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Summary

The field of microrobotics opens the door to new therapeutic interventions by providing
access to hard-to-reach regions of the human body. The envisioned interventions are based
on the wireless movement of the micro-agents, part of the microrobotics systems designed
to interact with the environments, using external stimuli (e.g., magnetic, sound, light,
chemical, temperature). Although a wide variety of micro-agents have been designed,
fabricated, and actuated, sensor integration remains a challenge due to size limitations. In
order to understand and verify the functionality of the micro-agents, imaging modalities are
utilized as external sensors and considered the only feedback source. Since experimental
testbeds are fabricated using optically transparent materials, microscopy techniques have
been extensively used in preliminary tests and lab-on-a-chip applications.

Single-band fluorescence and bright-field microscopy are commonly used to visualize
the micro-agents with spatiotemporal resolution. However, single-band fluorescence
microscopy renders visualization of only micro-agents and does not provide information
about physical surroundings. Clear visualization of surroundings, as well as the micro-
agents, is a requirement to reach the desired location. Bright-field microscopy enables
visualization of micro-agents and surroundings, but acquired images do not reveal encoded
information about identification and distinction. In this thesis, multicolor fluorescence
microscopy is first applied for visualizing magnetically-actuated micro-agents and dynamic
surroundings by relatively fast spectrum band change (multiplexing). The main difference
of multicolor microscopy is that a sample containing micro-agents is fully resolved in
different spectrum bands, and color-coded visualization is acquired. Since color is a visual
cue for detection, acquired images enable an increased understanding of the micro-agent
functionality and clear distinction of the surrounding media. This thesis aims to fill the
gap in the literature on performing real-time multicolor microscopy for micro-agents and
surroundings with three parts divided into six chapters.

Chapter 1 provides an overview of micro-agents and multicolor microscopy, as well as
research questions tackled in this thesis. Subsequently, Part I (Chapters 2-4) describes the
imaging, actuation, and tracking tools. A multicolor fluorescence microscope is developed
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to excite the fluorophores in a round-robin manner and synchronously acquire images from
three distinct spectrum bands. Chapter 2 includes the microscope design, fluorophore
selection, and spectrum analysis. A tumor environment is created by randomly placing
cancer spheroids (formed with cervical HeLa cells) and polystyrene beads as drug carriers
in a microfluidic channel. The environment is employed to validate that the microscope
generates images with unambiguous color coding by spectral crosstalk analysis. Real-
time multicolor microscopy is demonstrated by visualizing the attachment of the beads
to a cancer spheroid utilizing electrostatic forces as a method for biohybrid drug carrier
fabrication. The microscope is coupled with an orthogonal array of four iron-core coils
to mobilize micro-agents using magnetic fields. The coils are individually powered using
custom-made driver circuits.

Chapter 3 presents the coil driver architecture designed for magnetic manipulation
of the micro-agents. A multilayer shielding enclosure is designed to prevent degradation
of measurement and control signals by possible penetration of stray magnetic and elec-
tromagnetic waves. Finite element analysis shows that the shielding enclosure generates
a low-resistance path for both magnetic and electromagnetic waves. Helmholtz, air-core,
and iron-core coils are individually employed to experimentally validate that the driver is
able to power different coil configurations. The effect of pulse width modulation (PWM)
on the magnetic field and ohmic losses is observed at varying carrier frequencies and duty
cycles. Experiments and finite element simulations reveal that magnetic field fluctuations
minimize when PWM carrier frequencies are selected close to the self-resonant frequencies
of the coils. In order to obtain automated quantitative data about actuated micro-agents
through the generated magnetic fields, a visual tracker is implemented.

Chapter 4 introduces a visual tracking framework to localize different types of micro-
agents without the need for specific detection and thresholding procedure. The working
mechanism of the framework is based on computing the motion of a micro-agent between
two consecutive frames using optimization techniques. In order to model the motion and
compensate for the intensity fluctuations, the photometric affine function is selected. Pyra-
midal implementation of the framework is employed to render tracking of the micro-agents
under the large motion displacements and prevent failures. The framework is combined
with multi-rate state estimators for its usage in control applications by upsampling the
actual image acquisition rate. The accuracy of the multi-rate state estimation is measured
using high-speed bright-field imaging. The scientific tools introduced in Chapters 2-4
are used in Chapter S to acquire and analyze the multicolor images through experiments
where the micro-agents are manipulated using magnetic fields.

Part II (Chapter 5) demonstrates the performance of real-time multicolor microscopy
by visualizing micro-agents within 3D tumor-on-a-chip and vascular networks. The
electrospinning technique is employed to fabricate magnetic and fluorescent micro-agents
with relatively high photobleaching resistance. In order to visualize and measure sequential
motion, cancer cell spheroids are actuated with the micro-agents in an open reservoir.
A microfluidic chip is designed to create a tumor model, immobilize a single cancer
spheroid in a fixed location, and provide a confined space for multicolor image acquisition.
Single and cluster micro-agents are attached to the immobilized cancer spheroids as a
proof-of-concept targeted drug delivery demonstration. Dynamic multicolor imaging
reveals that the microfluidic chip maintains the cancer spheroids for long-term microscopy.
In vitro perfusable vascular network and ex ovo chorioallantoic membrane are used to
acquire spectrally resolved visualization of micro-agents in vascularized environments.
Imaging experiments show that multicolor microscopy renders color-coded visualization
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of polymeric micro-agents, organic bodies (cancer spheroids and vessels), and surrounding
media in real-time.

Part III (Chapter 6) concludes this thesis by highlighting the main contributions and
future implications. Chapter 6 first presents the conclusions of research conducted in
Chapters 2-5 and couples them with potential applications in the field of microrobotics.
The subsequent section provides an outlook for follow-up research studies. Guidelines are
suggested for fabricating therapeutic micro-agents and monitoring their efficacy on live
cells using multicolor microscopy. The microscope-in-a-catheter concept is proposed for
real-time multicolor image acquisition of micro-agents inside the tissue. This concept holds
the potential to accelerate the clinical translation of micro-agents by enabling visualization
of drug release under in vivo conditions.






Contents

1.1
1.2
1.3
14
1.5

2.1

2.2

221
222
223
224
225
226
227
228

2.3

23.1
23.2
233
234

Introduction

The Field of Microrobotics

Multicolor Fluorescence Microscopy
Research Objectives

Thesis Outline

Research Framework and Scientific Outputs

Scientific Tools

Multicolor Fluorescence Microscope
Infroduction

Materials and Methods

Spectrum ANAIlysiS . . ..o
Multicolor Fluorescence Microscope Architecture . ........... ... ... ...,
Demultiplexer Interface . ... ... .. 0
Cell Culture and Spheroid Formation ......... ... .. .. . .. ..
AQArose MOIAS . . ..o
Cell Labelling using CMTPX and Fixation ... ........ ... ... . . .,
Microfluidic Channel Fabrication ... .. ... . . .
Image ACQUISITION . . . . ..

Results

Multicolor Fluorescence Image Acquisition . . . ... ... ... . o
Crosstalk Analysis for the Multicolor Fluorescence Microscopy ... . ... ... ...
Exposure TIme ANAlYSIS . . . . oo o e
Uptake of Indocyanine Green by HelLa Cell Spheroids . . .................

17
25
27
28
29

36

37

37
37
39
39
41
42
42
42

42
42
44
46
48



235
23.6
237

24

3.1

3.2

3.2.1
322

3.3

3.3.1
3.3.2
3.3.3

4.1

4.2

4.2.1
422
423
424
4.2.5

4.3

4.3.1
4.3.2
43.3

4.4

4.5

4.5.1
4.5.2
453

4.6

5.1

5.2

52.1
522
523
524
525
52.6
527

Photobleaching Resistance . . .. ... ... . 51
Photodamage ANQIYSIS . . . ... 51
Real-time Multicolor Fluorescence MICroSCOPRY . . . v v v v v v v e e e 53
Conclusions 54

Electromagnetic Coil Driver

Introduction 58
Coil Driver 58
Driver Architecture . . . ... . 58
Magnetic and Electromagnetic Shielding . . ........... ... oL 60
Experiments 60
Finitfe Element Results . .. .. ... o 60
Experimental Setup . ... ... 63
Experimental Results . .. . . e 63

Template-Based Visual Tracking

Introduction 68
Visual Tracking of Magnetic Micro-Agents 69
Motion Model . .. .. 70
SSD-based Visual Tracking . . . . .. o 71
NCC-based Visual Tracking . . . . ..o 72
Pyramidal Implementation . ... . . . 72
Template Update Strategy .. ... ... 72
Multi-Rate State Estimation 72
System Description . . ... 73
A Multi-Rate Luenberger Observer . ... i 76
A Multi-Rate Kalman Filter . ... ... .. . 76
Collaborative Tracking using Observers 77
Experiments 78
Experimental Setup . ... 78
EXeCUtON TIMES . . . o 78
Experimental Results . .. .. . 79
Conclusions 81

System Integration and Real-Time Multicolor Microscopy

Real-Time Multicolor Microscopy

Introduction 88
Methods 90
Micro-Agent Fabrication using Electrospinning ... ... ........... ... .. .. Q0
SPEecCtrUM ANAIYSIS . . . o Q0
Hela Cell Spheroids Formation . ... .. e Q3
Microfluidic Chip Fabrication ......... ... . .. . . . Q3
3D Co-Culture in a Microfluidic System for In Vifro Vascularization . ......... Q3
Chicken Vasculature . ... . ... 94

Multicolor Fluorescence Microscopy and Magnetic Movement ... ........ 94



5238

5.3

5.3.1
532
5.3.3
534
5.3.5
5.3.6

5.4

6.1
6.2

6.3

6.3.1
6.3.2
6.3.3

Ethics Statement . . ... . 96
Results 98
Single-Band Fluorescence MICTOSCOPY + v v v v v v v v e 98
Attachment of micro-agents to HelLa cell spheroids . . . .................. 98
Translation and Rotation of Cell Spheroids by Micro-Agents Atftachment ... 100
Micro-Agents Attachment to Immobilized HelLa Cell Spheroids . ... ..... .. 103
Micro-Agents inside a Perfusable Vascular Network .. .................. 105
Micro-Agents inside Chorioallantoic Membrane Vasculature .. ....... .. .. 106
Conclusions 109
Concluding Remarks

Conclusions

Part | - Scientific Tools 113
Part Il - System Integration 114
Outlook 115
Fabrication of Polymeric Micro-Agents containingDrugs . . .............. 115
Visualization of Drug Release and Cellular Viability .. ......... ... .. 116
Multicolor Microscope-in-a-Catheter ... ... ... .. ... ... . ..... 117
Bibliography

Articles 119
Books 131
Acknowledgments

About the Author






1.1

1. Introduction

The focus of this thesis is real-time imaging system development for magnetic micro-
agents. This chapter first introduces the relevant literature review and existing imaging
challenges. In the following sections, the research questions and proposed solutions are
detailed. The chapter concludes by giving the outline and publication outcomes of the
research conducted in this doctoral study.

