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. 3.1 FABRICATION AND SURFACE MODIFICATION OF
' BIOCOMPATIBLE MICROBEADS

. A bacteriobot can provide a new theragnostic choice for cancer treatment

with the active targeting properties of bacteria and contained therapeutic
|: agents. Generally, a bacteriobot consists of the therapeutic part and the actu-
' ating part. The therapeutic part is the microstructure, composed of diagnos-
i tic or chemotherapeutic agents and biocompatible, biodegradable polymers.

The microstructures using biocompatible materials, such as poly lactic-co-
| glycolic acid (PLGA), poly ethylene glycol (PEG), and liposome, served as
| micro cargos of agents for the imaging or therapy of tumors. In addition,
\ the surface structural modification of the microstructures was performed by
|

Microbioroboties
' Copyright © 2017 Elsevier Inc. All rights reserved. 39
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coating with poly-L-lysine (PLL), Oy plasma, bovine serum albumin (BSA),
and biotin. Through the surface modification of microstructures, bacteri-
obots might show advanced motility through adjusted bacterial adhesion.

3.1.1 PEG microbeads and surface modifications

PEG is most extensively studied and it uses synthetic materials for drug de-
livery applications. It has many excellent properties for biomedical applica-
tions, such as biodegradability, biocompatibility, and flexibility. In addition,
PEG has a stealth property to avoid its uptake by the reticuloendothelial
system (RES) and to remain in the blood stream.

PEG microbeads containing anticancer agents or not were fabricated using
various types of PEG, such as PEG-diacrylate (PEG-DA), PEG-Thiol (PEG-
SH), and PEG-maleimide (PEG-Mal), with related chemicals for the assem-
bly of PEG. PEG microbeads can be synthesized using various chemical and
physical cross-linking and gelatin techniques, such as ionic interactions and
photo-polymerization. However, although the photo-polymerization method
is a widely used technique for hydrogels, it is unsuitable for a biological
application. Because this method requires highly toxic photo-initiators and
ultraviolet (UV) rays, they can cause undesirable reactions on cells. These
undesirable effects can be reduced vsing physical cross-linking techniques
or chemical cross-linking with non-toxic chemicals and a safe light source.
Among various chemical cross-linking methods, the thiol-Michael reaction
between nucleophiles and activated olefins is the most suitable, as it has the
following advantages: it does not contain heat or light in the procedure, it
does not generate byproducts, it shows rapid reaction rates, and it only re-
quires a little amount of a catalyst [1]. In addition, microbead synthesis via
the thiol-Michael reaction requires a relatively mild condition, a rapid cure,
and a high conversion under a physiological environment. Consequently,
the thiol-Michael technique becomes a significant chemical cross-linking
method for the biological application of microbeads.

Using the thiol-Michael technique, two types of PEG—4 arm PEG-SH and
4-arm PEG-Mal—were fabricated, and Taxol-loaded PLGA nanoparticles
were engaged in PEG microbeads for therapeutic microrobot fabrication [2].
Taxol-loaded PLGA nanoparticles were prepared through the solvent evapo-
ration method and the lyophilization method. The mixture solution of PEG-
SH and Taxol-loaded PLGA nanoparticles was produced. In addition, the
micro-droplets of the mixture were fabricated by a micro-fluidic device and
cross-linked with PEG-Mal. Consequently, 10-um diameter drug-loaded
PEG microbeads were produced (Fig. 3.1). Through the surface coating with
PLL on the PEG microbeads, bacteria could be attached on the drug-loaded
PEG microbeads.

® FIGURE 3.1 Micoscopy image of PEG microbeads [2].
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M FIGURE 3.2 Development of PEG-DA microbeads in a microfluidic channel system [4].

