using versatile chemical moieties and provided the possibility to embed 

biocompatible SPIONs into the microswimmers (186, 190, 290-292). So far, various 

photosensitive materials have been used with the TDLW technique to fabricate biocompatible 

helical magnetic microswimmers (164). Initially, helical magnetic microswimmers 

functionalized with drug-loaded liposomes were utilized to perform single-cell cargo delivery 

in vitro. In this work, drug molecules were successfully delivered to individual cells, which 
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were in contact with the helical magnetic microswimmers (293). Then, single-cell transfection 

was also realized in vitro using plasmid DNA-functionalized helical magnetic microswimmers. 

In the study, fluorescent protein-encoding plasmid DNA was incorporated into the helical 

magnetic microswimmers, and later, individual cells were controllably transfected through cell-

microswimmer interaction (294). Finally, a swarm of helical magnetic microswimmers 

functionalized with fluorescent probes was controlled in the peritoneal cavity of a mouse. The 

results demonstrated that it is possible to control and steer the swarm of helical magnetic 

microswimmers in vivo in the direction of the applied uniform rotating magnetic field (295). 

Despite the enormous developments in the field, helical magnetic microswimmers still should 

be strengthened to have physiologically-relevant biodegradation and controlled local cargo 

release capabilities, which are essential for their potential biomedical applications. 

Biodegradation of administered synthetic microswimmers inside the body in a known 

period of time by forming non-toxic degradation products is a critical aspect of biomedical 

applications. Lately, degradation of the helical magnetic microswimmers, composed of 

photosensitive materials and SPIONs, through sodium hydroxide-based hydrolysis reaction was 

demonstrated (296). However, usage of sodium hydroxide for the degradation of the helical 

magnetic microswimmers could be problematic in vivo, and hence the integration of new 

physiologically-relevant degradation mechanisms to the synthetic microswimmers is 

indispensable for future medical applications. Additionally, the controlled release of the 

concentrated therapeutics at disease sites by active microswimmers could increase the overall 

treatment efficiency (297). Helical magnetic microswimmers overcome the active delivery 

issues of therapeutics to the site of action using uniform rotating magnetic fields. However, the 

controlled release of the therapeutics at the site of action is still an issue, which should be 

addressed in microswimmer-based drug delivery platforms. Remotely-triggered systems have 

always been attractive for facilitating the release of therapeutics at the desired times. The 

concentration of therapeutics at the site of action could be controlled and increased in this way, 
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and thus, the overall injected dose could be decreased using remotely-triggered systems. Light-

triggered release platforms are especially practical among the other trigger mechanisms, 

including pH, temperature and ultrasound field, due to their high spatiotemporal accuracies 

(298). In light-triggered release platforms, the poor tissue penetration depth of the UV light 

restricts the potential medical applications to the specific locations inside the body. However, 

optical upconversion processes, in which low-energy photons are transformed into high-energy 

ones, could be used to realize real-life medical applications of the UV-triggered release 

platforms at different locations of the body (299). 

In this chapter, we reported a magnetically-powered helical chitosan microswimmer 

system, which has a light-triggered drug release capability (123). The chitosan microswimmers 

had 6 µm diameter and 20 µm length and were composed of double helices to operate at low 

Re regime with a low-amplitude uniform rotating magnetic field. The chitosan microswimmers 

were fabricated from photocrosslinkable methacrylamide chitosan macromolecules in the 

presences of photoinitiator and SPIONs using the TDLW technique. The microswimmers were 

actuated and controlled in an aqueous environment with an average speed of 3.34 ± 0.71 µm/sec 

under a 10 mT and 4.5 Hz uniform rotating magnetic field. Azide-modified DOX was used as 

a model therapeutic for light-triggered drug release and bound to alkyne moieties of the chitosan 

microswimmers through the NHS-Amine coupling reaction. Biodegradability of the chitosan 

microswimmers was demonstrated at 37°C with different lysozyme concentrations, and 

biocompatibility of the whole microsystem was investigated using the degradation products. 

Overall, we revealed a biocompatible and biodegradable magnetic helical microswimmer 

design strategy, composed of natural chitosan macromolecules, and combine the active 

locomotion of the microswimmers with a controlled drug release mechanism to further decrease 

the side effects of the whole microsystem in minimally invasive therapies. 
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2. Results &  Discussion 

2.1. Synthesis of the Photocrosslinkable Chitosan 

Chitosan is a linear and cationic polysaccharide which is composed of randomly 

�G�L�V�W�U�L�E�X�W�H�G����-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine and obtained from the 

treatment of chitin polymer, the second most abundant natural polymer in the world (300). 

Chitosan is an ideal polysaccharide for biomedical applications due to its inherent physical and 

chemical properties, including rigidity, biocompatibility, biodegradability, bioadhesivity, and 

antimicrobial, antitumor and antioxidant activities (300-305). It was previously presented that 

polymers and certain polysaccharides could be chemically modified to obtain photosensitive 

properties and characteristics without affecting their peptide or polysaccharide backbones 

(306). In this work, methacrylamide chitosan, a photocrosslinkable form of the chitosan, was 

synthesized by reacting the amino groups of the chitosan with methacrylic anhydride, as 

previously demonstrated (307). In the methacrylation reaction, the amino groups of the chitosan 

transformed into photosensitive methacrylamide groups at constant reaction time at RT 

according to the methacrylic anhydride/chitosan ratio (Figure 5.1). Then, the modified chitosan 

polysaccharides were separated from the unreacted chitosan using the dialysis technique against 

water. 

 

 

Figure 5.1 Synthesis of the photocrosslinkable methacrylamide chitosan macromolecules from 

natural chitosan polysaccharides. 
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After the modification reaction, the methacrylation degree of the synthesized 

methacrylamide chitosan macromolecules was determined using 2,4,6-trinitrobenzene sulfonic 

acid [TNBS] assay. TNBS is a spectroscopic reagent that is used to determine the free amino 

groups, primary amines, upon their reaction with the reagent (308). In the experiments, the 

methacrylic anhydride/chitosan ratio was changed at a fixed reaction time, and the assay 

demonstrated that the amino groups were consumed with increasing methacrylic 

anhydride/chitosan ratio (Figure 5.2). Methacrylamide chitosan macromolecules with 70% 

methacrylation degree were selected for the 3D microprinting of biodegradable chitosan 

microswimmers. 

 

 

 

 

 

Figure 5.2 Determination of the 

degree of the methacrylation 

using the TNBS assay. Unreacted 

chitosan gave the highest 

absorbance at 345 nm. The amino groups were consumed during the methacrylation reaction of 

the chitosan and resulted in a gradual decrease of the absorbance at 345 nm. 

 

2.2. Fabrication and Characterization of the Biodegradable Chitosan 

Microswimmers 

The biodegradable chitosan microswimmers were fabricated in double helices geometry 

using the TDLW technique. Initially, a precursor solution was prepared in 8% (v/v) acetic acid 

containing ddH2O, and composed of 30 mg/mL methacrylamide chitosan macromolecules, 20 
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mg/mL lithium phenyl-2,4,6-trimethylbenzoylphosphinate [LAP]  photoinitiator and 5 mg/mL 

PEG/Amine-functionalized 50 nm SPIONs. Then, the prepared precursor solution was applied 

onto a clean glass substrate, and finally, the biodegradable chitosan microswimmers were 

fabricated using a commercially available direct laser writing device under a uniform magnetic 

field (Figure 5.3). Photopolymerization of the precursor solution in predefined structures was 

performed in a closed channel, which had two sites to place permanent magnets for the 

alignment of the SPIONs (Figure 5.4). The alignment of the SPIONs was utilized to obtain the 

maximum magnetic torque applied to the biodegradable chitosan microswimmer for getting 

optimum magnetic actuation and the highest step-out frequency. 

 

 

Figure 5.3 3D microprinting of the biodegradable chitosan microswimmers, from a 

photocrosslinkable precursor solution which is 8% (v/v) acetic acid containing ddH2O and 

composed of 30 mg/mL methacrylamide chitosan molecules, 20 mg/mL LAP photoinitiator and 

5 mg/mL PEG/Amine-functionalized 50 nm SPIONs, using the TDLW technique. 

 

The properly embedded SPIONs enabled actuation, control, and steering of the 

biodegradable chitosan microswimmers in 3D aqueous environments using homogeneous 

rotating magnetic fields. In addition, the usage of the SPIONs in the microswimmer designs has 

two main advantages in general: (1) they are often considered to be biocompatible and have no 

severe side effects in vivo (309), and (2) they dramatically increase the availability of the drug 
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and cargo release sites compared to cobalt- or nickel-based surface coatings for magnetic 

actuation and control. Optical microscopy images revealed that a single biodegradable chitosan 

microswimmer �K�D�G�� ������ ���P�� �O�H�Q�J�W�K�� �D�Q�G�� �� ���P�� �R�X�W�H�U�� �G�L�D�P�H�W�H�U��(Figure 5.5). Also, EDS 

measurement confirmed the homogenous dispersion of the iron atoms in the biodegradable 

chitosan microswimmers (Figure 5.6). The 3D structure of the biodegradable chitosan 

microswimmers affected during the EDS elemental mapping due to the applied energy, which 

was 15 keV, and the accusation period, which was 10 min. 