The Field of Microrobotics

Developing stimuli-responsive actuators by technologies for creating small-scale structures
(not greater than 1 mm) has emerged a new field of study called microrobotics [1]. Over
the last two decades, advances in microrobotics have introduced innovative techniques to
reach areas inaccessible with conventional tools [2—4]. This feature finds use in healthcare
[5], environmental cleaning [6], micro-assembly [7], and sensing fields [8]. Among the
application domain of microrobotics, minimally invasive surgery and targeted drug delivery
are two prominent examples directly related to human health [9]. Preclinical experiments
have shown that microrobotics pave the way for reshaping surgical interventions and
reducing the side effects of drugs. Although there are challenges to be resolved for clinical
translation, microrobotics offer a remedy for the cure of many diseases. The future potential
of microrobotics for treatments is detailed using cancer, one of the global health problems.

Various drugs have been developed and implicated in clinical use to treat cancer and
prevent its recurrence. Despite the considerable efforts and technological breakthroughs,
the success rate of the drugs is still low since only 0.7% of the given dosage level can
be delivered to cancer cells [10, 11]. For this reason, drug treatments are not feasible
for most patients. In this case, complicated surgery is necessary to extract the cancerous
tissue. Conventional surgical interventions utilize techniques that make use of tools such
as scalpels, tweezers, and micro-scissors. Such interventions are invasive and cause large
wounds to the patients. Severe side effects like hemorrhage and metastasis might occur
during a relatively long recovery period. The cancerous tissue can also be in a region
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difficult to reach with the tools, so performing surgery may not be possible. Microrobotics
overcome restrictions in cancer treatment by providing non-invasive access to tissues.
Micro-agents, the end-effector of microrobotic systems, are able to be coated with nano-
particle drugs and manipulated toward the cancer tissue [12]. Upon therapeutic micro-
agents reach the desired location, triggering the release renders (1) concentrating drug
particle delivery to the cancer cells for the successful treatment and (2) minimizing the side-
effects of the drugs, patient recovery time, and pain. Manupilibility of micro-agents for
concentrating drug particles in a specific tissue opens an avenue to shift medical practices
(not limited only to cancer treatment) towards interventions using microrobotic systems
(Fig. 1.1-(a)) [13—15]. One of the most conspicuous interventions are ophthalmic therapies
[16], fertilization [17], blood clot breakdown [18], and biopsy [19] (Fig.1.1-(b)-(e)).

To date, systems have been developed for diverse microrobotics applications, including
therapeutic interventions, to manipulate micro-agents in a controlled manner [22-24]. The
structure of systems often consists of a macroscopic actuation setup, micro-agents having
polymeric or biological entity bodies, and an imaging unit for localization. The actuation
setups generate forces to manipulate micro-agents. The dynamic motion of micro-agents
is achieved by propulsion and steering forces [25, 26]. The propulsion force is generated
by (1) external power provided using the actuation setups [27], (2) conversion of chemical
energy into kinetic energy [28], and (3) a micro-organism containing cilia or flagella [29].
Regardless of the propulsion force generation, micro-agents are steered using fields or
gradients produced by external stimuli such as magnetic, ultrasound, light, and electrostatic
[2]. Among these, the magnetic field is preferable due to the ease of control and fast
response time. The key feature of the magnetic field is that it does not attenuate inside
the human body and allows manipulation of micro-agents towards hard-to-access regions.
Therefore, magnetic actuation techniques have progressed substantially in recent years.
Sophisticated actuation setups, consisting of electromagnetic coils or permanent magnets
that enclose the workspace, have been designed to manipulate agents inside the tissue or
vessels by generating the required field intensity (Fig. 1.2) [30]. Additionally, much effort
has been directed to fabricating therapeutic agents that respond to the magnetic field.

Photolithography-based manufacturing techniques have been extensively used to fabri-
cate micro-agents [36—38]. The standard lithography techniques, in which the negative
photoresist is exposed to the light using patterns, allow the fabrication of micro-agents
with planar 2D and 2.5D geometries down to 10 nm resolution (Fig. 1.3-(a)) [39]. Direct
laser writing (DLW), defined as lithography-based additive manufacturing technology,
overcomes limitations in the standard techniques by enabling 3D printing of micro-agents
with intricate geometries (Fig. 1.3-(b)) [40, 41]. In order to fabricate biocompatible and
biodegradable micro-agents containing drug particles, DLW provides a printing resolution
down to 100 nm [42]. For manipulation, magnetic particles are sputtered on the surface
of the micro-agent in the post-fabrication stage or directly mixed with the printing resin
[43, 44]. An alternative to lithography-based techniques is biotemplating, also known as
biohybrid micro-agent fabrication. Biotemplating allows utilizing cells and organisms
as micro-agents by attaching magnetic nanoparticles to their surfaces via electrostatic
interactions (Fig. 1.3-(c)) [2, 3]. The superiority of biotemplating is that the fabricated
micro-agents do not cause cytotoxic effects on the cells since they consist of biocompat-
ible elements. As in the lithography studies, it has been experimentally validated that
micro-agents fabricated using biotemplating can transport drugs to cells [45]. Although
therapeutic micro-agents with high architectural complexity are able to be fabricated with
plenty of methods like lithography and biotemplating, sensor integration is not feasible
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Figure 1.1: Example applications of microrobotics in healthcare. (a) Targeted drug delivery in a tumor-
bearing mouse using biohybrid micro-agents [13]. (b) Minimally invasive ocular surgery using a micro-agent
[20]. (c) Sperm delivery to an egg cell with a magnetic helix carrier [17]. (d) Blood cloth breakdown using a
helical micro-agent [18]. (e) Tissue extraction using magnetic and thermo-responsive micro-gripper [21].
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Figure 1.2: Various developed systems for the manipulation of micro-agents using magnetic fields. (al)-(a3)
The systems generate controlled field intensity and gradients with stationary coil configurations [20, 31, 32],
respectively. (b) An coil array placed in a delta arm for clinical scenarios [33]. (c1) and (c2) Articulated
mechanisms that manipulate the micro-agents by rotating the permanent magnets [34, 35], respectively.
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due to size limitations [27, 46, 47]. Therefore, imaging modalities are used as external
sensors to obtain three necessary components for successful manipulation: localization of
micro-agents, path planning via visualizing surrounding tissue, and target identification.

Micro-agents and physical surroundings are able to be visualized under in vivo and
in vitro conditions using magnetic resonance imaging (MRI), single-photon emission
computed tomography (SPECT), fluoroscopy, ultrasound, photoacoustic, and optical
imaging. Among the modalities, MRI has a unique feature that enables simultaneous
manipulation and visualization of the micro-agents [53—-55]. Gradient coils inside the
MRI machine generate field intensity for both propulsion and steering of the micro-agents.
Acquired MRI images also contain visualization of both micro-agents and anatomical
structures with a relatively high contrast-to-noise ratio (Fig. 1.4-(a)). However, MRI is not
a suitable modality for microrobotics applications that require real-time image acquisition
since it suffers from relatively low temporal resolution. Similar to MRI, SPECT provides a
relatively high temporal resolution and a low acquisition rate that hinders its use for the
real-time manipulation of micro-agents (Fig. 1.4-(b)) [56]. Besides, the relatively narrow
and enclosed working space of SPECT restricts the integration of the actuation setups.
Compared to SPECT, fluoroscopy [23, 31, 57, 58] and ultrasound [59-62] ensure (1) real-
time image acquisition and (2) a relatively larger working space that allows the integration
of stationary and articulated actuation setups. The shortcoming of the ultrasound is that
the acquired images are inherently noisy and contain relatively high-intensity artifacts,
which hamper the visualization of micro-agents (Fig. 1.4-(c) and (d)). The photoacoustic
technique, defined as light-induced ultrasound imaging, makes it possible to increase
the acoustic intensity of micro-agents containing metals. The light absorption of the
metals emits ultrasound waves, which render resolving micro-agents from artifacts and
surrounding tissue by contrast enhancement (Fig. 1.4-(e)) [63—-65].