PEG is a hydrophilic polymer that can be polymerized by a photo-initiator,
such as visible or UV light [3]. PEG microbeads (8.18 £+ 3.4 um diame-
ter) using a PEG derivative, PEG-DA, and UV irradiation, were developed
in a microfluidic channel system (Fig. 3.2) [4]. Recently, in the fabrication
of microbeads using biocompatible polymers (e.g., PLGA, PEG), microflu-
idic channel systems have been widely used [5]. Those systems have many
advantages for the fabrication of microbeads, such as a small sample re-
quirement, relatively short reaction times, and high reproducibility [6]. In
addition, the size and shape of the microbeads can be controlled through the
regulation of the dimensions and flow rates of microfluidic channels [7]. The
microfluidic channel using polydimethylsiloxane (PDMS) was prepared by
conventional photo- and soft-lithography procedures [8]. For the fabrica-
tion of the microfluidic channel, first, an SU-8 cross-junction mold was
produced through conventional photolithography procedures, such as SU-8
photo-resistor coating and UV irradiation through a pattern mask, develop-
ing step, and hard baking. Second, the PDMS cross-junction microfluidic
channel pattern was obtained through soft-lithography procedures. Finally,
the PDMS cross-junction microfluidic channel for the synthesis of PEG mi-
crobeads was completed through the attachment of the PDMS pattern to a
glass substrate (Fig. 3.3) [4].

3.1 Fabrication and surface modification of biocompatible microbeads 41
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©

Mold PDMS O, Plasma Channel

B FIGURE 3.3 Preparation process of a POMS microfluidic channel for the synthesis of PEG microbeads [4].

For the manufacturing of PEG microbeads using the PDMS cross-junction
microfluidic channel, the mixture of hexadecane and sorbitanmonooleate
(10:1 ratio) was used as a continuous phase (CP) solution in the chan-
nel [9,10]. A dispersed phase (DP) solution was a mixture of PEG-DA
and 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methylpropan (10:1.5 ra-
tio). The flow rates of CP and DP in the channel were controlled by syringe
pumps. After the generation of the spherical PEG microdroplets, a curing
process was performed using UV irradiation for several milliseconds. Fi-
nally, PEG microbeads were obtained through microdroplet synthesis and
the UV curing procedure, where two procedures were performed on an in-
verted microscope with a UV light source.

In a bacteria-actuated microrobot, bacterial patterning on the surface of
the microstructure plays an important role in the directivity and veloc-
ity of the microrobot. The bacterial patterning method using reactive ion
etching (RIE) plasma was proposed [11], where the microrobot with bac-
terial patterning showed higher velocities than that without bacterial pat-
terning. However, the bacterial patterning method has the limitations of a
restricted bacterial attachment and a weak adhesion between the microstruc-
ture and the adhesion proteins of the bacteria, such as collagen, fibronectin,
or bacteria-specific antibodies. To enhance the velocity of bacteriobots, bac-
terial attachment was controlled through a selective surface modification
of PEG microbeads with PLL (Fig. 3.4) [12]. First, by submerging a half-
surface PEG microbead into 1% agarose gel solution, another half surface
was exposed. Second, by positioning the exposed surface into the PDMS
solution and detaching the PEG microbeads from the agarose, microbeads
were transferred to the surface of the PDMS substrate. Third, by soaking the
PEG microbeads embedded in the PDMS substrate in a 0.001% PLL solu-
tion, then extracting microbeads from the PDMS substrate using ultrasound,
the surface modification of the microbeads using PLL was completed. The
selectively PLL-coated PEG microbeads showed a controlled bacterial at-
tachment on the restricted surface region (PLL-coated surface). In Fig. 3.5,
a different bacterial attachment through the surface modification method

3.1 Fabrication and surface modification of biocompatible microbeads 43

@) ® © W
—g o e
T b

M FIGURE 3.5 (onfocal laser scanning microscope images of PLL-coated and S. Typhimurium-attached PEG
microbeads [12].

was described. Non-surface modified PEG microbeads showed no bacterial
adhesion, and completely PLL-coated PEG microbeads showed the bacte-
rial adhesion on the entire surface, whereas the selective PLL surface-coated
microbeads showed the selective bacterial adhesion on the PLL-coated sur-
face only.