 

 

Figure 5.4 Microchannel setup utilized in the 3D microprinting of the biodegradable chitosan 

microswimmers. Permanent magnets were used to align the SPIONs inside the precursor 

solution to obtain the optimum magnetic actuation efficiency during the swimming 

experiments. The biodegradable chitosan microswimmers were fabricated longitudinally 

perpendicular to the magnetic field. 
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Figure 5.5 Optical microscopy image of the 3D microprinted 3x3 array of biodegradable 

chitosan microswimmers. The microswimmers �K�D�G�����������P���O�H�Q�J�W�K���D�Q�G���� ���P���R�X�W�H�U���G�L�D�P�H�W�H�U. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 EDS images of the biodegradable 

chitosan microswimmers. Elemental mapping of 

the microswimmers was performed at 15 keV for 

10 min, and the images show the presence of carbon atoms, yellow color, and iron atoms, red 

color, inside the microswimmers. 
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2.3. Magnetic Actuation and Control of the Biodegradable Chitosan 

Microswimmers 

The biodegradable chitosan microswimmers were actuated and steered using a custom-

made five-coiled electromagnetic setup, which was mounted on an inverted optical microscope. 

The magnetic actuation and control experiments were performed using a homogeneous 10 mT 

rotating magnetic field. Initially, the step-out frequency of the biodegradable chitosan 

microswimmers was investigated by gradually increasing the frequency of the applied rotating 

magnetic field from 1.0 Hz to 6.0 Hz with 0.5 Hz steps. It was demonstrated that the 

biodegradable chitosan microswimmers had a step-out frequency of 4.5 Hz under a 

homogeneous 10 mT rotating magnetic field (Figure 5.7). The average forward velocity of the 

biodegradable chitosan microswimmers at the maximum actuation frequency was measured to 

be 3.34 ± 0.71 µm/sec. 

 

 

Figure 5.7 Forward velocity of the biodegradable chitosan microswimmers as a function of 

magnetic excitation frequency demonstrated a step-out frequency of 4.5 Hz with a 3.34 ± 0.71 

µm/sec forward velocity. 
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After the investigation of the step-out frequency, the controllability of the biodegradable 

chitosan microswimmers was demonstrated by steering them in the x and y directions using a 

homogeneous 10 mT magnetic field at 4.5 Hz (Figure 5.8). 

 

 

Figure 5.8 Actuation and control of the biodegradable chitosan microswimmers using a 

homogeneous rotating magnetic field. Controlled swimming trajectory snapshots (red lines) of 

the biodegradable chitosan microswimmers (pseudo-colored in green) under a homogeneous 

10 mT rotating magnetic field at 4.5 Hz. 
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2.4. Enzymatic Degradation of the Biodegradable Chitosan Microswimmers 

The enzymatic degradation of the chitosan microswimmers was investigated using three 

different lysozyme enzyme concentrations (1.5 ���J/mL, 15 ���J/mL �D�Q�G�������������J/mL), in which 

�������� ���J/mL represented an unrealistically high condition. Initially, i t was successfully 

demonstrated that the chitosan microswimmers were partially degraded �Z�L�W�K�� ������ ���J/mL 

lysozyme concentration at 204 h. It was revealed that the biodegradation of the chitosan 

microswimmers occurred by surface erosion mechanism, in which water and enzymes could 

not penetrate into the crosslinked structures; and thus, degradation starts initially at the exterior 

surface of the structures (310). The surface erosion mechanisms explained that the helices and 

the sharp edges of the chitosan microswimmers were degraded first by the lysozyme enzyme. 

 

 

Figure 5.9 Optical microscopy images of the chitosan �P�L�F�U�R�V�Z�L�P�P�H�U�V���W�U�H�D�W�H�G���Z�L�W�K�����������J/mL 

lysozyme, i. t = 0 h and ii.  t = 204 h, revealed a surface corrosion mechanism for the 

biodegradation. 

 

Next, the biodegradation of the chitosan microswimmers with lysozyme was 

quantitatively examined by measuring the length and the diameter changes of the 

microswimmers at different time points for various enzyme concentrations. As expected, the 

chitosan microswimmers treated with a high concentration of the lysozyme (1���������J/mL) had 

the lowest diameter and length whereas the ones treated with a low concentration of the 
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lysozyme (�����������J/mL) had the highest diameter and length after 204 h incubation (Figure 5.10). 

The results show that there were a rapid diameter and length changes in all groups since the 

helices and the edges of the chitosan microswimmers were degraded first due to surface erosion. 

After biodegradation of the helices and the edges of the chitosan microswimmers, which had a 

smaller volume compared to the whole body of the microswimmers, the rate of diameter and 

length changes dramatically decreased as expected. However, the results did not necessarily 

mean a decrease in the biodegradation rate of the microswimmers. Because of the surface 

erosion phenomenon, it became harder to observe biodegradation, and thus, the length and the 

diameter changes after some point. Partial biodegradation for the chitosan microswimmers in 

204 h was consistent with the literature (311-314). 

 

 

Figure 5.10 Enzymatic degradation of the chitosan microswimmers using different lysozyme 

concentrations. A. Changes in the length of the chitosan microswimmers in time with different 

lysozyme concentrations. B. Changes in the diameter of the chitosan microswimmers in time 

with different lysozyme concentrations. Data represent the mean ± standard deviation of the 

mean. 

 

Following to the biodegradation of the chitosan microswimmers, the biocompatibility of 

the degradation products was investigated in vitro using the SKBR3 breast cancer cell line. In 

the experiments, the SKBR3 cells were treated with the degradation products for 1 d and then 



145 
 

stained with a live-dead assay for toxicity analysis. The results presented that the degradation 

product of the chitosan microswimmers did not have a toxic effect on SKBR3 cells and the 

live/dead cell ratio for both control and treated groups was similar and approximately 90% of 

the whole cell populations (Figure 5.11). 

 

 

Figure 5.11 A. Live-dead staining of the SKBR3 breast cancer cells i. non-treated and ii.  treated 

with the degradation products of the chitosan microswimmers for 1 d. Green represents the live 

cells, and red represents the dead cells. B. Quantification of the viability of the SKBR3 breast 

cancer cells treated with the degradation products. The viability did not alter in the cells treated 

�Z�L�W�K���W�K�H���G�H�J�U�D�G�D�W�L�R�Q���S�U�R�G�X�F�W�V�����6�W�X�G�H�Q�W�¶�V���W-test, p > 0.05). Data represent the mean ± standard 

deviation of the mean. (n.s.: not significant) 

 

2.5. Modification of the Chitosan Microswimmers with the Drug Molecules 

Two different chemical reactions were subsequently performed to modify the 

biodegradable chitosan microswimmers with the drug molecules (Figure 5.12). Initially, N-

hydroxysuccinimide [NHS] end of the photocleavable linker molecules was conjugated to the 

free amino groups of the methacrylamide chitosan macromolecules. The conjugation of the 

linker molecules was achieved with the NHS-Amine coupling reaction, in which the 

biodegradable chitosan microswimmers were treated with a solution of DMSO containing the 

o-nitrobenzyl photocleavable linker molecules at RT for 4 h. Following the coupling reaction, 
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the surface of the biodegradable chitosan microswimmers partially became alkyne-ended, and 

these alkyne-ends were utilized in the second step to conjugate azide-ended drug molecules 

with copper (I)-catalyzed Click chemistry reaction. 

 

 

Figure 5.12 Schematic representation of the two steps reaction pathway to modify the 

biodegradable chitosan microswimmers with the drug molecules. Initially, the amino groups on 

the biodegradable chitosan microswimmers were reacted with the NHS group of o-nitrobenzyl 

photocleavable linker molecules. Then, azide-ended drug molecules were reacted with alkyne 

ends of the biodegradable chitosan microswimmers. 

 

The conjugation of the azide-ended drug molecules to the biodegradable chitosan 

microswimmers through the Click chemistry reaction was confirmed by directly performing 

only the second reaction step with another group of the biodegradable chitosan microswimmers 

as a negative control group. It was observed that the azide-ended drug molecules could not be 

bound to the biodegradable chitosan microswimmers since there was no reaction between the 

amino groups of the microswimmers and the azide-ends of the drug molecules (Figure 5.13). 

The drug-conjugated group and the negative control group were experimentally compared using 

fluorescence microscopy, and it was demonstrated that the drug-conjugated group had 

significantly higher and homogenous fluorescence emission than the negative control group at 

same exposure intensity and time. Meanwhile, the low fluorescence emission from the negative 

control group was due to the diffusion of the drug molecules into the meshy network of the 
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biodegradable chitosan microswimmers. The results proved the chemical conjugations of the 

o-nitrobenzyl linker molecules and azide-ended drug molecules to the biodegradable chitosan 

microswimmers. 