Optical imaging techniques provide shallow imaging depth compared to the previously
mentioned imaging methods. Optical coherence tomography (OCT), endoscopy, fluores-
cence imaging, and microscopy are the techniques used in the microrobotics field. Among
these, OCT has the maximum imaging depth and allows visualization of the micro-agents
in the tissue up to 1-2 mm (Fig. 1.5-(a)) [67]. Fiber-optic endoscopes are employed to
deliver micro-agents in the gastrointestinal tract and visualize them on the surface area
owing to their flexible structures (Fig. 1.5-(b)) [68]. In vivo fluorescent imaging is used
to visualize micro-agents within the mice by collecting emitted light using a camera (Fig.
1.5-(c)). In order to localize the micro-agents within the whole body, mice are visualized
using bright-field imaging and then overlaid on the acquired fluorescent images [14, 69,
70]. Optical microscopes are the essential tools for initial studies and organ-/lab-on-a-chip
applications of microrobotics (Fig. 1.5-(d)) [27, 71]. Bright-field microscopy is the most
widely used technique due to its ease of use, allowing label-free image acquisition, and
relatively high-temporal resolution [61, 72-75]. However, acquired bright-field images do
not provide encoded information for tracking and identification (Fig. 1.5-(e)). Besides, the
height differences between micro-agents and surroundings cause blurring since bright-field
microscopes do not acquire focussed images from multiple planes. Single-band fluores-
cence microscopy ensures visualization of micro-agents with a higher contrast-to-noise
ratio compared to bright-field [19, 23, 60, 76]. The bottleneck of the acquired images is
that they do not provide information about surroundings, which is the required component
for manipulation. This thesis introduces multicolor microscopy to render an entire sample
containing micro-agents visible by fluorescence imaging. The main contribution of this
thesis is that direct identifications of micro-agents, targets, and surroundings are obtained
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Figure 1.3: Three commonly used techniques for micro-agent fabrication. (al) and (a2) Cell carrier [38] and
thermo-responsive micro-gripper fabrication [48] using standard photolithography, respectively. (b1)-(b3) 3D
printed micro-agents with intricate geometries [14, 49, 50], respectively. (c1)-(c4) Biohybrid micro-agents
fabricated by adding magnetic nanoparticles to the surface of sperm [3], microalgae [45], bacteria [51], and
chlorella cell [52], respectively.
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Figure 1.4: Visualization of micro-agents using medical imaging modalities. (a) Magnetic resonance image
showing the motion of micro-agents in a blood vessel [55]. (b) Single-photon emission computed tomography
of the micro-agents containing a radioactive compound inside the mouse [56]. (c) Ultrasound images show
the tumbling motion of micro-agents under in vitro and ex vivo conditions [66]. (d) The fluoroscopic image
sequence shows the movement of a micro-agent in a rabbit aorta [31]. (e) Photoacoustic versus ultrasound
imaging of a micro-agent inside a tissue [65].
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Figure 1.5: Visualization of the micro-agents using optical imaging techniques. (a) Optical coherence
tomography image of a micro-agent inside the tissue [67]. (b) Visualizing a micro-agent cluster on the surface
of a pig stomach with an endoscopic system [68]. (c) In vivo fluorescence imaging of the micro-agents in a
mouse [69]. (d) Bright-field imaging of a micro-agent inside a decellularized vessel [71]. (e) Single-band
fluorescence microscopy for a micro-agent in a channel [77].

in real-time by color assignment to spectrally resolved images using multicolor microscopy.
Fabrication, imaging, and actuation setups are designed and assembled to demonstrate that
real-time multicolor microscopy provides the required clear visualization for a wide range
of microrobotics applications. The following section explains the working principle of
multicolor fluorescence microscopy in detail.
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Figure 1.6: 2D ultraviolet-visible-near Infrared spectrum of a fluorescent dye (Rhodamine 6G). The spectrum
data is downloaded from SpectraViewer (Thermo Fisher Scientific Inc., USA).

Multicolor Fluorescence Microscopy

The working mechanism of the multicolor fluorescence microscopy technique is based
on staining a sample using fluorophores with different spectral characteristics [78, 79].
A fluorophore is a chemical compound that absorbs the incoming light at a specific
wavelength, defined as excitation wavelength, and emits light at a longer wavelength,
defined as emission wavelength. Although the overlap between excitation and emission
spectrum exists, there is a difference between peak wavelengths, known as the Stokes
shift (Fig. 1.6). In order to perform fluorescence imaging, non-overlapping excitation
and emission wavelength ranges are selected using optical filters. Thus, excitation light
is blocked and only emitted fluorescence light is collected for spectrally resolved image
formation. Relatively narrow wavelength ranges for excitation and emission enable image
acquisition from different spectrum bands using multiple fluorophores. Acquired spectrally-
resolved images are overlaid to form a single multicolor image upon assigning the pseudo-
colors (color coding), which render identification, discrimination, and tracking of each
micro-component in a sample [80].

A wide range of fluorophore combinations is available to visualize an entire sample with
color-coding. Conventional fluorescent dyes, endogenous fluorophores, and fluorescent
proteins have a relatively small Stokes shift, emit light between the ultraviolet to near-
infrared spectra, and allow image formation with up to six colors [81-83]. Since the
current fluorophore technology is optimized for single-band fluorescence microscopy, it
puts a color barrier for multicolor microscopy [84]. In order to break the color barrier,
fluorophore groups that can be excited with the same wavelength range and have different
emission spectrums hold potential [85]. Another appealing remedy for breaking the color
barrier is quantum dots, which are excited with ultraviolet light and have tunable emission
spectra [86]. Excitation of multiple fluorophores (including quantum dots) with the same
wavelength range enables performing multicolor microscopy up to ten colors and decreases
the design complexity of the microscopes. Once the fluorophore combination is determined
depending on the application and the number of wavelength bands (color channels), optical
components are selected for microscope design. Multicolor image formation by efficiently
collecting the emitted light requires matching the spectra of the fluorophore combination
and microscope components (e.g., light sources, imaging sensors, dichroic beam splitters,
filters, lenses) [87].

Widefield [88], total internal reflection (TIRF) [89], confocal [90], light sheet [91],
and two-photon microscopes [92] have been designed to acquire multicolor fluorescence
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images using diverse fluorophore groups. Widefield microscopes form multicolor images
by simultaneously exciting the fluorophore molecules in samples along the illumination
path. TIRF microscopes generate thinner optical sections than widefield microscopes
to decrease blurring effects in the formed multicolor fluorescence images. In contrast
to TIRF and widefield microscopes, confocal microscopes use point illumination (via a
spatial pinhole) to block out-of-focus fluorescence light and render image formation with
higher contrast. Light sheet microscopes scan samples with optical sectioning and allow
multicolor image formation with a higher speed than confocal microscopes. Compared to
other microscopes, two-photon microscopes excite the fluorophores using near-infrared
femtosecond lasers for multicolor image acquisition from deeper inside the tissue (up to
1.6 mm). Regardless of their design, multicolor microscopes often excite fluorophores
simultaneously or sequentially to acquire spectrally resolved images.

Simultaneous excitation of the fluorophores ensures image acquisition without delay
through a common optical path [79, 93]. Since combining multiple fluorophores induce
spectral overlap, simultaneous excitation leads to crosstalk and disables the coding of a
micro-object using a unique color. Sequential excitation of the fluorophores overcomes the
crosstalk by wavelength multiplexing and provides spectrally resolved images containing
direct segmentation of each micro-object for unambiguous color-coding [94]. However, the
specific time interval between each spectrum band causes a lower rate of multicolor image
acquisition with sequential excitation than simultaneous excitation. Based on the details
provided regarding multicolor microscopy, the following section presents the research
questions tacked in this doctoral study to design an imaging system for microrobotics.
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Research Objectives

R.Q. 1 How to acquire visualization of mobile micro-agents and dynamic surroundings
with encoded information for clear visualization?

The field of microrobotics benefits from the advances in micro/nano-fabrication tech-
nologies [25, 95]. Although micro-agents with intricate geometries can be fabricated,
size limitations create a barrier to sensor integration. Therefore, imaging modalities
have been employed as external sensors to validate the functionalities of the micro-
agents. In the literature, samples containing micro-agents have been visualized using
medical (e.g., magnetic resonance imaging, fluoroscopy, ultrasound) [53, 56, 65, 96,
97] and optical imaging techniques (e.g., optical coherence tomography, bright-field,
fluorescence) [67, 71, 98]. Acquired images provide spatial resolution for manipulation
of the micro-agents to desired targets. However, they do not contain information on the
identification of micro-agents, targets, and surrounding media, which are the three main
components for the manipulation. Besides, images are often acquired with a grayscale
colormap, which hinders the distinction of the micro-agents from physical surroundings
[31, 65, 67]. Encoding each manipulation component with a visual cue can facilitate
recognition, localization, and tracking, enabling the necessary clear visualization. This
doctoral thesis first introduces a microscopy technique that generates images fully
encoded with a visual cue for the application domain of microrobotics.

R.Q. 2 How to design a real-time multicolor fluorescence microscope for magnetic
microrobotics applications?

Performing multicolor fluorescence microscopy for microrobotics has four challenges.
(1) Real-time multicolor image acquisition (> 3 frames per second) by relatively fast
spectrum band changing (multiplexing) is an essential request in microrobotics. (2)
There might be height differences between micro-agents and surroundings. The mul-
ticolor microscope should allow focused image acquisition from different planes to
correct blur associated with the height differences. (3) Fluorophores have a limited
lifespan, and the intensity of emitted photons decreases during the image acquisition
due to photobleaching. Excitation with minimal time interval is necessary to prolong the
imaging duration [93]. (4) The combination of multiple fluorophores leads to crosstalk
due to overlap in excitation and emission spectra [99]. Crosstalk disables unambiguous
identification by rendering micro-objects visible in more than one spectrum band. Re-
search conducted in this dissertation addresses these challenges to develop a multicolor
microscope for microrobotics applications. The microscope is employed to visualize
samples containing magnetically-actuated micro-agents.

R.Q. 3 How to build a coil driver for magnetic manipulation of the micro-agents?

Only commercial drivers have been used to manipulate the micro-agents by powering
the electromagnetic coils [32, 100-104]. Most drivers amplify pulse width modulation
(PWM) signals to generate the magnetic field intensity in a controlled manner. The
effect of PWM frequency on the magnetic field generation has not been considered
in the actuation systems. Besides, the drivers are designed for applications requiring
relatively low PWM frequencies. Magnetic fields with relatively high frequencies have
been employed in the applications such as controlled drug release from the therapeutic
micro-agents. A coil driver for both manipulation and release decreases the complexity
of the actuation systems designed for targeted drug delivery using micro-agents. This
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thesis fills the gap in the literature by presenting (1) a driver architecture to power the
coils with higher PWM frequencies compared to conventional drivers and (2) PWM
frequency selection for the coil used in the magnetic manipulation. Multiple drivers
are built and coupled with an electromagnetic coil array to manipulate micro-agents. In
order to obtain automated quantitative data about the micro-agents as well as the non-
magnetic organic bodies mobilized by the micro-agents, a visual tracker is implemented.

R.Q. 4 How to visually track magnetically-actuated micro-agents without using
specific detection and thresholding procedure?

In most studies, micro-agents are tracked with various imaging modalities to verify their
functionality, provide feedback for the controllers and obtain quantitative information
[105-108]. The tracking methods used in the literature indicate a two-stage pattern:
micro-agents detection in each frame and application of the Kalman filter for noise
cancellation. This pattern is prone to failure since detecting micro-agents in each
frame is not feasible due to the lack of robustness and complex image dynamics.
Besides, detection methods require thresholding procedures, and values change by
image. The detection fails unless the thresholding values are appropriately tuned. When
the detection stage fails, the Kalman filter can not accurately estimate the positions of
the micro-agents. This thesis presents a visual tracking framework to overcome the
shortcomings in the tracking methods for the micro-agents. It is demonstrated that the
framework can track the micro-agents without a specific detection and thresholding.