The bacteria-based microrobot, which has a controlled bacterial attachment
through selective PLL coating on PEG microbeads, showed an enhanced
motility (Fig. 3.6). The bacteria-based microrobot with un-coated PEG mi-
crobeads moved at a velocity of 0.03 um/s and the bacteria-based micro-
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B FIGURE 3.6 (Comparison of the velocities of bacteria-based microrobots [12].

robot with completely PLL-coated PEG microbeads moved at 0.05 pm/s.
However, the bacteria-based microrobot with selectively PLL-coated PEG
microbeads moved at a higher velocity of 0.37 pm/s.

3.1.2 Alginate microbeads and surface modification

Alginate is a naturally occurring biopolymer that can be extracted from
brown seaweed and has been applied in food and beverage industries as
a thickening or gelling agent and a colloidal stabilizer. It can be also used
as a matrix for the entrapment and delivery of a variety of drugs and cells
in the biotechnology industry, which is due to several properties, including
a relatively inert aqueous environment within the matrix, a mild room tem-
perature encapsulation process free of organic solvents, a high gel porosity
that allows for high diffusion rates of macromolecules, the ability to con-
trol this porosity with simple coating procedures, and the dissolution and
biodegradation of the system under normal physiological conditions [13]. In
addition, a more effective drug delivery can be achieved through the com-
bination of alginate and chitosan [14]. The complexation of alginate with
chitosan can control the release of encapsulated drug or cells by decreas-
ing their leakage. In addition, complexation possesses positive charges that
enhance the adhesion of negative charge-surfaced bacteria with alginate mi-
crobeads.

s .
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The concept of bacteria-based microrobots involves not only a bacteria-
actuated drug-embedded microrobot, but also the delivery of therapeutic
bacteria themselves. Some genera of bacteria have been proven to ac-
cumulate in solid tumors especially, including Clostridium, Bifidus, and
Salmonella [15-25]. The administration of engineered Salmonella Ty-
phimurium, attenuated and transformed with plasmids encoding the ther-
apeutic gene, caused the localization of Salmonella to the tumor tissue and
a significant suppression of tumors [24]. However, most of the inoculated
bacteria were cleared from the RES system through immunity, and only a
little amount of bacteria could reach the target region. If the large number of
bacteria was inoculated for a numerical increment of a bacteria reaching at
the target site, symptoms related to bacterial infection such as inflammation,
toxicity and sepsis may occur [21]. Therefore, many researchers have also
focused on the modulation of encapsulation conditions using biodegradable
and biocompatible materials with the development of attenuated and genet-
ically modified bacteria strains [26,27]. In this research group, two types
of bacteria-based microrobots were developed, which consist of alginate
microbeads and attenuated S. Typhimurium. The alginate microbead is re-
garded as cargos of bacteria or drugs, and the attenuated S. Typhimurium
is adopted as a living therapeutic agent or as an actuator [28]. The alginate
microbeads were also manufactured by the micro-droplet generation using
a cross-junction microfluidic channel, where the channel fabrication proce-
dure was equal to that for the PEG microbeads. For the synthesis of alginate
microbeads, a mixture of mineral oil and sorbitan monooleate (10:1 ratio)
was used as a CP solution, and a DP solution consisted of a mixture of 1%
alginate and a various number of attenuated S. Typhimurium. Through the
regulation of the flow rates of CP and DP in the microfluidic channel using
a syringe pump, spherical alginate micro-droplets were generated. Then, the
solidification of the alginate micro-droplets was performed using 2% CaCl,
located in the outlet part of the microfluidic channel. Finally, the surfaces
of the alginate microbeads were coated with chitosan. In the case of encap-
sulated S. Typhimurium, their survival or growth was evaluated through the
cultivation of bacteria-encapsulated alginate microbeads in bacterial broth
media in a 30°C shaking incubator at various times (0, 6, 12, 18, 24, and
72 h).

The bacteria-encapsulated alginate microbeads with a 1% chitosan coat-
ing maintained their structural integrity and showed increments of bacterial
growth (Fig. 3.7).