 

 

 

 

 

 

 

 

 

Figure 5.13 Conjugation of the drug 

molecules onto the biodegradable 

chitosan microswimmers. A. The 

microswimmers without the 

conjugation of the o-nitrobenzyl linker molecules were directly treated with the azide-ended 

drug molecules. B. The microswimmers with the conjugation of the o-nitrobenzyl linker 

molecules were treated with the azide-ended drug molecules. Images were captured with the 

same fluorescence intensity and exposure time and represented the controlled conjugation of 

the azide-ended drug molecules onto the biodegradable chitosan microswimmers. Scale bars 

represent 20 µm. 

 

2.6. Controlled Drug Release from the Biodegradable Chitosan Microswimmers 

In the controlled release experiments, o-nitrobenzyl linker molecules between the 

biodegradable chitosan microswimmers and the azide-ended drug molecules experienced 
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selective bond cleavage with light irradiation at 365 nm wavelength and 3-30 mW intensity. 

The drug release profile of the biodegradable chitosan microswimmers was characterized based 

on the fluorescence intensity change over time upon light irradiation at 365 nm. Initially, 

bleaching tests were performed to confirm that the fluorescence properties of the conjugated 

azide-ended drug molecules did not change upon light irradiation at 365 nm and 470 nm. For 

this reason, the negative control group, which contained only the diffused azide-ended drug 

molecules, was exposed to light at 365 nm, which was used for the cleavage of the linker 

molecules, and 470 nm, which was used for the DOX excitation and fluorescence intensity 

change analysis, wavelengths (Figure 5.14). The fluorescence intensities of the biodegradable 

chitosan microswimmers treated only with the azide-ended drug molecules did not change for 

excitation both at 365 nm and at 470 nm wavelengths. The results suggested that the azide-

ended drug molecules did not lose their fluorescence upon light exposure at 365 nm and 470 

nm, and therefore, the fluorescence change in the properly azide-ended drug molecule-

conjugated biodegradable chitosan microswimmers was due to the controlled release of the 

drug molecules upon the photocleavage of the linker molecules. In the light-triggered release 

experiments, two different light intensities at 365 nm wavelength, 3 mW and 30 mW, were 

selected to demonstrate on-demand drug release. For 30 mW, there was a significant reduction 

in the fluorescence intensity after 30 min, which proved the release of the drug molecules from 

the biodegradable chitosan microswimmers (Figure 5.15). Approximately 60% of the bound 

drug molecules were released within 5 min upon exposure with 30 mW light intensity (Figure 

5.16). The drug release rate dramatically decreased after 5 min, which could be explained by 

the low photochemical conversion of the nitrobenzyl groups (315, 316). Slow drug release after 

5 min of light exposure was probably due to the slower diffusion of the drug molecules which 

were cleaved-off from the center of the biodegradable chitosan microswimmers. Slower drug 

release was observed in the case of 3 mW light intensity compared to 30 mW light intensity. 

The cumulative drug release rate decreased ~35% upon exposure with 30 mW light intensity. 
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In this case, the lower drug release could be explained as slower reaction kinetics due to the 

lower light intensity (315, 316). 

 

 

Figure 5.14 Photobleaching tests for the azide-ended drug molecule before the light-triggered 

drug release experiments. Samples were exposed to three different light conditions for 30 min; 

1.4 x 10-1 W/cm2 470 nm light exposure, 3.4 x 10-1 W/cm2 365 nm light exposure, and 6.7 x 

10-2 W/cm2 365 nm light exposure. 

 

 

Figure 5.15 Light-triggered drug release from the biodegradable chitosan microswimmers 

exposed to 3.4 x 10-1 W/cm2 365nm light intensity for 30 min. The decrease in the fluorescence 

intensity indicated the cleavage of the azide-ended drug molecules from the biodegradable 

chitosan microswimmers and its light-triggered release. 
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Figure 5.16 Cumulative light-triggered drug release from the biodegradable chitosan 

microswimmers for 6.7 x 10-2 W/cm2 and 3.4 x 10-1 W/cm2 365 nm light intensities. The results 

presented approximately 65% drug release upon irritation with 3.4 x 10-1 W/cm2 365 nm light 

intensity and approximately 40% drug release upon irritation with 6.7 x 10-2 W/cm2 365 nm 

light intensity. 

 

Finally, light-triggered controlled release of the azide-ended drug molecules from the 

biodegradable chitosan microswimmers was demonstrated by using 3.4 x 10-1 W/cm2 365 nm 

light intensity. In the experiments, the light was turned on for 1 min and then turned off for an 

additional 5 min, and this procedure was repeated two times. A sharp drug release from the 

biodegradable chitosan microswimmers was observed when the light was on for 1 min, and 

afterward, there was no or slight drug release from the microswimmers when the light was off 

for 5 min (Figure 5.17). Approximately 15% of the total drug were released per light exposure. 

The result showed that the user could control the on-demand drug release profile from the 

biodegradable chitosan microswimmers. Also, the amount of the drug release could be tuned 

by changing either the light intensity or the exposure time. 
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Figure 5.17 Smart dosing of the drug release from the biodegradable chitosan microswimmers. 

365 nm wavelength light is on in the red regions. Approximately 15% of the drug molecules 

were released per min from the biodegradable chitosan microswimmers. 

 

Additionally, it was demonstrated that the drug release could also be localized by focusing 

light on a specific group of biodegradable chitosan microswimmers. The drug molecules were 

locally released from the microswimmers (Figure 5.18). Moreover, it was further shown that 

the drug molecules could be more precisely released from the half body of the biodegradable 

chitosan microswimmers. Overall, the o-nitrobenzyl group is an efficient photocleavable linker 

molecule for the precise release of therapeutics from the biodegradable chitosan 

microswimmers. 
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Figure 5.18 Controlled and localized drug release from the biodegradable chitosan 

microswimmers. A. 365 nm light exposure was focused on the biodegradable chitosan 

microswimmers found in the left column. Drug molecules were controlled released upon light 

exposure while the other group, found in the right column, still had the integrated drug 

molecules. B. Precise drug release from half of the biodegradable chitosan microswimmers. 

 

3. Conclusions & Future Perspectives 

In summary, magnetically-actuated biocompatible and biodegradable chitosan 

microswimmers were fabricated by using a natural biomaterial derivative, methacrylamide 

chitosan. Biodegradable materials have gained increasing attention in medicine since they are 

able to naturally break down and disappear from the body after performing their functions 
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(317). Chitosan, as a biodegradable material, is primarily degraded by lysozyme enzyme, which 

presents in various tissues and body fluids with a range of approximately 1-������ ��g/mL 

concentrations (318-320). Lysozyme enzyme cuts off the glycosidic bonds between monomers 

in the polymer backbone, and the resulting small chains are removed naturally (321, 322). 

Initially, photosensitive methacrylamide chitosan macromolecules were synthesized, then the 

SPIONs were embedded into the macromolecule solution, and finally, the biodegradable 

chitosan microswimmers were fabricated from this macromolecule solution using the TDLW 

technique in the dimensions of 20 µm length and 6 µm outer diameter. Light-triggered 

photocleavable delivery systems have been studied to control drug release rates. In these 

systems, drug molecules are chemically bound to the photocleavable linker molecules. The 

photocleavable linker molecules split into two parts upon light radiation, and drug molecules 

are released from the attached structures (299). o-nitrobenzyl, part of the linker molecules 

which were utilized in this study, is a photocleavable group, and functional o-nitrobenzyl 

derivatives have been used for the delivery of various biomolecules (323, 324). An o-

nitrobenzyl derivative that has NHS and alkyne can be quite effective for the release of 

molecules due to its chemical functionality (324). NHS groups selectively react with the amino 

groups using the NHS-Amine coupling reaction, and alkyne groups react with the azide groups 

using the copper (I) catalyzed Click chemistry reaction. After the fabrication processes, the 

actuation and the steerability of the biocompatible chitosan microswimmers were demonstrated 

at different frequencies under a homogenous 10 mT rotating magnetic field. Next, the 

biodegradation of the chitosan microswimmers, without generating any in vitro cytotoxic 

degradation products, was shown using a natural enzyme found in the human body. Finally, the 

combination of on-demand light-triggered drug release was presented within the biodegradable 

chitosan microswimmers, which makes the microsystem promising for the challenges 

associated with the active and the controlled delivery of the therapeutics for the treatment of 

various diseases. Smart dosing of the therapeutics is another important consideration of various 
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delivery systems since many drugs have serious off-target side effects (325). It was 

demonstrated with the biodegradable chitosan microswimmers by on and off light exposures. 

In this way, it was presented that the drug release from the biodegradable chitosan 

microswimmers could be controlled on-demand by switching the light on and off. 