1.4 Thesis Outline

This doctoral thesis is organized to address the stated research questions in three parts
containing five chapters. Part I (Chapters 2-4) presents the scientific tools for microscopy,
actuation, and tracking. A widefield fluorescence microscope is developed to excite
the fluorophores in a round-robin manner and synchronously acquire spectrally resolved
images.Chapter 2 addresses R.Q. 2 by describing the optical and electronics layout
of the developed multicolor microscope. A tumor environment is created by placing
cancer cell spheroids and polystyrene beads as surrogates for therapeutic micro-agents
in a microfluidic channel. The tumor environment is used as an experimental testbed
to validate that multicolor microscopy provides spectrally resolved image acquisition of
micro-agents, organic bodies (cancer cell spheroids), and surrounding media (microfluidic
channel). Experiments are devised to demonstrate that the round-robin image acquisition
strategy (1) delineates spatial compartments without crosstalk, (2) reduces photodamage
on the fluorophores for prolonging imaging time, and (3) permits real-time multicolor
microscopy by relatively fast spectral multiplexing.

Chapter 3 provides an answer for R.Q. 3 and presents the electronic system of the coil
driver, designed to actuate micro-agents using field gradients or rotating fields. The driver
is tested by studying the effect of varying pulse width modulation (PWM) frequencies on
ohmic loss, current, and magnetic field. Besides, finite element simulations are performed
to visualize field fluctuation and force acting on a permanent magnet at varying PWM
frequencies. Chapter 4 addresses R.Q. 4 and introduces template-based visual tracking
of micro-agents using the sum of squared differences and normalized cross-correlation
cost functions. In template-based tracking, a micro-agent is localized once and tracked
by computing its motion parameters between two consecutive frames. The performance
of the template-based tracker is demonstrated by tracking micro-agents with different
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geometries in 2D ultrasound and bright-field microscope images. Additionally, multi-
rate state estimation is applied to obtain intersample states of the micro-agents between
two consecutive measurement instants. The output of the visual tracker is provided as a
measurement to the state estimators for upsampling the actual image acquisition rate.
The tools developed in Part I (Chapters 2-4) are used in Part II (Chapter 5) to
report the performance of real-time multicolor microscopy through experiments in which
micro-agents are manipulated using magnetic fields. For the experiments, fluorescent and
magnetic micro-agents at varying aspect ratios are fabricated using the electrospinning
technique. Chapter 5 answers R.Q. 1 by visualizing the fabricated micro-agents within an
open reservoir, 3D tumor-on-a-chip, and vasculature networks. Various imaging experi-
ments are conducted to validate that multicolor microscopy generates color-coded images
in real-time for mobile micro-agents and dynamic surroundings. A microfluidic chip is
developed to achieve the following: (1) Immobilizing a single cancer spheroid in a fixed
location for micro-agent attachments. (2) Establishing a stable and controllable platform
for multicolor image acquisition. (3) Maintaining micro-agents attached spheroids for
dynamic and long-term multicolor image acquisition. Single and cluster micro-agents are
attached to immobilized cancer cell spheroids in the chip as a proof-of-concept targeted
drug delivery demonstration. In order to demonstrate that multicolor microscopy provides
spectrally resolved visualization of the micro-agents within vascularized environments, two
experimental testbeds are employed: (1) in vitro perfusable vascular network engineered
on a microfluidic system and (2) ex ovo chorioallantoic membrane of the chick embryo.
Part III (Chapter 6) concludes this thesis by connecting the main findings in Chapters
2-5 with the envisioned microrobotics applications. Chapter 6 presents future directions
regarding the fabrication of micro-agents containing drug particles, visualizing drug release
using live-cell imaging, and performing multicolor microscopy under in vitro conditions.

Research Framework and Scientific Outputs

The research project presented in this thesis has been supported by the European Research
Council under the European Union’s Horizon 2020 Research and Innovation programme
under Grant 638428—project ROBOTAR: Robot-Assisted Flexible Needle Steering for
Targeted Delivery of Magnetic Agents. The scientific tools (multicolor fluorescence
microscope, electrospinning setup, orthogonal array of four iron-core electromagnetic coils
with drivers) are assembled at the Surgical Robotics Laboratory — Laser and Imaging Lab
SRL-LIL, Department of Biomechanical Engineering, University of Twente, Enschede,
the Netherlands. All the experiments have been carried out at the SRL-LIL. Polymer
solutions for fluorescent and magnetic micro-agent fabrication using the electrospinning
technique have been prepared at the Histology Laboratory at the University of Twente.
The microfluidic channel molds have been fabricated at the Nanolab facility of the MESA+
at the University of Twente. Cancer cell spheroids, in vitro vascular network, and ex
ovo chick embryo have been prepared by the Vascularization Laboratory, Department
of Biomechanical Engineering, University of Twente, the Netherlands. The context of
this doctoral thesis has been created with the following journal papers and conference
proceedings published or under review:
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PREFACE

Multicolor fluorescence microscopy is a powerful imaging technique that enables the visu-
alization of complex and dynamic biological systems by encoding spatial compartments
with colors. Generating color-coded images, which helps make micro-objects distinguish-
able, is the unique feature of multicolor microscopy compared to other imaging techniques,
including magnetic resonance imaging, computed tomography, and ultrasound. Part I
(Chapters 2-4) of this doctoral thesis combines multicolor microscopy with the field of
microrobotics and introduces custom-made scientific tools to track magnetic agents by ac-
quiring color-coded images. The research conducted in the first part starts with presenting
a multicolor microscope developed for visualizing micro-agents and physical surroundings
by spectral resolving. The microscope is designed using a 3D non-vascularized tumor
model for the envisioned microrobotics application of drug delivery.

The tumor model is created by randomly placing cancer cell spheroids and polystyrene
beads as surrogates for therapeutic agents in a microfluidic channel. A microscope design
to be used in manipulation by acquiring color-coded visualization of end-effector (micro-
agents), target (spheroids), and path (surrounding media) requires the identification of
three considerations. (1) Visualization of mobile micro-agents and dynamic surroundings
demands real-time multicolor microscopy, which is possible with relatively fast image
acquisition from different spectrum bands using a common optical path. (2) There is a
height difference between the micro-components in the tumor model. Focused spectrally
resolved image acquisition from multiple planes is necessary to generate multicolor flu-
orescence images without blur caused by height differences. (3) Optical elements in the
microscope are selected according to the fluorophores, which render agents, spheroids,
and channels visible in different spectrum bands. Fluorophores with fairly well-separated
spectrum characteristics and relatively high photobleaching resistance are also essential
for real-time multicolor image acquisition without crosstalk. Chapter 2 explains the
multicolor fluorescence microscope development by addressing these considerations.

The multicolor microscope provides a relatively large working space to integrate
actuation systems that mobilize micro-agents using external stimuli. Magnetic fields,
widely preferred external stimuli, are employed to acquire real-time multicolor fluorescence
images containing mobile micro-agents. Time-varying magnetic fields for the remote
actuation are generated in a controlled manner using a coil array. Chapter 3 describes a
circuit architecture to power the coils by amplifying pulse width modulation (PWM) signals
and details the driver design requirements for magnetic manipulation systems. PWM is a
commonly used technique to control the magnetic field intensity since it has the advantage
of relatively high efficiency, low power losses, and noise immunity. The architecture allows
powering the coils with higher PWM carrier frequencies than the commercial drivers used
in magnetic manipulation studies. Various coil types are powered with the driver to show
the relationship between PWM carrier frequency and fluctuations in the magnetic field,
which has never been questioned in prior works. In order to extract automated quantitative
information about magnetic actuation from the multicolor fluorescence images, a visual
tracker is implemented.

Chapter 4 proposes a framework for tracking mobile micro-agents regardless of their
shapes. The working mechanism of the framework is computing motion parameters
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between the previous appearance and the recently collected image of a micro-agent.
Computing motion parameters enable tracking of micro-agents without any detection and
thresholding procedure. Visual tracking methods are prone to failure due to complex image
dynamics, sudden changes, and residual error in the optimization. Multiple experiments
show that the framework is resilient to quick intensity changes, abrupt motions, and drift
caused by residual error accumulation. The tracking framework is combined with multi-rate
state estimation to (virtually) increase the position information between two consecutive
frames. This method provides a remedy for upsampling the position measurement of
micro-agents in case images can not be acquired fast enough.
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2. Serial Imaging of Micro-Agents and Cancer
Cell Spheroids in a Microfluidic Channel using

Multicolor Fluorescence Microscopy
\_

Note: The following content is an adapted version of the paper "Serial imaging of
micro-agents and cancer cell spheroids in a microfluidic channel using multicolor
fluorescence microscopy" by M. Kaya, F. Stein, J. Rouwkema, I. S. M. Khalil, and S.
Misra published in "PLoS One", 16(6), €0253222, June 2021. u

Abstract

Multicolor fluorescence microscopy is a powerful technique to fully visualize many bi-
ological phenomena by acquiring images from different spectrum channels. This study
expands the scope of multicolor fluorescence microscopy by serial imaging of polystyrene
micro-beads as surrogates for drug carriers, cancer spheroids formed using HeL a cells,
and microfluidic channels. Three fluorophores with different spectral characteristics are
utilized to perform multicolor microscopy. According to the spectrum analysis of the fluo-
rophores, a multicolor widefield fluorescence microscope is developed. Spectral crosstalk
is corrected by exciting the fluorophores in a round-robin manner and synchronous emitted
light collection. To report the performance of the multicolor microscopy, a simplified 3D
tumor model is created by placing beads and spheroids inside a channel filled with the
cell culture medium is imaged at varying exposure times. As a representative case and
a method for biohybrid drug carrier fabrication, a spheroid surface is coated with beads
in a channel utilizing electrostatic forces under the guidance of multicolor microscopy.
Our experiments show that multicolor fluorescence microscopy enables crosstalk-free and
spectrally-different individual image acquisition of beads, spheroids, and channels with
the minimum exposure time of 5.5 ms. The imaging technique has the potential to monitor
drug carrier transportation to cancer cells in real-time.
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Introduction

The functionalization of tetherless manipulatable micro-agents as drug carriers offers a
remedy for required dose delivery to cancer cells. Microfluidic channels have been used as
a controlled experimental environment to validate the effectiveness of such micro-agents
[109, 110]. Since the channels are fabricated using optically transparent materials, mi-
croscopy is the most widely used method for imaging [111]. Among the microscopy
techniques, fluorescence microscopy is the most effective way to visualize a specific target
structure with a relatively high contrast-to-noise ratio by eliminating the background. In the
literature, only micro-agents are imaged and localized using single-band fluorescence mi-
croscopy [14, 60, 70, 77, 98, 112, 113]. To study the drug transportation mechanism using
micro-agents, imaging and localization of cancer cells and channels are also required. In
this study, a multicolor widefield fluorescence microscope is developed to serially acquire
images of micro-agents, cancer cells, and microfluidic channel. The main contribution of
this study is that multicolor fluorescence microscopy is applied for spectrally-different and
high-contrast visualization to monitor the interaction between micro-agents and cancer
cells in a channel.