Chitosan-coated alginate microbeads also showed the enhanced attachment
of flagellated S. Typhimurium on their surface, and the motility of the
bacteria-based microrobots was increased (Fig. 3.8).
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B FIGURE 3.7 Improvement of the solidity of bacteria-encapsulated alginate microbeads through surface
modification with chitosan [28].

3.2 EVALUATION AND CONTROL OF BACTERIOBOT
MOTILITY

In the development of a microrobot, the actuator plays a key role as de-
livery therapeutic agents or cells into a targeted region. By its nature,
the microrobot needs a micro-sized, reliable, and high-efficiency actua-
tor. To solve the limitations of actuators for the microrobot, many re-
search studies have been reported [11,29-31]. For example, Sitti reported a
250 umx 130 pm x 10 pm-sized neodymium—iron-boron microrobot, which
was actuated by six macro-scale electromagnets, able to achieve translation
speeds exceeding 10 mms~! [11]. In addition, Nelson reported artificial
bacterial flagella (ABF) consisting of a helical tail like a natural flagellum
in size and shape, with a thin square-shaped soft magnetic metal head [31].
The ABF was controlled by three orthogonal electromagnetic coil pairs.
However, these systems need complex magnetic coil systems. Meanwhile,
flagellated bacteria, such as Escherichia coli (E. coli), S. Typhimurium,
and Serratia marcescens (S. marcescens) were suggested as bioactuators
for microrobots [8,32-34]. The flagellated bacteria have many advantages
as actuators, including mobile capability using the rotating helical flagella
motor with over 100-Hz velocities, the easy acquisition of chemical en-
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B FIGURE 3.8 Comparison of the bacterial attachments on alginate microbeads and the motilities of
bacteria-actuated alginate microbeads through surface modification with chitosan [28].

ergy from their environment, and extreme adaptability [8,32-34]. Moreover,
some bacteria show taxis phenomena, such as chemotaxis, phototaxis, and
magnetotaxis, according to controlling methods, such as chemical gradients,
light, and magnetic fields [32].

To develop efficient therapeutic bacteriobots using flagellated bacteria as a
micro-sized bioactuator, microstructure fabrication, bacterial adhesion, and
bacterial patterning were regarded as essential technologies. After the fabri-
cation of the microstructure, the surface of the microstructure was modified
by coating with PLL, Oy plasma, BSA, and biotin. Through the surface
modification of microstructures, bacteriobots showed an improved motility
through adjusted bacterial adhesion.
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B FIGURE 3.9 BSA-selective patterned SU-8 microstructures and bacterial attachment [36].

3.2.1 Motility control of bacteriobots using BSA

BSA is known as a non-fouling protein that blocks the adhesion of the
bacteria. Using that property, micro-patterning methods of the microstruc-
tures were reported. According to Kim et al.,, the micro patterning of the
BSA on the surface of PEG microbeads showed a high bacterial density at
1.48 mgem—2 [35]. Selective BSA-coated microstructures were also fab-
ricated and the bacterial attachment was analyzed [36]. The cube-shaped
and micro-sized microstructures were fabricated using the photolithogra-
phy method with silicon wafer, SU-8, and UV light. For the advanced
adhesion of bacteria, SU-8 microstructures and a 5% BSA solution were
pre-incubated for 24 h. During incubation, the five faces of the SU-8 mi-
crostructure were exposed to BSA. After BSA coating, S. marcescens were
attached only on the one face of the SU-8 microstructure (Fig. 3.9).

BSA-selective patterned SU-8 microstructures showed different attached
bacterial numbers between the BSA coated side and the uncoated side
(Fig. 3.10). The bacterial number of the uncoated side in the selectively
patterned microstructure was increased by 200% compared with that of the
BSA coated side of the microstructure.

According to selective surface patterning, the motility of the bacteria-
actuated microstructure was changed. The selectively BSA-coated mi-
crostructure showed a 210% higher motility compared to the uncoated mi-
crostructure (Fig. 3.11). Consequently, the selective bacterial patterning of
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B FIGURE 3.10 Comparison of the number of attached bacteria according to BSA selective coating [36].

the microstructure by BSA could significantly enhance the motility of the
bacteria-actuated microstructures.