4. Experimental 

4.1. Synthesis and Characterization of the Methacrylamide Chitosan 

Methacrylamide chitosan was synthesized according to previously described protocol 

with some modifications (307). 3% (w/v) low molecular weight chitosan powder was initially 

dissolved in 3% (v/v) acetic acid solution at RT for 24 h. Methacrylic anhydride was then added 

to the dissolved chitosan solution at 3.5:1 (w/w) ratio and methacrylation reaction was 

performed at RT for 3 h with a vortex mixer. After the methacrylation reaction, the reaction 

mixture was diluted with ddH2O and dialyzed against ddH2O for 4 d using a 14 kDa cut-off 

dialysis bag. The dialyzed reaction mixture was finally lyophilized and stored at -20°C for 

further use in the experiments. 

Methacrylation degree of the synthesized methacrylamide chitosan was analyzed with 

TNBS assay [Thermo Fisher Scientific, Waltham, MA], which is based on the quantification of 

unmodified free amino groups, according to the instructions of the manufacturer. Initially, 

unmodified chitosan, as a negative control group, and 0.05% (w/v) synthesized methacrylamide 

chitosan were dissolved in 0.2% (v/v) acetic acid solution. Then, ���������/���R�I���W�K�H prepared solutions 

�Z�H�U�H���L�Q�F�X�E�D�W�H�G���Z�L�W�K�����������/�� �R�I�������� ���Z���Y���� �1�D�+�&�23 �D�Q�G�����������/�� �R�I������������ ���Y���Y�����7�1�%�6���U�H�D�J�H�Q�W��at 

37°C for 2 h. After that�������������/���R�I�������1���+�&�O���Z�D�V���D�G�G�H�G��into the solutions to stop and stabilize the 

TNBS reaction. Finally, the absorbance of the samples was measured at 345 nm using a plate 

reader (BioTek Gen5 Synergy 2, Bad Friedrichshall, Germany). The methacrylation degree of 

the synthesized methacrylamide chitosan was calculated according to the following equation: 
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4.2. Micro printing of the Chitosan Microswimmers 

30 mg/mL of methacrylamide chitosan, 20 mg/mL of LAP initiator (Tokyo Chemical 

Industry Co. Ltd., Tokyo, Japan) and 5 mg/mL of 50 nm fluidMAG-PEG/Amine SPIONs 

(chemicell GmbH, Berlin, Germany) were initially dissolved in 8% (v/v) acetic acid to prepare 

the prepolymer solution. After that, the prepared prepolymer solution was dropped on 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane-treated glass slides and the microprinting of the 

chitosan microswimmers was performed with a commercially available direct laser writing 

system (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany). After the microprinting, the 

glass slides were thoroughly washed with ddH2O, and then the samples were kept at 4°C for 

further use in the experiments. 

4.3. Modification of the Chitosan Microswimmers with Photocleavable Linkers 

and Drug Molecules 

Photocleavable o-nitrobenzyl linker (1-(5-methoxy-2-nitro-4-prop-2-ynyloxyphenyl) 

ethyl N-succinimidyl carbonate (LifeTein LLC, Hillsborough, NJ) was initially bound to the 

surface of the chitosan microswimmers through the NHS-Amine coupling reaction. Briefly, 500 

���0�� �R�I�� �W�K�H��photocleavable linker was dissolved in anhydrous DMSO, and the chitosan 

microswimmers were treated with the photocleavable linker solution at RT in dark conditions 

for 4 h on a waving shaker. After that, a previously described protocol was adapted with some 

modifications for the coupling of the azide-modified drug molecules [azide-DOX] (LifeTein 

LLC, Hillsborough, NJ) to the alkyne ends of the photocleavable linker molecules, which were 

already bound to the chitosan microswimmers (326). In this protocol, the chitosan 

microswimmers were initially treated with a solution �F�R�Q�W�D�L�Q�L�Q�J�����������0���D�]�L�G�H-�'�2�;���������������0��

CuSO4, 5 mM sodium ascorbate and �����������0���W�U�L�V����-hydroxypropyltriazolylmethyl)amine at RT 
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in dark conditions for 3 h. Then, the azide-DOX-modified chitosan microswimmers were 

washed several times with ddH2O to remove unbound drug molecules. Finally, the washed and 

cleaned azide-DOX-modified chitosan microswimmers were kept at 4°C in the dark conditions 

for further use in the photobleaching test and the controlled drug release experiments. 

4.4. Investigation of the Photobleaching and the Light -Activated Controlled Drug 

Release from the Chitosan Microswimmers 

Photobleaching of the chitosan microswimmers loaded with the azide-DOX through 

passive diffusion was tested by exposure the microswimmers to fluorescent light at 365nm or 

470 nm as in the controlled release and image acquisition experiments. The photobleaching 

tests were performed under an inverted fluorescence microscope (DMi8, Leica Microsystems, 

Wetzlar, Germany) at RT for 30 min, both for 3 mW and 30 mW fluorescent light power at 365 

nm and at 470 nm, and fluorescent images of the microswimmers were acquired in every 10 

sec. Similar to the light-activated controlled release experiments, fluorescent intensities of the 

individual microswimmers were measured through LASX analysis toolbox [Leica 

Microsystems, Wetzlar, Germany], and the background fluorescence intensity values were 

subtracted from the measured values. 

Before light-activated controlled drug release experiments, the azide-DOX-modified 

chitosan microswimmers were equilibrated to RT, then washed several times with ddH2O, and 

kept overnight in ddH2O. The light-activated controlled drug release from the azide-DOX-

modified chitosan microswimmers upon light exposure at 365 nm was investigated using an 

inverted fluorescence microscope (DMi8, Leica Microsystems, Wetzlar, Germany) at RT. 

Time-lapse fluorescent images of the microswimmers were acquired every 10 sec for a period 

of 30 min using the excitation and emission spectra of the azide-DOX. The fluorescent light 

intensity was adjusted to either 3 mW or 30 mW, and the exposure time was set to 1 sec for the 

controlled release of the drug molecules. The fluorescence intensity changes of the chitosan 

microswimmers were analyzed using the LASX analysis toolbox (Leica Microsystems, 
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Wetzlar, Germany). Finally, on-demand controlled drug release experiment was performed by 

1 min of fluorescent light exposure at 365 nm, followed by 5 min of the refractory period. In 

both cases, background fluorescence intensity values were subtracted from measured values. 

4.5. Degradation of the Chitosan Microswimmers and Cytotoxicity of the 

Degradation Products 

In the degradation experiments, the microprinted chitosan microswimmers were treated 

with different concentrations of lysozyme solutions (1.5 ���J/mL, 15 ���J/mL �D�Q�G���������� ���J/mL), 

prepared with 1x PBS (pH 7.2), at 37°C. The length and the diameter of the chitosan 

microswimmers were measured using a Nikon Eclipse Ti-E inverted microscope with 20x 

magnification in DIC mode with increasing time intervals (3 h, 6 h, 12 h, 24 h, and 48 h). The 

lysozyme solutions were refreshed every 12 h to prevent the inactivation of the enzymes. After 

the degradation experiments, the degradation products of the chitosan microswimmers were 

used to investigate the biocompatibility and the cytotoxicity of the 3D microprinted 

microswimmers. Briefly, SKBR3 breast cancer cells (passage #8) were seeded into a 96-well 

culture plate as 5.0 x 103 cells/well. Then, the cells were treated either with the degradation 

products of thousand chitosan microswimmers or the growth medium (control group) for 1 d 

upon ~80% confluence was reached. Finally, the cells were stained with live-dead imaging 

solution (Life Technologies Co., Carlsbad, CA) at RT for 20 min, and imaged using an inverted 

fluorescence microscope (DMi8, Leica Microsystems, Wetzlar, Germany). 

4.6. Statistical analysis 

All the quantitative values are presented as the mean ± standard deviation of the mean. 

All the experiments were performed with at least three independent replicates for each group. 

�6�W�X�G�H�Q�W�¶�V���W-test was used for statistical analysis, and a p-value of less than 0.05 was considered 

statistically significant. 
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CHAPTER 6 
CONTRIBUTIONS, KEY CHALLENGES , &  FUTURE PERSPECTIVES 

 
1. Thesis Contributions 

In this dissertation, four different microswimmer design approaches were presented and 

examined. In all of the reported works, the fabricated and realized microswimmer designs were 

investigated from both the materials perspective and the biological perspective to take 

microswimmers a step forward in the medical microrobotics field. The major contributions of 

this dissertation to medical microrobotics field can be summarized as follows: 

�ƒ In the first study (Chapter 2), it was shown that the biological segment of biohybrid 

microswimmers could be utilized for targeting the integrated cargo moieties to the close 

proximity of the desired locations. Till this study, the biological segment of biohybrid 

microswimmers was mainly used as powering and locomotion units. In a couple of works, 

it was demonstrated that intrinsic taxis behaviors of the biological segments, such as 

chemotaxis and phototaxis, could be used for autonomously directing the microswimmers 

to the desired locations if there is a gradient of a chemical or physical cue. With this study, 

it was presented that the intrinsic cell membrane properties of the biological segment, e.g. 

membrane receptors, could be utilized for localization of the microswimmers on specific 

cell types at the desired site of action. Using this localization strategy, it is envisioned that 

the release of cargo moieties from the artificial carriers could be enhanced at the desired 

site of action through cell-specific anchoring of the microswimmers for a longer period. 