In numerous application domains ranging from single-cell visualization to rapid diag-
nosis, multicolor fluorescence microscopy is recognized as a key emerging technology
[79, 81, 88, 93, 114—-122]. The working principle of this microscopy technique is based
on performing imaging using spectrally-different conventional fluorescent dyes [88], en-
dogenous fluorophores [81], fluorescent proteins [123], or quantum dots [124]. Relatively
narrow excitation and emission wavelength ranges enable image acquisition from different
spectrum bands with multiple fluorophores. Acquired spectrally-different images, defined
as individual fluorescence images, are overlaid to form a multicolor fluorescence image.
Different configurations are developed to perform multicolor fluorescence microscopy. The
simplest way is to collect multicolor images using a combination of an imaging sensor and
single-band filters. Individual fluorescence images are collected by changing the filters with
different bandwidths [116, 125]. However, performing imaging by positioning the filters
either manually or using a motorized drive creates a delay and limits the image acquisition
rate. An appealing solution for stationary components is to use a multi-band emission
filter [88, 120]. Since the delay associated with the spectrum band change is removed, the
acquisition is limited by the frame rate of the imaging sensor. Depending on the spectrum
of the fluorophores, the acquired images suffer from crosstalk [119]. To minimize the
crosstalk, emitted light from the fluorophores is separated using dichroic mirrors and direct
to individual imaging sensors using a common optical path [79, 81, 114, 115, 121]. Under
simultaneous excitation of the fluorophores, the individual images still contain crosstalk
due to the overlapping of emission spectra [93]. To overcome crosstalk, our multicolor
microscope is configured to excite one fluorophore at a time and synchronously trigger
the designated camera for individual image acquisition. We experimentally validate that
the crosstalk is corrected by the assignment of emitted light from each fluorophore to the
specified camera.

For imaging experiments, cancer cell spheroids with a diameter of 200 yum are formed
using HeLa cells and placed inside a microfluidic channel filled with cell culture medium
to create a simplified 3D tumor model. Polystyrene beads with a diameter of 20 um are
employed as surrogates for drug carriers and injected in the channel [5, 126, 127]. In our
simplified tumor model, there are height differences between beads, spheroids, and channel.
To form focused multicolor fluorescence images using widefield microscopy, individual
image acquisition from different focal planes is required. Since micro-structures in the pre-



2.2
2.2.1

2.2.2

2.2 Materials and Methods 37

viously used samples have almost the same height, defocus correction is not addressed for
widefield multicolor imaging [78, 88, 121, 128]. In this study, our multicolor fluorescence
microscope is specially developed for defocus correction by spectrally-different image
acquisition from multiple focal planes within the simplified tumor model. Fluorescein,
CellTracker Red CMTPX, indocyanine green, fluorophores with different spectral prop-
erties, are used to render beads, spheroid, and channel visible by fluorescence imaging,
respectively. Spectrum analysis of the fluorophores is carried out using a spectrofluo-
rometer to determine effective wavelength ranges for excitation and fluorescence photon
emission. Fluorophores are excited in a round-robin manner, and acquired individual
images in one-round are overlaid to form time-lapse multicolor images. The achievable
maximum multicolor image acquisition rate using the round-robin method is measured
by exposure time analysis. Photobleaching curves of the fluorophores are studied to de-
termine the duration of the multicolor imaging. To demonstrate the application of the
microscope for the investigation of drug targeting, HeLa cell spheroids are coated with
micro-beads utilizing electrostatic forces. An optical flow method is used to compute
motion information between consecutive time-lapse images. Our experiments show that
multicolor fluorescence microscopy enables more information collection for localization
and providing feedback by image acquisition from multiple spectrum bands compared to
bright-field and single-band fluorescence microscopy.

Materials and Methods

Spectrum Analysis

Excitation and emission spectrum of the fluorophores are measured using a spectrofluorom-
eter (FP-8300, Jasco, Japan) in the range of 200 nm and 900 nm with 1 nm data interval.
For spectrum analysis, 2.5 M indocyanine green (12633-25MG, Sigma-Aldrich, USA)
solution is prepared by dissolving 1.5 tg indocyanine green in 700 uL fetal bovine serum
(16000044, Thermo Fisher Scientific, USA). The solution is placed in a water bath at 37°C
for 2 hours to bind indocyanine green to proteins in the culture medium [129]. A 10 uM
working CellTracker Red CMTPX (Thermo Fisher Scientific, USA) solution is prepared
in a serum-free medium by mixing 50 ug CMTPX dye in the vial with 7.29 ul dimethyl
sulfoxide (D2650-100ML, Sigma-Aldrich, USA). Micro-beads stained with fluorescein
(42-00-204, Micromod, Germany) are obtained in a solution form. 2 ul. CMTPX and
micro-beads solutions are diluted with 700 L Milli-Q water and placed in quartz cuvettes
(CV10Q700F, Thorlabs, USA) for the analysis. The spectrum graphs are illustrated in
Fig. 2.1-(a). The peak excitation and emission wavelengths are measured as 492 nm and
513 nm for fluorescein, 583 nm and 611 nm for CMTPX, and 773 nm and 799 nm for
indocyanine green, respectively. The multicolor widefield fluorescence microscope is
developed based on the spectrum analysis for effective excitation of the fluorophores and
accurate emitted light collection.

Multicolor Fluorescence Microscope Architecture

The microscope consists of illumination and emission units. The illumination unit gener-
ates discrete light beams with the center wavelengths of 470 nm, 565 nm, and 780 nm for
sharp excitation of the fluorophores using three individual narrow-spectrum light-emitting
diodes (LEDs) (M470L3, M565L3, M780LP1, Thorlabs, USA). The spectrum of LEDs is
plotted in Fig. 2.1-(f). LEDs are collimated using 20 mm focal length aspheric condenser
lenses (ACL2520U-A, ACL2520U-B, Thorlabs, USA) and coupled with filters (ET470/40x,
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Figure 2.1: Optical layout of the multicolor fluorescence microscope developed for monitoring interaction
between polystyrene micro-beads as surrogates for drug carriers and cancer cells in a microfluidic channel.
(a) Two-dimensional excitation and emission spectrum of fluorescein, CellTracker Red CMTPX, and
indocyanine green measured by a spectrofluorometer in the range of 200 nm and 900 nm. The peak excitation
and emission wavelengths are shown with vertical lines. (b) and (h) Illumination and emission units. (c)
and (g) Spectrum of excitation and emission paths, respectively. (d) and (e) [llumination and microscope
objectives that employed for focusing excitation light on the sample and collection of emitted light from the
fluorophores, respectively. (f) Spectrum of light-emitting diodes.
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ET572/35x, ET775/50x, Chroma, USA) for selection of the excitation wavelengths. Gen-
erated three discrete and collimated light beams are combined using two dichroic mirrors
(T6601pxrxt, TS10lpxrxt, Chroma, USA) for excitation of the fluorophores using a single
optical path. The spectrum for the excitation path is shown in Fig. 2.1-(c). Collimated light
provides non-homogeneous illumination, which results in artifact formation in the acquired
fluorescence images. To achieve uniform illumination, Kohler illumination is used [130].
Collimated light is focused for Kohler illumination using a 150 mm focal length plano-
convex lens (LA1417, Thorlabs, USA). K&hler optics is constructed with the combination
of a 150 mm focal length bi-convex lens (LB1374, Thorlabs, USA), a 75 mm focal length
plano-convex lens (LA1145, Thorlabs, USA), and two iris diaphragms (SM2D25D and
CP20S, Thorlabs, USA). The incoming light is first focussed and then collimated using
bi-convex and plano-convex lenses, respectively. Images of the LED chips are obtained on
the front focal plane of the plano-convex lens. A protective silver mirror (PF10-03-PO01,
Thorlabs, USA) is utilized to direct the collimated light. A 10x long working distance
objective lens (Plan Apo, Mitutoyo, Japan) is employed to focus the excitation light on
the sample. The objective is placed in a way that its back focal plane intersects with the
image plane of LED chips. To control illumination area and intensity at the sample plane,
two individual irises (i.e., field and aperture diaphragms) are placed to back focal planes
of plano-convex and objective lenses, respectively. Emitted light from fluorophores is
collected using a 5x long working distance objective (Plan Apo, Mitutoyo, Japan) and
transmitted towards the emission unit by a protective silver mirror (PF20-03-P01, Thorlabs,
USA). The emission unit separates the emitted fluorescence light into its spectral compo-
nents for individual image formation of channels, HeLa cells, and micro-beads using two
dichroic mirrors (DMLP567L and DMLP805L, Thorlabs, USA). Individual fluorescence
light beams are directed onto tube lenses (ITL200, Thorlabs, USA) to form images onto
complementary metal-oxide-semiconductor (CMOS) cameras (CS135MUN, DCC3240N,
Thorlabs, USA). To block excitation light and select fluorescence wavelengths, emission
filters (ET845/55m, ET623/60m, ET520/40m, Chroma, USA) are placed in front of the
cameras. The spectrum for the emission path is plotted in Fig. 2.1-(g).