3.2.2 Motility control of bacteriobot using PLL

PLL is a positive-charged polymer, which is commonly used for the en-
hancement of the attachment or immobilization of cells [12], where the
positive charge of PLL interacts with the negatively charged cell surface.
In this study, bacterial patterning was executed using PLL selective pattern-
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M FIGURE 3.11 Images of the movement of cube-shaped microstructures and a comparison of the
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ing of the microbeads [12]. In addition, the bacterial attachment on the PLL
selectively patterned microbeads and the motility of the bacteria-actuated
microbeads using PLL selective-patterning microbeads were analyzed (see
Section 3.1.1 PEG microbeads and surface modifications).

3.2.3 Motility control of bacteriobot using
streptavidin-biotin conjugation

The interaction between streptavidin and biotin is a protein-ligand combi-
nation, one of the strongest in nature [37]. Biotin, a small molecular protein,
is captured by a tetrameric biotin-binding protein, streptavidin, with a high
affinity. This interaction is a widely used tool in biology, such as imag-
ing [38], nano-assembly [39], and pre-targeted cancer immunotherapy [40].
In the development of bacteriobots, for a complete combination of bacteria
and the microstructure, biotin molecules were bound to the outer mem-
brane of S. Typhimurium, and streptavidin was attached on the surface of
the microstructure (Fig. 3.12) [41]. For the fabrication of bacteriobots us-
ing the biotin-streptavidin interaction, streptavidin-conjugated tandem fluo-
rochrome was coated on the surface of 3-um diameter rhodamine-containing
fluorescent polystyrene (PS) microbeads by covalent coupling. Through the
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B FIGURE 3.12 Development of bacteriobots through the biotin—streptavidin conjugation [41].

incubation of EZ-Link NHS-LC-Biotin with S. Typhimurium for 1 h, biotin
molecules were combined with the bacterial outer membrane protein (omp).
Then, bacteriobots were synthesized through the co-incubation of biotin-
labeled S. Typhimurium and streptavidin-coated PS microbeads for 30 min.
Finally, the fabricated bacteriobot based on the strong biotin—streptavidin
conjugation showed a high density of attached bacteria (Fig. 3.12).

3.3 MOTILITY EVALUATION OF THE BACTERIOBOT

The motility of the bacteriobot was regulated by the chemotaxis reaction of
the attached bacteria on the microstructure and it was shown as a directional
movement toward the chemo-attractant. For the analysis of the motility
variation of the bacteriobot, a quantitative evaluation method of the bacteri-
obot’s movement is necessary. The chemotaxis of the S. marcescens-based
microrobot was reported, and the directional movement of the bacteriobot
using S. marcescens was analyzed [42,43], which was a simple status veri-
fication, not a contained statistical quantification of its directional motility.
For the quantitative analysis of the directional movement of the bacteriobot
by bacterial chemotaxis, a useful chemotaxis evaluation tool that can create
and maintain a concentration gradient of chemotactic inducers was neces-
sary. The evaluation of bacterial chemotaxis using an agar plate method and
a capillary method was reported [44]. Through the agar plate method, the
direction of bacterial proliferation on a semisolid agar medium was mea-
sured simply and conveniently, but not in a liquid medium [45]. Through
the capillary method using released chemo-attractants or a chemo-repellent
from the capillary tub minutely, the bacterial movement in a liquid medium
was measured. This method is also very simple and convenient, but the pos-
sible diffusion of chemotactic chemicals in a liquid medium occurred in a
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very short time, and it is difficult to measure the chemotaxis of low-motility
bacteria [46]. The different evaluation methods using microfluidics, which
can generate the concentration gradient of chemo-attractants and identify
the motility of bacteria, were proposed by many researchers [47-51]. How-
ever, these methods also have some limitations, such as the generation of an
irregular concentration gradient, the difficult direct measurement of bacte-
rial motility by flow disturbances, and the difficult evaluation of chemotaxis
in low-motility bacteria due to the migration flow, especially. The maintain-
able span of the chemical gradient is too short to measure the chemotaxis of
low-motility bacteria. Consequently, a stable gradient-verification method
with a steady gradient sustained and no flow micro channel was needed.
Some types of microfluidic chambers were fabricated and the directional
movement of the bacteriobot was evaluated.