Overall, this study suggests that not only propulsion and taxis behaviors of the 

microorganisms but also intrinsic membrane properties of them could be taken into 

account while designing biohybrid microswimmers to fabricate multifunctional 

microsystems with on-board propulsion, autonomous locomotion, and target-specific 

anchoring functionalities. 
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�ƒ In the second work (Chapter 3), RBCs were introduced and utilized as an artificial carrier 

segment of biohybrid microswimmers. In this work, it was demonstrated that it is possible 

to fabricate soft biohybrid microswimmers that can autonomously squeeze through 

narrow gaps due to the inherent deformable nature of the integrated artificial carrier 

segment. Moreover, it was shown that the release of cargo moieties from the artificial 

carrier segment of the proposed biohybrid microswimmer design changes with the pH of 

the environment due to the intrinsic membrane properties of the RBCs. The cargo release 

profiles from the artificial carriers at different pH suggest that cargo release from these 

biohybrid microswimmers could be controlled according to the administration site during 

medical interventions. Furthermore, it was presented that a termination mechanism could 

be easily integrated into biohybrid microswimmer designs to eliminate the biological 

segments, which could potentially cause immunological problems, upon the completion 

of the operation in medical applications. In conclusion, this work suggests that it is 

possible to realize complex biohybrid microswimmer designs, which can be magnetically 

controlled, squeezed through confined spaces, release cargo moieties according to 

environmental cues, and be eliminated by the operators upon completion of their tasks, if 

the artificial segments of the microswimmers are selected and/or designed properly. 

�ƒ In the third work (Chapter 4), microalgae were introduced as an alternative to bacteria 

for constructing the biological segment of biohybrid microswimmers. In this research, 

non-invasive fabrication of algal microswimmers was briefly demonstrated via using 

electrostatic interactions between the bioactuators and the fabricated artificial carriers. To 

achieve successful actuator-carrier integration, the surfaces of the artificial carriers were 

initially softened and positively charged by using layer-by-layer polyelectrolyte 

deposition. Additionally, it was shown that the algal microswimmers operate at least 5 

times faster than most of the bacterial microswimmers, except the ones fabricated from 

certain magnetotactic bacteria species, inside microfluidic channels. Moreover, 3D 
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motion changes of the microalgae upon the integration of the artificial carriers were 

investigated with a digital holographic microscope. Also, motility changes of the algal 

microswimmers upon their exposure to darkness were analyzed inside microfluidic 

channels and shown that the algal microswimmers could continue to operate during 

medical interventions if  they expose to a short time of period darkness. After that, 2D 

motilities of the microalgae and the algal microswimmers were investigated in 

physiologically-relevant fluids, including plasma and tubal fluid, to obtain more 

information about the medical potentials of the utilized microalgae as a biological 

actuator. Finally, the biocompatibility of the algal microswimmers towards cancerous and 

healthy eukaryotic cells was proven in vitro and also their cargo delivery efficiency 

towards cancerous eukaryotic cells was demonstrated under the microscope. To 

summarize, this study presents microalgae as an alternative actuator to bacteria, which 

could potentially cause acute toxicity inside the human body, in biohybrid microswimmer 

designs with high motility, less cytotoxicity, and operational capabilities in 

physiologically-relevant biological fluids. 

�ƒ In the final work (Chapter 5), a natural photocrosslinkable polymer solution, which is 

compatible with the commercially available TDLW systems, was developed to fabricate 

biocompatible and biodegradable helical microswimmers. Before this work, synthetic 

materials, which can not be degraded by natural enzymes, were mostly utilized to 

fabricate helical microswimmers. However, fates and long-term effects of those 

microswimmers inside the human body upon completion of the envisioned medical 

operations are debatable. In this work, natural chitosan macromolecules were used to 

realize the fabrication of a hydrogel-based microswimmer that can be actuated, steered, 

and controlled using an external homogenous magnetic field. Initially, the fabrication of 

magnetic particle-containing chitosan-based helical microswimmers was demonstrated 

using the TDLW technique. Then, the actuation, locomotion, and control of the helical 
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microswimmers were presented via applying an external homogeneous magnetic field. 

After that, biodegradation of the microswimmers was examined by exposing them to a 

natural enzyme, lysozyme, that is found in the human body. Next, it was shown that the 

degradation products of the microswimmers do not have any cytotoxicity towards SKBR3 

cancer cells. Finally, the covalent integration of the drug molecules onto the 

microswimmers was presented, and then, light-triggered controlled drug release was 

demonstrated from the microswimmers. Overall, this work shows that biodegradable 

microswimmers could be fabricated using the TDLW technique via chemically tailoring 

certain natural macromolecules, and also, it could be possible to release cargo molecules 

from the microswimmers in a controlled fashion at the desired site of action by smartly 

integrating them onto the microswimmers with a proper chemical reaction. 

2. Key Challenges & Future Perspectives 

In the last two decades, advanced fabrication and integration techniques fueled the 

development of the biohybrid and the synthetic microswimmers with ever-increasing 

functionalities and niche applications. These tiny microscopic swimmers or robots present at 

least couple of the following physical or chemical properties: (1) on-board or off-board 

actuation schemes, (2) controlled steering and navigation either autonomously or using external 

power sources, (3) durable and efficient cargo transportation, (4) active or passive cargo release, 

(5) active or passive deformation while passing through narrow openings, (6) intrinsic 

bioadhesion, (7) biodegradation, and (8) self-termination. However, most of the developed 

biohybrid and synthetic microswimmers for medical applications and operations are still in their 

infancy with many significant challenges to overcome before their translation to the clinic (7, 

16, 17, 229). Here, we highlighted some of the most pressing issues facing the translation of 

the biohybrid and the synthetic microswimmers for the operations inside the human body. 
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2.1. Fabrication Efficiency &  Throughput  

In the case of biohybrid microswimmers, one of the key challenges in practical usage is 

the lack of facile, reliable and high-throughput culture, fabrication and integration techniques 

that can ensure high-performance motility and functionality for almost all microswimmers. 

Although self-assembly techniques used so far allow high-throughput fabrication, the 

performance and efficiency of each biohybrid microswimmer might vary significantly. 

Moreover, although many different functionalities have been demonstrated individually for 

biohybrid microswimmers, a reliable and sustainable combination of them might be 

challenging. For instance, the loading of magnetic nanoparticles would decrease the volume of 

drugs that could be loaded in a carrier, or loading of some drugs may affect motility and sensing 

of propelling microorganisms. In addition, the fabrication process will produce not only 

biohybrid microswimmers but also high-numbers of free-swimming microorganisms and free-

floating synthetic carriers as well. Therefore, biohybrid microswimmers should be filtered from 

free biological units using non-invasive means, such as magnetic manipulation, without 

affecting their performance. Even so, the fabrication throughput of the biohybrid 

microswimmers is still much higher than the fabrication throughput of synthetic 

microswimmers when the duration of fabrication time is taken into account. In the case of 

synthetic microswimmers, the fabrication efficiency is better than the fabrication efficiency of 

the biohybrid microswimmers, and it is possible to reach almost a hundred percent fabrication 

efficiency with small defects. However, the fabrication of synthetic microswimmers most of 

the time realize by using expensive laboratory devices, and it takes a lot of time to fabricate an 

equal amount of synthetic microswimmers compare to their biohybrid counterparts. 

Additionally, the challenges encountered after the fabrication process, such as the development 

and transfer of the microswimmers, limits the operational fabrication throughput of the 

synthetic microswimmers. Finally, batch-to-batch variations, due to the fabrication techniques 
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or the utilized microswimmer segments, should be solved in the case of both the biohybrid and 

the synthetic microswimmers before their translation to real medical applications. 

2.2. Swarm Manipulation 

Advanced functionalities of various biohybrid and synthetic microswimmers have been 

demonstrated in single isolated units. However, when compared with the target tissue or organ 

size, the effect of a single microswimmer is limited to generate a desired therapeutic outcome. 

Therefore, collective motion and coordination of a large number of the biohybrid and the 

synthetic microswimmers are required for successful real-world clinical applications. Although 

the motility and global control of biohybrid swarms have been shown before, interactions 

between neighboring units and swarm coordination have not been investigated or engineered. 

Engineering swarm manipulation and passive guidance using physical cues will be especially 

critical for operating a large number of the biohybrid microswimmers in complex and 

challenging in vivo conditions, where autonomy might dominate external control with currently 

limited imaging modalities. The addressability of an individual or a subgroup of synthetic 

microswimmers is also crucial while performing the swarm manipulation. Due to the 

implementation of a global external field for actuation and control, it is not possible to address 

an individual synthetic microswimmer differently if they are not designed accordingly. Even if 

it is possible to address two synthetic microswimmers in a different way according to their 

designs, these kinds of demonstrations are limit to predefined lab-on-a-chip applications. In 

medical applications, the microswimmer swarms need to adapt themselves to very different 

situations and should be addressed in those kinds of biological situations. 