Demultiplexer Interface

Simultaneous excitation of the fluorophores leads to crosstalk between acquired fluores-
cence signals due to spectral overlap (Fig. 2.1). To prevent crosstalk, the microscope is
coupled with a demultiplexer interface to excite fluorophores in a round-robin manner
and synchronically acquire fluorescence images using two individual pulse trains. Mul-
ticolor fluorescence images are obtained by overlapping serially acquired images from
three different spectrum ranges in one round. The demultiplexer interface architecture
and timing diagram are illustrated in Fig. 2.2. Pulse train signals are generated using
a dual-channel signal generator (33510B, Keysight, USA). A demultiplexer integrated
circuit (74HC4052, Texas Instruments, USA) is used to distribute generated pulses to the
corresponding LED driver (LEDD1B, Thorlabs, USA) and CMOS camera by channel
selection using a microcontroller. Line drivers and voltage followers are connected to the
inputs and outputs of the circuit to match the impedance and provide isolation, respectively.

Cell Culture and Spheroid Formation

HelLa cells are cultured in Dulbecco’s modified Eagle’s medium (11-965-092, Fisher
Scientific Ltd. Canada), supplemented with 10%, fetal bovine serum (F7524-500ML,
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Figure 2.2: Demultiplexer Circuit Diagram. Schematic representation of the demultiplexer interface used
for preventing crosstalk between fluorophores by synchronically triggering light-emitting diodes (LEDs) and
complementary metal-oxide-semiconductor (CMOS) cameras in a round-robin manner using two individual
pulse trains. (a and c¢) Architecture and computed frequency response plot of the demultiplexer circuit. (b)
Timing diagram for input pulse trains generated using a signal generator (33510B, Keysight, USA) and
output trigger signals for each LED and CMOS sensor combination.

Sigma-Aldrich, USA), and 1% penicillin-streptomycin (15-140-122, Thermo Fisher Scien-
tific Inc., USA). During the culture period, the cells are maintained at 37°C in a humidified
atmosphere containing 5% carbon dioxide. In the 2D cell culture, the medium is changed
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Figure 2.3: HeLa cell spheroid formation. (a) Schematic of cell spheroid formation in microwell array
from micropatterned agarose well. (b) After the expansion of HeLa cells in standard tissue culture plates,
cells were transferred into agarose microarrays for 3D cell spheroid formation with a diameter of 200 um.
Circularity and diameter of the spheroid versus time are plotted in (b2) and (b3), respectively.

every 48 hours. When cells reach 80% confluency, the cells are trypsinized, counted, and
resuspended in cell culture medium at a concentration of 2 x 10° cells/ml. In the next step
0.2 mL of cell suspension is then placed on top of an agarose mold, which was previously
placed in the well of a 12-well plate for spheroid formation (Fig. 2.3-(a)). This results
in spheroids which on average contain approximately 270 cells. Half of the medium is
replaced daily. For measuring the spheroid morphology, images are taken every day (Fig.
2.3-(b)). The measured spheroid perimeter is used to determine the average spheroid
diameter by calculating the surface area.

Agarose Molds

Agarose microarrays for nonadherent 3D cell culture are formed by replica molding [131].
Elastomeric stamps of polydimethylsiloxane (PDMS) (Sylgard 184 Silicon Elastomer Kit,
Dow Corning, USA) are molded over the SU-8 photoresist master. Before use, the stamps
are sterilized by 30 minutes incubation in 70% ethanol (84010059.5000, Boom Lab, the
Netherlands). Afterward, 3% agarose (weight/volume) (16500500, ultra-pure agarose,
Invitrogen, USA) is cast onto the PDMS stamps and placed into 12-well round-bottom
plates after polymerization. Each agarose mold contains 1500 microwells with depth and a
diameter of 200 um.
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Cell Labelling using CMTPX and Fixation

The 10 uM CMTPX working solution is prepared in a serum-free medium and subsequently
incubated for 30 minutes with the cells in monolayer and spheroids which have compacted
for 3 days under cultivation conditions. Afterward, the working solution is removed, and
the culture medium is added again. For long-term storage, HeLa cell spheroids stained
with CMTPX are fixated for 15 minutes with 4% formaldehyde (F8775-25ML, Sigma-
Aldrich, USA) at room temperature. This is followed by washing twice with Dulbecco’s
phosphate-buffered saline.

Microfluidic Channel Fabrication

To create a simplified 3D tumor model, HeLa cell spheroids stained with CMTPX are
embedded in microfluidic channels with a height of 187 um using a micropipette. The
channels are fabricated using a standard soft lithography process [132]. Negative molds
of microfluidic channels on a silicon wafer are prepared in the cleanroom using SU-8
photoresist. A mixture of 10:1 Sylgard 184 PDMS and the curing agent is poured onto the
wafer and cured in the oven at 70°C overnight. The cured PDMS layer is gently removed
from the wafer, and inlet-outlet ports are punched. Finally, the microfluidic channels are
obtained by bonding the PDMS layer to a microscope slide using plasma-oxidation. For
imaging experiments, the microfluidic channels are filled with 250 ptg/ml indocyanine
green in the culture medium [133].

Image Acquisition

The image acquisition and post-processing software is implemented in MATLAB (version
R2017b, Mathworks Inc., USA) and run on a 64-bit Windows 10 computer, which has an
Intel(R) Core(TM) 17-6700 CPU running at 3.40 GHz and 32 GB of RAM. The signal
generator is configured through Ethernet communication to generate pulse trains for
external trigger and exposure time. 8-bit grayscale fluorescence images with the size of
1280 x 1024 pixels captured by CMOS cameras are transmitted to the computer through
the USB 3.0 interface. In our samples, micro-beads and microfluidic channels are located
at different image planes with respect to HeLa cell spheroids due to height differences.
For multicolor fluorescence microscopy, the objective lens is focused on the image plane
of the spheroids. Focused fluorescence images of beads and channel are obtained by
placing each camera at a calibrated distance away from the tube lenses [131]. In order to
align the images, CMOS cameras are coupled with a combination of the kinematic mirror
(KM200CP/M, Thorlabs, USA) and XY translation mounts (ST1XY-S/M, Thorlabs, USA)
that allows pixel shift elimination by fine positioning. An overview of our microscope
assembly is shown in Fig. 2.4.

Results

Multicolor Fluorescence Image Acquisition

We report the performance of the multicolor fluorescence microscope by imaging micro-
beads and HeLa cell spheroids placed inside a microfluidic channel. Fig. 2.5-(a) and (b)
show the multicolor imaging areas with 5x and 10 x objectives, respectively. Fluorophores
are excited between 450 nm and 490 nm, 554.5 nm and 589.5 nm, and 750 nm and 800 nm,
for fluorescein, CMTPX, and indocyanine green, respectively (Fig. 2.6-(a)). To acquire
8-bit individual grayscale images of beads, spheroids, and channel with the minimum
noise level, emitted light from the fluorophores is collected with 0 dB gain and 66 ms
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Figure 2.4: Multicolor fluorescence microscope used for real-time image acquisition of microfluidic channel,
HeLa cell spheroids, and micro-beads in a round-robin manner. Scale bar: 100 pm.

exposure time in the wavelength ranges of 500-540 nm, 592.5-667.5 nm, and 817.5-875.5
nm, respectively. Multicolor fluorescence images are formed by overlapping acquired
individual fluorescence images with dimensions of 1231 um x 983 um (horizontal x
vertical). Fig. 2.6 shows multicolor image formation for two representative cases. Acquired
individual grayscale images are shown in Fig. 2.6-(b)-(d) and formed multicolor images
are shown in Fig. 2.6-(f). For visualization and interpretation of the multicolor images,
intensity values in grayscale images of beads, spheroids, and channel are represented using
black-green, black-red, black-blue color maps, respectively. To reveal further details in the
multicolor images, the region of interests (ROIs) with dimensions of 521 ym x 417 um
are magnified and shown in Fig. 2.6-(g). The channel contains higher beads concentration
in Fig. 2.6-(g2) than Fig. 2.6-(gl). Although relatively high bead concentration leads
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Figure 2.5: (a) and (b) Multicolor image formation using 5x and 10x microscope objectives, respectively.

to occlusion in the multicolor image (Fig. 2.6-(f2)), individual images include complete
visualization of the beads, spheroids, and channel (Fig. 2.6-(b2)-(d2)). Our experiments
validate that multicolor microscopy enables occlusion-free visualization of the sample by
spectrally-different image acquisition.

Crosstalk Analysis for the Multicolor Fluorescence Microscopy

Crosstalk analysis is carried out to visualize the effect of excitation light and emitted fluo-
rescence signals on the acquired individual fluorescence images [119, 134]. Fluorophores
are excited with single, double, and triple combinations of the center wavelengths at 470
nm, 565 nm, and 775 nm. Emitted fluorescence signals are simultaneously acquired from
500-540 nm, 592.5-667.5 nm, and 817.5-875.5 nm spectrum bands for micro-beads, HeL.a
cell spheroids, and microfluidic channel, respectively. According to the status of the center
wavelength, we observe the following:

* 470 nm: ON, 565 nm: OFF, 780 nm: OFF (Fig. 2.7-(al)): Fluorescence signal
emitted from beads is collected without crosstalk from the 500-540 nm band. Rela-
tively low-level crosstalk makes beads and spheroid visible in the image acquired
from 592.5-667.5 nm band. No crosstalk is observed at the image acquired from the
817.5-875.5 nm band.

* 470 nm: OFF, 565 nm: ON, 780 nm: OFF (Fig. 2.7-(a2)): No crosstalk is observed at
the images acquired from the 500-540 nm and 817.5-875.5 nm bands. Fluorescence
signal emitted from spheroid is collected without crosstalk from the 592.5-667.5 nm
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Figure 2.6: Multicolor fluorescence image formation. (al)-(a3) Contour plots represent the spectrum of
fluorescein, CellTracker Red CMTPX, and indocyanine green measured by a spectrofluorometer at varying
excitation and emission wavelengths, respectively. (b)-(d) Acquired raw individual fluorescence images of
micro-beads, HeLa cell spheroids, and microfluidic channel from different spectrum bands, respectively. (e)
Merged fluorescence image of beads and spheroids. (f) Formed multicolor fluorescence image by overlapping
acquired spectrally-different individual images. (g) Magnified view of the region of interest (ROI) defined on
the multicolor image for revealing further details. Scale bar: 50 um.
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band.