First, a web-type chamber microfluidic platform was developed, which can
continuously sustain a chemical concentration gradient with no flow in a
microfluidic chamber (Fig. 3.13) [52]. This web-type microfluidic device
was synthesized using conventional photo- and soft- lithography with a
web-type microfluidics pattern-embossed SU-8 mold, a PDMS solution,
and Oy plasma for the hardening of PDMS. The fabricated web-type mi-
crofluidic chamber showed vertical symmetry, contained arch-shaped and
radial-shaped micro-channels of a 200-um width on the left and right sides
that were connected with the center circle of a 2-mm diameter (Fig. 3.13).

The fabricated microfluidic chamber was occupied in the generation of
the chemical concentration gradient and used for the evaluation of bacte-
rial or the bacteriobot’s distribution using a chemo-repellent (NiSO4) and
chemo-attractant (aspartic acid). The bacterial distributions according to the
concentration gradient of chemo-effectors were different (Fig. 3.14). Com-
pared with that in the PBS region, the number of S. Typhimurium in the
aspartic acid gradient region increased by about 16%, but the number of
S. Typhimurium in the NiSO4 gradient region decreased by about 22%. In
addition, the chemotactic motility of the bacteriobot according to the con-
centration gradient of chemo-effectors was also different. The distribution
of bacteriobots was significantly increased in the tumor-attractant region
and decreased in the tumor-repellent region (Fig. 3.15). According to these
results, the web-type microfluidic chamber was appropriated to evaluate the
chemotactic motilities of the bacteria or the bacteriobot.

Another type of chemotactic microfluidic chamber was proposed, which
maintains a stable and uniform concentration gradient of chemo-effectors
and shows no flow [41]. For the evaluation of the chemotactic motili-
ties of bacteria or bacteriobots, the proposed chamber was suitable for

(A) Design of Web Chamber (B) Definition of Points

A-INLET B-INLET C-INLET
° ° L)

0900008 O 0006060

(=

OUTLET POINT

(C) Fabrication Result of Web Chamber

M FIGURE 3.13 Development of web-type chamber for the analysis of the movements of bacteria or the
bacteriobot [52].
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the confirmation of the chemotactic movements of bacteria or bacteriobots
(Fig. 3.16). This microfluidic device is composed of two chambers for filling
tumor cell lysates or spheroids on the left and right sides and a central cham-
ber for loading bacteria or bacteriobots. It provides a concentration gradient
through the simple diffusion phenomenon without flow. The microfluidic
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device was fabricated with a photo-resistor (SU-8) spin-coated wafer, mi-
crofluidic channel pattern, PDMS, and O plasma gas. First, the SU-8 mold

5 for the microfluidic device was fabricated by conventional photolithogra-
phy. Second, the microfluidic device was produced by soft-lithography with
an SU-8 mold, PDMS solution, and O plasma.

©

Using the fabricated microfluidic device, the movements of the bacteria or
bacteriobots through chemotactic reactions were evaluated, where the chem-
ical reactions were generated due to the concentration gradients of tumor
cell lysates or tumor spheroids (Fig. 3.17). As a result, this type of microflu-
idic chamber can be a valuable application to estimate the tumor-targeting ] L1 ""\?g
attributes of bacteria or bacteriobots through measuring the directional mov- i ]I :
ing velocity of bacteria or bacteriobots. . e "}