2.3. Real-time Medical Imaging 

Real-time tracking and localization of the biohybrid and the synthetic microswimmers 

are critical for feedback and external control. For successful medical applications of the 

biohybrid and the synthetic microswimmers, current imaging techniques, including 

fluorescence imaging, radiology, ultrasound, infrared and MRI, should be improved, in terms 
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of resolution and sensitivity, to image objects in the size regime of individual cells in real-time 

(327). Recently, efforts have been made to track swarms of biohybrid microswimmers in vivo 

in various body locations by combining different techniques, such as MRI and fluorescent-

based imaging (145). Fluorescent-based imaging was utilized to track microswimmers in the 

subcutaneous tissue and intraperitoneal cavities due to the penetration depth limitation of light, 

and MRI was chosen to track the biohybrid microswimmers in deep body locations. 

Additionally, in a different study positron emission tomography in combination with computed 

tomography was used to track catalytic microswimmers in a tubular phantom, and in this way, 

it was demonstrated that it could also be possible to apply this technique to monitor biohybrid 

microswimmers in vivo (328). However, the biohybrid and the synthetic microswimmers still 

continue to be improved in terms of functionality and control, and imaging techniques should 

also be improved in terms of sensitivity, resolution and acquisition time for proper medical 

applications and transition into clinics. 

2.4. Propulsion in the Biological Environments 

Understanding how microorganisms and materials used in the fabrication of the 

microswimmers interacts with the biological environments is crucial for the design and 

engineering of the biohybrid and the synthetic microswimmers for medical applications. 

Contrary to amenable and straightforward in vitro environments where most of the 

microswimmers have been tested so far, in vivo environments present several challenges, 

including complex rheology of the biological fluids, suspension of the cells and the extracellular 

matrix with adhesive proteins, as well as biological barriers, such as the mucosa lining the 

respiratory and the gastrointestinal tracts. Therefore, initial testing of future biohybrid and 

synthetic microswimmers should be performed in physiologically relevant in vitro conditions, 

recapitulating flow conditions, rheological properties, cellular composition, and structural 

morphology. Recent advances in microfluidic models and organ-on-a-chip systems might be 

ideal candidates for initial testing and optimization before small animal experiments. 
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2.5. Safety & Immune Reaction 

Immunogenicity of the microorganisms and materials, used in the fabrication of the 

microswimmers, is one of the major challenges for the operation of the biohybrid and the 

synthetic microswimmers in the body since most of them are phagocytosed by innate immune 

cells, including macrophages and neutrophils. Even though the biohybrid and the synthetic 

microswimmers targeting disease sites with a lower or suppressed immune reaction, such as the 

gastrointestinal tract, might negate immunogenicity concerns. The use of non-pathogenic forms 

(attenuated strains) may also decrease acute immune reaction against microorganisms in the 

case of the biohybrid microswimmers. Alternative approaches may include the use of fewer 

pathogenic microorganisms, such as microalgae, and the use of native cells of the body, 

including erythrocytes, macrophages, and sperms, could circumvent some of the safety issues. 

For the development of the biohybrid microswimmers for in vivo operations, assessment of 

the safety risks and pharmacokinetics, including biodistribution, toxicity, retention, and 

biocompatibility, are of utmost importance. Another challenge for in vivo applications is how 

to remove or neutralize biohybrid microswimmers upon completion of their task or in case 

of emergency intervention. �:�K�L�O�H���J�H�Q�H�W�L�F�D�O�O�\���H�Q�J�L�Q�H�H�U�H�G���P�L�F�U�R�R�U�J�D�Q�L�V�P�V���Z�L�W�K���³�N�L�O�O���V�Z�L�W�F�K�H�V�´��

are promising in the deactivation of biohybrid microswimmers (329), laborious and long-time 

development of such switches for every microorganism is not feasible currently. Instead, a fast 

and reliable alternative termination switch can be realized by loading biohybrid microswimmers 

with photosensitizers or magnetic nanoparticles, which can be triggered using NIR or 

alternating magnetic field to generate sufficient heat for on-demand deactivation of biohybrid 

microswimmers. In the case of synthetic microswimmers, biological materials, such as gelatin 

and chitosan, could be used in the fabrication processes and the elimination of these 

microswimmers could be done in a natural way by the enzymes found in the human body. In 

addition, it would be possible to perform personal medicine by using synthetic microswimmers, 

which could be fabricated from natural materials isolated from the patients. 
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Overall, the microswimmeric field has seen a rapid increase in the development and 

applications of biohybrid and synthetic microswimmers in the last two decades. Although there 

are many challenges facing microswimmers for future use in medicine, some are common to 

all microswimmers, and others are unique to specific designs. There is no single recipe for 

developing the ideal microswimmer since the required performance and functionality highly 

depend on a specific application. Therefore, optimum biohybrid and synthetic microswimmers 

in terms of performance and functionalities should be tailored for specific applications and 

operations, which requires the need-driven design in close collaboration with medical 

researchers. Such an approach would significantly enhance and accelerate the translation of the 

microswimmers for medical use and clinics. 
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APPENDIX 1 
MATLAB 2D OBJECT TRACKING FUNCTIONS 

 

1. Main Algorithm  

%================================================================= 
% This code first converts an .avi or .mp4 file into .mat file and then perform 2D object tracking. 
%================================================================= 
% INITIALIZATION  
clear all 
close all 
clc 
 
name = 'Video043'; % You should write the exact name of the video in which you want to 
analyze the 2D displacement. 
 
fileFolder = 'Swimming_Tracking/'; 
fileName = [name,'.avi']; 
outFileName = [name,'.mat']; 
 
carobj = VideoReader([fileFolder,fileName]); 
nFrames = carobj.NumberOfFrames; 
M = carobj.Height; 
N = carobj.Width; 
data = zeros(M,N,nFrames,'uint8'); 
frameRate = carobj.FrameRate; 
 
for k= 1 : nFrames 
    im= read(carobj,k); 
    im=im(:,:,1); 
    data(:,:,k)=im; 
end 
 
save(outFileName, 'data', 'frameRate', '-v7.3'); 
warning('off','MATLAB:MKDIR:DirectoryExists') 
 
dataFolder = ''; 
resultsFolder = ''; 
dataFiles{1} = [name]; 
resultsNames{1} = [dataFiles{1},'_calData']; 
 
for fileNum=1:length(dataFiles) % Location to Store Results 
    dataFile=dataFiles{fileNum}; 
    resultsName=resultsNames{fileNum}; 
    disp(sprintf('Processing file %d ...', fileNum)); 
    tic 
    %------------------------------------------------------------------------------- 
    % FLAGS % All flags must be set to either 0 for false or 1 for true 
    dropCollisions  = 1; % Whether to detect and remove possibly colliding paths 
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    is3D            = 0; % Whether to try to calculate 3D trajectories 
    tumbleAnalysis  = 0; % Whether to try to calculate tumbling related parameters 
    manualTumble    = 0; % Whether to include manual checking of tumble events 
    trajJoining     = 0; % Whether to attempt connecting different parts of same path 
    manualJoining   = 0; % Whether to attempt to manually join trajectories 
    writeVideo      = 1; % Whether to create video showing calculated trajectories 
    singleBacteria  = 0; % Whether attempting to track only a single bacteria 
 
    flags = struct('dropCollisions', dropCollisions, 'is3D', is3D,... 
        'tumbleAnalysis', tumbleAnalysis, 'manualTumble', manualTumble,... 
        'trajJoining', trajJoining, 'writeVideo', writeVideo, 'manualJoining', ... 
        manualJoining, 'singleBacteria', singleBacteria); 
    clear dropCollisions is3D tumbleAnalysis manualTumble trajJoining writeVideo 
    clear manualJoining singleBacteria 
 
    %------------------------------------------------------------------------------- 
    % TRACKING PARAMETERS 
    scale     = 8.79;      % pix/um 
    avgSpace  = 5;       % pix - spatial averaging (median) window width 
    avgTime   = 0;       % frames - temporal averaging (median) window width 
    threshold = 25;       % threshold to pick out likable spots 
    minArea   = 20;      % Pixels 
    maxArea   = 5000;  % Pixels 
    minLength = 5;       % Frames - minimum time length trajectory to consider valid 
    maxDist   = 200;     % Pixels 
    profDist3 = 10000;  % Pixels, radial distance to find rings for 3D tracking 
    searchWidth = 75;   % pixels, width rage for searching bacteria in the next frame 
 
    trackParams = struct('scale', scale, 'avgSpace', avgSpace, 'avgTime', avgTime,... 
        'threshold', threshold, 'minArea', minArea, 'maxArea', maxArea,... 
        'minLength', minLength, 'maxDist', maxDist, 'profDist3', profDist3, 'searchWidth', 
searchWidth); 
    clear scale avgSpace avgTime threshold minArea maxArea minLength maxDist profDist3 
 