* 470 nm: OFF, 565 nm: OFF, 780 nm: ON (Fig. 2.7-(a3)) and 470 nm: OFF, 565 nm:
ON, 780 nm: ON (Fig. 2.7-(a5)): No crosstalk is observed at the 500—-540 nm band.
Emitted light from the medium inside the channel is collected without crosstalk from
the 817.5-875.5 nm band. The excitation light generated by 780 nm LED is collected
from the 592.5-667.5 nm band and blocks the image acquisition.

* 470 nm: ON, 565 nm: ON, 780 nm: OFF (Fig. 2.7-(a4): Fluorescence image of
beads is acquired from 500-540 nm band. The image acquired from the 592.5-667.5
nm band contain beads, spheroid, and channel as a result of crosstalk. Besides,
excitation of CMTPX by 470 nm LED results in increasing the fluorescence signal
intensity emitted from spheroid Fig. 2.1-(a). No crosstalk is observed at 817.5-875.5
nm band.

* 470 nm: ON, 565 nm: OFF, 780 nm: ON (Fig. 2.7-(a6)) and 470 nm: ON, 565
nm: ON, 780 nm: ON (Fig. 2.7-(a7)): Spectrum analysis shows that there is no
overlap between fluorescein and indocyanine green (Fig. 2.1-(a) and Fig. 2.6-
(a)). However, the emission filter used for image acquisition of beads (ET520/40m,
Chroma, USA) transmits the light with the wavelength range of 791-1000 nm (Fig.
2.1-(g)). Therefore, both beads and channel are visible at the image acquired from
500-540 nm. Excitation light generated by 780 nm LED blocks the image acquisition
from 592.5-667.5 nm band. Fluorescence image of channel is acquired without
crosstalk from 817.5-875.5 nm band.

The crosstalk is corrected and the blockage is removed by exciting the fluorophores in

a round-robin manner and synchronically trigger cameras for individual image acquisition
(Fig. 2.7-(a8)). The effect of crosstalk on the individual images acquired using continuous
(Fig. 2.7-(a7)) and round-robin (Fig. 2.7-(a8)) methods is quantified by image quality
assessment using structural similarity index measure (SSIM) metric [135]. Single-band
fluorescence images of micro-beads (500-540 nm band), HeLa cell spheroid (592.5-667.5
nm band), and microfluidic channel (817.5-875.5 nm band) are used as references for
the measurements (Fig. 2.7-(al)-(a3)). SSIM values for the individual images of beads
(Fig. 2.7-(f1)) and spheroid (Fig. 2.7-(f2)) acquired using the continuous method are
computed as 0.24 due to the crosstalk and the blockage, respectively. Individual images of
the channel are acquired using both continuous and round-robin methods with the SSIM
value of about 0.91 (Fig. 2.7-f(3) and g(3)). Since indocyanine green is not able to be
excited with 470 nm and 565 nm LEDs and the emission filter (ET845/55m, Chroma,
USA) blocks the fluorescent photons emitted from fluorescein and CMTPX (Fig. 2.1). We
compute that the individual images are acquired using the round-robin method with the
SSIM values of above 0.90, which enables spectral unmixing of micro-beads, HeLa cell
spheroid, and microfluidic channel for dynamic real-time imaging (Fig. 2.7-(g)).

Exposure Time Analysis

Exposure time (7), defined as the amount of time that a photodetector is subjected to the
light for image formation, is the key factor for the maximum frame acquisition rate. For
simultaneous multicolor imaging, the maximum frame acquisition rate equals 1/(7) [88,
118, 121]. Since a multicolor image is formed by the sequential acquisition of emitted
fluorescence light from three different spectrum bands using the round-robin method, the
maximum frame rate is computed as 1/(37). To determine the maximum achievable frame
rate, individual fluorescence images with the size of 1280 x 1024 pixels are captured with
a 5 fps increment starting from 5 fps to 60 fps. The multicolor images at varying exposure
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overlapping acquired images. (f) and (g) Quantitative crosstalk analysis by computing structural similarity
measure index between reference images (REF) and images acquired using continuous (CON) and round-
robin (RR) methods, respectively. Scale bar: 100 pm.



2.34

48 Chapter 2. Multicolor Fluorescence Microscope

times are shown in Fig. 2.8-(a). To reveal details of beads, spheroid, and pillar inside the
channel, magnified views of the ROI defined on the multicolor image plane are shown
in Fig. 2.8-(b). Both camera gain and LED power versus exposure time are plotted in
Fig. 2.8-(c). Spectrally-different fluorescence images of micro-beads, HeLa cell spheroid,
and microfluidic channel are acquired with 1 dB gains until 33 ms exposure time, which
enables frame acquisition up to 10 fps without the noise associated with amplification. For
enhancing fluorescence signal intensity, gains are increased to 5.3 dB when the exposure
time is 33 ms for channel, 13.2 ms for beads, and 9.4 ms for spheroid, respectively.

To study the effect of exposure time on the multicolor fluorescence images, horizontal
lines are defined on the beads, spheroid, and channel for contrast characterization [136].
Pixel intensities on the lines versus exposure time are plotted in Fig. 2.8-(d). When the
exposure time is decreased from 66.0 ms to 5.5 ms for multicolor image acquisition with
60 fps, maximum pixel intensities of beads and channel drops by 13.3% and 25.6% at the
full excitation power, respectively. No change is measured for the maximum pixel intensity
of the spheroid since the increase in both LED power and camera gain bypasses the
drop regarding exposure time. Peak signal-to-noise ratio (PSNR) and structural similarity
index measure (SSIM) are used to quantify the multicolor image quality [135]. For both
measurements, ROI acquired with 66.0 ms exposure time is used as the reference and
computed values versus exposure time are plotted in Fig. 2.8-(e). We compute that
decreasing exposure time from 33 ms to 5.5 ms reduces PSNR and SSIM by 27.6%
and 12.9%, respectively. Our imaging experiments show that multicolor fluorescence
images are able to be acquired at full sensor resolution up to 60 fps, which equals to
maximum frame acquisition rate of the CMOS camera used for microfluidic channel
imaging (DCC3240N, Thorlabs, USA).

Uptake of Indocyanine Green by HelLa Cell Spheroids

Indocyanine green is a near-infrared fluorescent dye and one of its prominent application
domains is cancer cells labeling [137, 138]. The microfluidic channels contain indocyanine
green in the culture medium, which is a suitable environment for fluorescence labeling of
cells. HeLa cell spheroids stained with CMTPX uptake indocyanine green after placed in
the channels and becomes visible in the acquired individual fluorescence images of the
microfluidic channel (Fig. 2.6). Time-lapse imaging for dynamic uptake of indocyanine
green in spheroids is shown in Fig. 2.9-(a) and (b). The effect of staining a spheroid with
CMTPX and indocyanine green uptake on the formed multicolor fluorescence images are
shown in Fig. 2.9-(c). CMTPX and indocyanine green enable dual-color fluorescence
microscopy for the spheroid by image acquisition from 592.5-667.5 nm and 817.5-875.5
nm spectrum bands. Therefore, four-color fluorescence microscopy is performed utilizing
fluorescein, CMTPX, and indocyanine green for dynamic imaging of micro-agents and 3D
cancer cell spheroids in a microfluidic setup.

We observe that heating of the illuminated area results in a temperature gradient, which
creates a flow inside the channel. To image the flow, a microfluidic channel contains 250
ug/ml indocyanine green in the culture medium is continuously excited. The acquired time-
lapse image sequence is shown in Fig. 2.9-(d). For the first 81 minutes, indocyanine green
bleaches so pixel intensities drop. The flow starts to bring the non-bleached fluorescent
molecules area to the imaging area at 81-minutes, and pixel intensities start to increase
(Fig. 2.9-(d2)). The effect of the flow on a spheroid is shown in Fig. 2.9-(b). Indocyanine
green uptake is saturated at 30-minute and then the fluorescence signal decreases until
95-minutes as a result of photobleaching. The spheroid starts to uptake the non-bleached
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Figure 2.8: (a) Multicolor fluorescence images at varying exposure times. (b) Magnified view of the region
of interest (ROI). (c1) and (c2) Camera gain and LED power during the image acquisition, respectively.
(d1)-(d3) Intensity profiles of the lines defined on the beads, spheroid, and channel, respectively. (el) and
(e2) Measured peak signal-to-noise ratio and structural similarity measure index between multicolor images

in (b) and the reference (multicolor image with 66.0 ms exposure time), respectively.
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Figure 2.9: (a)-(b) Time-lapse imaging for dynamic uptake of indocyanine green in a HeLa cell spheroid. (c)
Effect of staining a spheroid using both CellTracker Red CMTPX and indocyanine green on the multicolor
fluorescence images. (d) Time-lapse imaging of the flow created by temperature gradient. (b2) and (d2)
Expressing effect of the flow on the fluorescence signal by plotting normalized pixel intensities over time on
the defined red-lines in (bl) and (d1), respectively.
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indocyanine green molecules brought by the flow at 95-minutes (Fig. 2.9-(b2)). Our
imaging experiments show that the flow created by temperature gradient prolongs the
imaging time of both microfluidic channels and HeL a cell spheroids at 817.5-875.5 nm
band by recovering the fluorescence signals [139].

Photobleaching Resistance

When a fluorophore starts to be excited, emission light intensity decays over time. After
a decay time, the emission of fluorescence photons is not possible due to irreversible
photochemical alterations in the fluorophore molecules. This phenomenon is called photo-
bleaching [140]. The photobleaching resistance of fluorescein, CMTPX, and indocyanine
green is studied using time-lapse multicolor fluorescence microscopy of micro-beads, HeLLa
cell spheroids, and microfluidic channels, respectively. Multicolor fluorescence images are
acquired under constant excitation power for 60 minutes with 66.0 ms, 33.0, 22.0, and 16.5
ms exposure times (Fig. 2.10-(a)). To express the effect of the photobleaching mechanism
on the emitted fluorescence intensity, the normalized average intensity profiles of beads,
spheroids, and channels over time are plotted in Fig. 2.10-(b). When the exposure time
is 16.5 ms, we compute that the normalized average intensity of beads, spheroids, and
channels decreases to 0.8 at 1.1 minutes, 29.5 minutes, and 60.0 minutes, respectively.
Compared to fluorescein and indocyanine green, CMTPX exhibits a greater photobleaching
resistance. Although beads and channels are not fully visible in the fluorescence images
due to photobleaching, the spheroids are imaged with the normalized average intensity
of more than 0.8 (Fig. 2.10-(a3) and (a4)). We also observe that the flow created by
temperature gradient and indocyanine green uptake by spheroids create a fluctuation in
the intensity profile of the microfluidic channel (Fig. 2.9 and Fig. 2.10-(b3)). The flow
also fully recovers fluorescence imaging of microfluidic channel when the exposure time
is 66.0 ms. Fluorescence recovery is not observed when the exposure time is lower than
66.0 ms. Imaging with higher exposure times increases the rate of recovery owing to a
decrease in the photodamage on the fluorescence molecules brought by the flow [139].