3.4 INVIVO TEST OF THE TUMOR-TARGETING _ E
PROPERTIES OF BACTERIOBOTS ‘ i

Bacteriobots were fabricated, and therapeutic, flagellated bacteria were in- E = ' ° () epemped
corporated with some types of microstructures in anticipation of the appli-
cation in the diagnosis and treatment of cancer. Therefore, the final phase
and the purpose of the bacteriobot’s development is the evaluation of tumor
therapeutic properties, such as its tumor-targeting effect and tumor-killing
effect. These properties can be verified through in vitro tests using tumor
cells, and the tumor-targeting properties of the bacteriobot were already
tested in a laboratory through analyzing the movement velocities and as-
sembling of bacteriobots toward the tumor cell lysates or tumor spheroids
in the microfluidic chamber environment. However, more specifically, the '
bacteriobots’ therapeutic properties, including tumor-targeting and killing
effects, must be re-confirmed on the living body. The bacteria alone or in
combination with other therapeutics have been employed in cancer therapy,
such as imageable cancer therapy, cytolytic therapy, and radiotherapy [53,

llon Ilou

50 NSB

0 [

R |
ey

/
|
/
,‘F
oo

x-coordinate (mm}

BEBUSDQPTGOT

2 B

PDMS

J /L Slide plass

PDAIS
B FIGURE 3.16 Schematic diagram of a microfluidic device for the evaluation of the chemotactic movements of bacteria or bacteriobots [41].

(A)




References 57

56 (CHAPTER3 Development of active controllable tumor targeting bacteriobot

Lux signal NIR fluorescence signal

Microbead Bacteriobot

Bacteria

Bacteria Bacteriobot

(A) Lysate (B) Spheroid
3
g 20

: g -y

] 3

5= ;i

£ £ 10
2 2

[
PBS NIH3T3 CT-26 4T1 PBS NIH3T3 CT-26 4T
©) Lysate (D) Spheroid
40 B Microbead 40 B Microbead
O Bacteriobot - O Bacteriobot

£ n : z s

iz i

= B

> En SE 20

E g

T2 E3

= 10 z < 10

A i =

NIH3T3  CT-26 4T NIHIT3  CT-26 4TL

B FIGURE 3.17 Demonstration of the tumor-targeting properties of bacteria or bacteriobots using tumor
cell lysates and tumor spheroids [41].

54]. These research studies were in vivo investigations of the therapeutic ef-
fects of genetically modified bacteria using tumor-bearing mice. However,
a bacteriobot was developed using flagellated and chemotactic bacteria as
an actuator and microsensor of bacteriobots. An in vivo evaluation of the
tumor-targeting properties of the fabricated bacteriobot was executed in a
syngeneic mouse tumor model (Fig. 3.18) [41]. First, tumor-bearing mice
were prepared through an injection of CT-26 cells (mouse-originated colon
cancer cells) subcutaneously. After tumor growth identification, bacteri-
obots or bacteria and microbeads were injected. Finally, the tumor-targeting
properties and localization of bacteriobots were analyzed (Fig. 3.18). From
the in vivo test, the bacteriobot was confirmed to target and localize to the
CT-26 tumor tissue in the tumor-bearing mice.

3.5 CONCLUSION

This chapter dealt with tumor-targeting bacteriobots, which consist of a mi-
crostructure as a micro cargo of the agent imaging or therapeutic agents
and flagellated tumor-targeting bacteria as an actuator and sensor. First, the
fabrication methods and the surface modification of microstructures were
introduced. The microstructures were fabricated using biocompatible ma-
terials, such as PLGA, PEG, and alginate. In addition, through coating
with PLL, Oy plasma, BSA, and biotin of the surface structural mod-
ifications of microstructures, the bacteriobots showed advanced motility
through adjusted bacterial adhesion. Second, a chemotactic motility evalua-
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tion method of bacteriobots was developed using the fabricated microfluidic
chamber, which can produce a bacterial or bacteriobot distribution gradient
by chemotaxis-inducing materials. Finally, the tumor-targeting and local-
ization properties of bacteriobots in tumor-bearing mice were evaluated.
Consequently, bacteria-based therapeutic microrobots (bacteriobot) can be
considered a new theragnostic methodology for targeted tumor therapy.
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