    %------------------------------------------------------------------------------- 
    % ANALYSIS PARAMETERS 
    velocitySmoothWin = 5;           % frames - time over which to smooth paths for v calc. 
    headingSmoothWin = 5;            % frames - time over which to smooth paths for heading 
calculation 
    tumbleType = 'headingThreshold'; % What kind of tumble identification algorithm 
    tumbleVelThresh = 1;             % Minimum average trajectory speed for which to attempt 
tumble calculation 
    tumbleJoinWin = 5;               % frames - time over which to consider tumbling to be single 
event 
    angleThresh = 0.05;              % Radians, angular difference which indicates a tumble 
 
    anlysParams = struct('velocitySmoothWin', velocitySmoothWin, 'tumbleType',... 
        tumbleType, 'tumbleVelThresh', tumbleVelThresh, 'tumbleJoinWin',... 
        tumbleJoinWin); 
 
    %------------------------------------------------------------------------------- 
    % LOAD DATA 
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    lData = load([dataFolder, dataFile]); 
    data = lData.data; 
    clear dataf 
 
    back=median(double(data(:,:,1:20:end)),3); % Calculate background image 
 
    % Get timing information 
    times = []; 
    vidLength = size(data, 3); 
    frameRate = lData.frameRate; 
    stdTimes = std(diff(times)); 
 
    %------------------------------------------------------------------------------- 
    % TRACKING 
    paths = trackBact2D(data, vidLength, back, trackParams);    
    tracks = [paths{:}]; 
    tracks = tracks([tracks.len] > trackParams.minLength); 
 
    %------------------------------------------------------------------------------- 
    % JOINING TRAJECTORIES 
    if flags.trajJoining == 1 
        % Determine whether trajectory has ended because the edge of the screen was reached 
because two bacteria overlapped, or because bacteria moved out of focus. 
        for i = 1:length(tracks) 
            % Determine trajectory termination 
            xf = round(tracks(i).pathx(tracks(i).len)); 
            yf = round(tracks(i).pathy(tracks(i).len)); 
            if tracks(i).active == 1 
                tracks(i).endType = 'video'; 
                tracks(i).active = 0; 
            elseif ((xf - trackParams.maxDist < 0) || ... 
                    (xf + trackParams.maxDist > size(data, 2))) && ... 
                    ((yf - trackParams.maxDist < 0) || ... 
                    (yf + trackParams.maxDist > size(data, 1))) 
                tracks(i).endType = 'wall'; % a little bit not sure(Jiang) 
            else 
                trackingFigure(data, tracks, i, xf, yf); 
                tracks(i).endType = 'unknown'; 
            end 
            % Determine trajectory beginning 
            xi = round(tracks(i).pathx(1)); 
            yi = round(tracks(i).pathy(1)); 
            if tracks(i).start == 1 
                tracks(i).startType = 'video'; 
            elseif ((xi - 3*trackParams.maxDist < 0) || ... 
                    (xi + 3*trackParams.maxDist > size(data, 2))) && ... 
                    ((yi - 3*trackParams.maxDist < 0) || ... 
                    (yi + 3*trackParams.maxDist > size(data, 1))) 
                tracks(i).startType = 'wall'; 
                 
            else 
                tracks(i).startType = 'unknown'; 
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            end 
        end 
 
        % Begin automatically joining trajectories - if speed, angle, and position are approximately 
the same, join two separate trajectories together, filling in the spaces with linear interpolation. 
        for i = 1:length(tracks) 
            if strcmp(tracks(i).endType, 'unknown') 
                for j = i+1:length(tracks) 
                    tracks = joinTrajectories(tracks, i, j, 60, 20, trackParams, anlysParams); 
                end 
            end 
        end 
        tracks = tracks([tracks.active] == 0); 
    end 
 
    %------------------------------------------------------------------------------- 
    % SCALING 
    % Convert x and y components of the path to microns from pixels (z component already 
correct) 
    for i = 1:length(tracks) 
        tracks(i).pathx_um = tracks(i).pathx/trackParams.scale; 
        tracks(i).pathy_um = tracks(i).pathy/trackParams.scale; 
    end 
 
    %------------------------------------------------------------------------------- 
    % VELOCITY ANALYSIS 
    v_mean2D = zeros(length(tracks), 1); 
    for i = 1:length(tracks) 
        x = smooth(tracks(i).pathx_um, velocitySmoothWin); 
        y = smooth(tracks(i).pathy_um, velocitySmoothWin); 
        velocity2D = sqrt(diff(x).^2 + diff(y).^2)*frameRate; 
        tracks(i).velocity2D = velocity2D; 
        tracks(i).corrVelocity2D = ... 
            velocity2D(velocitySmoothWin:(length(velocity2D) - velocitySmoothWin)); 
        tracks(i).corrLen = length(tracks(i).corrVelocity2D); 
        v_mean2D(i) = mean(velocity2D); 
        tracks(i).v_mean2D=v_mean2D(i); 
    end 
 
    % HEADING ANALYSIS 
    for i = 1:length(tracks) 
        x = smooth(tracks(i).pathx_um, headingSmoothWin); 
        y = smooth(tracks(i).pathy_um, headingSmoothWin); 
        dx = x((headingSmoothWin+1):length(x)) - x(1:(length(x)-headingSmoothWin)); 
        dy = y((headingSmoothWin+1):length(y)) - y(1:(length(y)-headingSmoothWin)); 
        heading2D = atan2(dy, dx); 
 
        % Correct for turns around 360 
        headOffset = 0; 
        for j = 1:(length(heading2D) - 1) 
            heading2D(j) = heading2D(j) + headOffset ; 
            if (heading2D(j+1) + headOffset - heading2D(j)) > 1.5*pi 
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                headOffset = headOffset - 2*pi; 
            end 
            if (heading2D(j+1) + headOffset - heading2D(j)) < -1.5*pi 
                headOffset = headOffset + 2*pi; 
            end 
        end 
        tracks(i).heading2D = heading2D; 
    end 
    tracksTumb = tracks(v_mean2D>0); % Discard tracks with very low average speeds 
    for i=1:length(tracksTumb) 
       tracksTumb(i).x_smooth=smooth(tracksTumb(i).pathx, velocitySmoothWin)'; 
       tracksTumb(i).y_smooth=smooth(tracksTumb(i).pathy, velocitySmoothWin)'; 
    end 
    if (isempty(tracksTumb) == 0) 
        v_mean=mean([tracksTumb.v_mean2D]); % Mean 2D velocity of all trajectories 
    end 
 
    %------------------------------------------------------------------------------- 
    % FIGURES and RESULTS 
    resultsDirectory=[resultsFolder, resultsName]; 
    mkdir(resultsDirectory); 
 
    results = struct('numTraj', length(tracks), 'numFiltTraj', length(tracksTumb),... 
        'v_mean2D', mean(v_mean2D(v_mean2D > 1)),... 
        'v_std2D', std(v_mean2D(v_mean2D > 1))); 
    save([resultsDirectory, '/resultData'], 'tracks', 'tracksTumb', 'times', 'trackParams', 
'anlysParams', 'v_mean2D'); 
 
    %------------------------------------------------------------------------------- 
    % VIDEO RESULTS 
    % Write video file showing trajectories in tracksTumb 
    if flags.writeVideo == 1 
        frameRateMultiplier = 1; 
        % Create video object and format figure 
        writerObj = VideoWriter([resultsDirectory, '/trackingVideo'], 'Uncompressed AVI'); 
        writerObj.FrameRate = frameRateMultiplier*frameRate; 
        open(writerObj); 
        frame = figure(1); 
        set(gcf, 'Color', [1,1,1]); 
        set(gca,'position',[0 0 1 1],'units','normalized') 
        axis equal 
        for i = 1:vidLength 
            figure(1) 
            imagesc(double(data(:,:,i)),[0,255]); 
            colormap gray 
            hold on 
            daspect([1, 1, 1]); 
            axis off 
            % Plot calculated positions and trajectories 
            for j = 1:length(tracksTumb) 
                if (i >= tracksTumb(j).start) &&... 
                        (i < tracksTumb(j).start + tracksTumb(j).len) 
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                    x = tracksTumb(j).x_smooth(1:(i - tracksTumb(j).start + 1)); 
                    y = tracksTumb(j).y_smooth(1:(i - tracksTumb(j).start + 1)); 
                    plot(x, y, 'r-') 
                    plot(tracksTumb(j).x_smooth(i - tracksTumb(j).start + 1),... 
                        tracksTumb(j).y_smooth(i - tracksTumb(j).start + 1), 'go', 'MarkerSize', 4) 
                     text(tracksTumb(j).x_smooth(i - tracksTumb(j).start + 1) + 2,... 
                         tracksTumb(j).y_smooth(i - tracksTumb(j).start + 1), ... 
                         int2str(j)) 
                end 
            end 
             text(980, 20, int2str(i),'color','w'); 
             text(20, 20, int2str(frameRateMultiplier),'color','w'); 
             % Copy frame to video writer 
            f1 = getframe(frame); 
            writeVideo(writerObj, f1); 
            hold off 
        end 
        close(writerObj) 
        close(figure(1)) 
    end 
    toc 
    disp(sprintf('End file %d.', fileNum)); 
end 
 
for i=1:length(tracks) 
    plot(tracks(i).pathx/8.79, tracks(i).pathy/8.79) 
    hold on 
    axis([0 1024/8.79  0 1024/8.79]) 
end 
 
xlabel('x-micrometers') 
ylabel('y-micrometers') 
title('2D Tracking') 
 
2. trackBact2D Function 

function paths = trackBact2D(data, vidLength, back, trackParams) 
% trackBacteria - Tracks bacteria in video file contained in input data and calculates the first 
order trajctories for the object in the video. 
pCounter = 0; % Highest numbered path in paths 
 
for i = 1:vidLength 
    frame = double(data(:,:,i))-back; 
    % Take the median in space 
    frame=abs(frame); 
    frame(frame<trackParams.threshold)=0; 
    framebw=im2bw(frame); 
    framebw=bwareaopen(framebw,trackParams.minArea,4); 
    framebw=bwmorph(framebw,'dilate',4); 
    % get bacteria clusters info 
    bact = regionprops(framebw); 
    bact = bact([bact.Area] < trackParams.maxArea); 
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    %     imshow(frame) 
    if pCounter == 0 
        j = 1; 
    else 
        for j = 1:pCounter 
            if paths{j}  
.active == 1 
                x = paths{j}.pathx(length(paths{j}.pathx)); 
                y = paths{j}.pathy(length(paths{j}.pathy)); 
                foundNext = 0; 
                mDist = trackParams.maxDist; 
                for k = 1:length(bact) 
                    dist = sqrt((bact(k).Centroid(1) - x)^2 + ... 
                        (bact(k).Centroid(2) - y)^2); 
                    if dist < mDist 
                        mDist = dist; 
                        foundNext = 1; 
                        index = k; 
                    end 
                end 
                if foundNext == 0 
                    paths{j}.active = 0;    
                else 
                    paths{j}.pathx = [paths{j}.pathx, bact(index).Centroid(1)]; 
                    paths{j}.pathy = [paths{j}.pathy, bact(index).Centroid(2)]; 
                    paths{j}.len = paths{j}.len + 1; 
                    paths{j}.area = [paths{j}.area, bact(index).Area]; 
                    bact = [bact(1:(index-1)); bact((index+1):length(bact))]; 
                end 
            end 
        end 
    end 
    for m = 1:length(bact) 
        pCounter = pCounter + 1; 
        paths{pCounter}  = struct('active', 1, 'start', i,... 
            'len', 1,... 
            'pathx', [bact(m).Centroid(1)], 'pathy', [bact(m).Centroid(2)],... 
            'area', [bact(m).Area], 'collision', 0); 
    end   
end 
end 
 
3. joinTrajectories  Function 

function [ tracks ] = joinTrajectories(tracks, i, j, timeWin, posWin, trackParams, anlysParams) 
 
% if Tracks i and j fit particular criteria, join them together and return the entire array of 
trajectories. 
% Input Parameters: 
% - tracks - the full array of trajectories 
% - i - index of first trajectory 
% - j - index of second trajectory 



174 
 

% - timeWin - Maximum number of frames between the end of i and the start of j 
% - powWin - Maximum distance in microns between the end of i and the start of j 
% - velWin - Velocity comparison threshold as a percentage of the velocity of i 
% - angWin - Maximum difference in heading, radians 
% - trackParams - Tracking parameters from calling script 
% - anlysParams - Analysis parameters from calling script 
 
if (strcmp(tracks(j).startType, 'unknown') && ... 
        ((tracks(j).start - (tracks(i).start + tracks(i).len)) >= 0) &&... 
        ((tracks(j).start - (tracks(i).start + tracks(i).len)) < timeWin)) 
 
    % Check position 
    if sqrt((tracks(i).pathx(tracks(i).len) - ... 
            tracks(j).pathx(1))^2 +... 
            (tracks(i).pathy(tracks(i).len) - ... 
            tracks(j).pathy(1))^2)/trackParams.scale < posWin 
        % Calculate velocity and direction 
        x1 = smooth(tracks(i).pathx, anlysParams.velocitySmoothWin); 
        y1 = smooth(tracks(i).pathy, anlysParams.velocitySmoothWin); 
        vm1 = mean(sqrt(diff(x1).^2 + diff(y1).^2)); 
        dir1 = atan2((y1(length(y1)) - y1(length(y1) - 10)),... 
            (x1(length(x1)) - x1(length(x1) - 10))); 
        x2 = smooth(tracks(j).pathx, anlysParams.velocitySmoothWin); 
        y2 = smooth(tracks(j).pathy, anlysParams.velocitySmoothWin); 
        vm2 = mean(sqrt(diff(x2).^2 + diff(y2).^2)); 
        dir2 = atan2((y2(10) - y2(1)), (x2(10) - x2(1))); 
        startTime = tracks(j).start - tracks(i).start + 1; 
        diffTime = startTime - tracks(i).len - 1; 
        for k = 1:diffTime 
            tracks(i).pathx(tracks(i).len + k) = ... 
                k/(diffTime+1.0)*(tracks(j).pathx(1)  - ... 
                tracks(i).pathx(tracks(i).len)) + ... 
                tracks(i).pathx(tracks(i).len); 
            tracks(i).pathy(tracks(i).len + k) = ... 
                k/(diffTime+1.0)*(tracks(j).pathy(1)  - ... 
                tracks(i).pathy(tracks(i).len)) + ... 
                tracks(i).pathy(tracks(i).len); 
        end 
        tracks(i).pathx(startTime:(startTime+tracks(j).len-1)) =... 
            tracks(j).pathx; 
        tracks(i).pathy(startTime:(startTime+tracks(j).len-1)) =... 
            tracks(j).pathy; 
        tracks(i).area(startTime:(startTime+tracks(j).len-1)) =... 
            tracks(j).area; 
        tracks(i).len = length(tracks(i).pathx); 
        tracks(i).endType = tracks(j).endType; 
        tracks(j).active = 1; 
        tracks(j).endType='joined'; 
        tracks(j).startType='joined'; 
    end 
end 
end 
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APPENDIX 2 
TRANSMISSION DHM 3D OBJECT TRACKING INSTRUCTION  

 
Here, we step-by-step explained what the users should perform to properly use the 3D 

object tracking algorithm following the video acquisition using the transmission digital 

holographic microscope. 

Important Notes: 

1) It is recommended to have Windows 7 operating system to properly use the 3D object 

tracking algorithm. 

2) The 3D object tracking algorithm has a dependency on the Koala software, and therefore, 

the Koala software should be installed on the computer. 

3) The offline dongle should always be connected to the computer while using the Koala 

software and the 3D object tracking algorithm. 

Procedure: 

1) Install Koala software. 

2) Download and install the SQLite database from https://sqlitebrowser.org/dl/ website. 

3) Download and install Python(x,y) from http://python-xy.github.io/ website. 

4) Add tracking3d directory to Python path from Tools �Æ PYTHONPATH manager. 

5) Select Qt graphical output from Tools �Æ Preferences �Æ IPython Console �Æ Graphics. 

6) �&�R�S�\�� �³�F�O�U���S�\�G�´�� �D�Q�G�� �³�3�\�W�K�R�Q���5�X�Q�W�L�P�H���G�O�O�´�� �I�L�O�H�V���� �I�R�X�Q�G�� �L�Q�� �W�K�H�� �W�U�D�F�N�L�Q�J���G�� �G�L�U�H�F�W�R�U�\���� �W�R��

C:\Python27 folder. This step is important to use the .NET library which is needed for 

Remote TCP/IP. 

7) Create an empty folder to C:\ �D�V���³�0�H�D�V�X�U�H�´�����W�K�H�Q���R�S�H�Q���³�2�E�M�H�F�W�L�Y�H�'�%���G�E���´���I�L�O�H���X�V�L�Q�J���W�K�H��

DB Browser (SQLite) software, and next, change DefaultDirectory as C:\Measure in 

Browse Data �Æ DefaultValueTable as shown in Figure A2.1. 
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8) Finally, run the �³���'�B�U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���S�\�´���I�L�O�H���I�U�R�P��the tracking3d\gui directory to open the 

graphical user interface as demonstrated in Figure A2.2. 

9) Users should initially select the proper parameters according to the utilized microscopy 

configuration, the analyzed samples and the quality of the recorded videos, and then, 

perform the 3D object tracking procedure. 

 

Figure A2.1 Default value table of the �³�2�E�M�H�F�W�L�Y�H�'�%���G�E���´���I�L�O�H�� 

 

 

Figure A2.2 Main panel to adjust the sample and tracking parameters and to perform the 3D 

object tracking.  
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