Photodamage Analysis

Performing excitation in a round-robin manner inherently prolongs the fluorescence imag-
ing time by reducing the photodamage on the fluorophores. To monitor the effect of
photodamage on fluorescein, CMTPX, and indocyanine green, time-lapse fluorescence
microscopy with continuous and round-robin excitation methods is performed for micro-
beads, HeLa cell spheroids, and microfluidic channel, respectively (Fig. 2.11). Pho-
tobleaching curves are obtained by computing normalized average intensity over time
for photodamage characterization (Fig. 2.11-(a2)-(c2)). Our experiments show that the
round-robin excitation method increases the fluorescence half-lives of beads, spheroids,
and channels 2.0-fold, 1.6-fold, and 1.5-fold, respectively. Approximately 0.5-fold drop
in the half-lives of spheroid and channel is measured since CMTPX and indocyanine
green are also excited by LEDs with the center wavelengths of 470 nm and 565 nm as a
result of spectral overlap, respectively (Fig. 2.7). We also observe that the flow created by
temperature gradient does not occur with the continuous excitation due to relatively high
excitation power [139]. On the other hand, round-robin excitation enables flow generation
and fluorescence signal recovery of the channel by decreasing the photodamage on the
indocyanine green.
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Figure 2.10: The effect of photobleaching mechanism on multicolor fluorescence microscopy under constant
excitation power. (a) Time-lapse multicolor fluorescence images at varying exposure times. (bl)-(b3)
Normalized average intensity profiles of micro-beads, HeLa cell spheroids, and microfluidic channel,
respectively. Scale bar: 100 um.
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Figure 2.11: The effect of continuous and round-robin excitation methods on photodamage mechanism.
(al)-(cl) Acquired time-lapse fluorescence images of micro-beads, HeLa cell spheroids, and microfluidic
channel, respectively. (a2)-(c2) Photobleaching curves by computing normalized average pixel intensity in
each image. (a3)-(a4) — (c3)-(c4) Intensity profiles of the lines defined on beads, spheroids, and channel,
respectively. Scale bar: 100 pum.

Real-time Multicolor Fluorescence Microscopy

HelLa cell spheroids and polystyrene micro-beads are negatively and positively charged,
respectively. Utilizing electrostatic forces, beads are able to be attached to the surface of
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spheroids without functionalization, which a self-assembly method used for biohybrid
micro-agent fabrication [3]. As a representative application, the attachment of micro-beads
to a HeLa cell spheroid in a microfluidic channel is imaged using multicolor fluorescence
microscopy. For the imaging experiment, the channel is fixed on the sample holder attached
to a translation stage (PT3/M, Thorlabs, USA). The holder is manually and randomly
moved in horizontal and vertical directions until no further bead capture by the spheroid
takes place due to the neutralization (Fig. 2.12). Individual fluorescence images of the
beads, spheroid, and channel are acquired with 22 ms exposure time and 5.3 dB gain at 15
fps and overlaid to form multicolor images. The motion of beads, spheroid, and channel
between consecutive individual fluorescence images are analyzed using the Lukas-Kanade
optical flow technique [141]. The analyzed motion at 63 seconds and 518 seconds is
represented as three independent vector fields and overlaid onto the fluorescence images
(Fig. 2.12-(c)). Our experiment shows that individual motion of micro-agents, 3D cancer
cell spheroids, and microfluidic setup is able to be imaged in real-time by spectrally
different image acquisition.

Conclusions

This study presents multicolor fluorescence microscopy to visualize polymeric drug car-
riers, organic bodies, as well as their surroundings. Polystyrene micro-beads and Hela
cell spheroids are employed as an example of polymeric drug carriers and organic bodies,
respectively. We develop a simplified 3D tumor model to validate spectrally-different
image acquisition of beads, spheroids, and channel, using multicolor fluorescence mi-
croscopy. A multicolor widefield fluorescence microscope is developed as a tool to acquire
images from three different spectrum bands using a common optical path. To correct the
spectral crosstalk, fluorophores with fairly well-separated emission spectra are excited in
a round-robin manner and the emitted light is synchronously collected. In this study, we
experimentally validate that multicolor fluorescence microscopy enables crosstalk-free vi-
sualization of beads, spheroids, and channel by individual image acquisition from different
spectrum bands with a minimum exposure time of 5.5 ms. Our measurements show that
multicolor fluorescence microscopy using round-robin method provide clear visualization
by containing direct segmentation of beads, spheroids, and channel. We utilize multicolor
fluorescence microscopy for real-time visualization of the interaction between drug carriers
and cancer cells in a microfluidic channel.
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Figure 2.12: Multicolor fluorescence microscopy for the attachment of polystyrene micro-beads to a HeLa
cell spheroid surface utilizing electrostatic forces. (a) Time-lapse multicolor fluorescence image sequence
acquired at 15 frames per second. (b) The analyzed motion using Lukas-Kanade optical flow in ROI(1)
and ROI(2) at 63 seconds and 518 seconds is represented as vector fields and overlaid on the fluorescence
images. The spectrally different motion information of beads, spheroid, and channel is represented using
green, red, and blue arrows, respectively. (c) Time-lapse fluorescence image sequence of beads and spheroid.
(d) Neutral HeLa cell spheroid covered with micro-beads. (e) Gradients of the images in (d) for contrast
visualization. Scale bar: 100 yum.






3. Development of a Coil Driver for
Magnetic Manipulation Systems

Note: The following content is an adapted version of the paper "Development of a coil
driver for magnetic manipulation systems" by M. Kaya, U. Sakthivel, I. S. M. Khalil,
and S. Misra published in "IEEE Magnetics Letters", 10(1), pages 1-5, December 2019.

Abstract

Pulse width modulation (PWM) is the most commonly used technique to drive electromag-
netic coils in magnetic manipulation systems. Relatively low PWM frequencies generate
high magnitude current ripple and magnetic field fluctuation. In this study, coils are pow-
ered by a driver at PWM frequencies close to their self-resonant frequencies to generate
high-frequency magnetic fields and minimize current ripple and magnetic field fluctuation.
In order to protect the driver against the penetration of stray electromagnetic and magnetic
fields, a multi-layer shielding enclosure is employed. The coil driver is used to study
the effect of varying PWM frequencies on current, magnetic field, and ohmic loss using
Helmbholtz, air and iron core coils. The current ripple magnitude is significantly minimized
when the coils are driven at PWM frequencies close to their self-resonant frequencies. This
results in reduction of magnetic field fluctuation and provides more accurate measurement
of magnetic field magnitude. Our experiments show that increasing the PWM frequency
from 100 Hz to 25 kHz decreases the current ripple and magnetic fluctuation by two orders
of magnitude, and a negligible effect on the ohmic loss.
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Introduction

The field of magnetic manipulation has been witnessing a substantial progress in recent
years. Its most prominent application domains are minimally invasive surgery, drug deliv-
ery, assembly of micro-scale objects [5, 100, 142]. Electromagnetic coils produce magnetic
fields by inducing current through the loops. These coils are used in magnetic manipu-
lation systems by adjusting the amplitude of the current [73]. Pulse width modulation
(PWM) is the most frequently used technique to control the current, since it provides
high efficiency, low power loss, and robustness to noise [143]. However, PWM produces
high magnitude current ripples at relatively low frequencies. As a result of the current
ripples, magnetic field fluctuation occurs. These fluctuations limit the operating time of
the coils and decrease the predictability of the field, which is an essential component for
the manipulation.Although coil configuration has been extensively studied for magnetic
manipulation systems, there is a lack in the literature regarding development of coil drivers
for precise magnetic manipulation [144—-148]. The relationship between PWM frequency
and magnetic field fluctuation has not been considered. The majority of drivers used
in the literature are designed for low-frequency drive applications. PWM resolution in
such drivers also changes with the PWM frequency, which leads to relatively low motion
resolution for the manipulation.

In this study, a coil driver is developed to minimize the magnetic field fluctuations and
improve the motion resolution of magnetic manipulation systems. A multi-layer shielding
enclosure is specifically machined to protect the driver by blocking stray magnetic and
electromagnetic fields. Unlike the drivers used in magnetic manipulation systems, coils are
driven at higher PWM frequencies which are close to their self-resonant frequencies using
the developed coil driver [149-153]. This method minimizes magnetic field fluctuation by
reducing current ripple magnitude, which provides more predictable field. In addition, the
developed driver is essential for the applications where the high-frequency magnetic field
generation is required like hyperthermia-based drug delivery using magnetic micro-agents
[154]. Magnetic manipulation and drug release can be performed using the developed
driver without an external magnetic induction unit, which decreases the complexity of the
system. The driver is experimentally validated using Helmholtz, air and iron core coils.
At varying PWM frequencies, current through coil terminals, magnetic field magnitude,
and ohmic loss are monitored (Fig. 3.1). Finite element analysis is also performed to
simulate the effect of varying PWM frequencies on the current, magnetic field, ohmic loss,
and magnetic force. In the following section, coil driver architecture is explained. The
experimental setup and our results are presented in Section 3.3.

Coil Driver

Driver Architecture

The lumped element model of a coil consists of an inductor (L) in series with a resistor (R)
and a capacitor connected in parallel with L and R [151]. When the voltage is applied to
the coil, current reaches its steady-state value at five times coil time constant (57). 7 is the
required time for a current to reach its 63.2% steady-state value and calculated as L/R. If
the PWM signal with a frequency of 1/(57) is applied to coils, sawtooth current waveform
(also known as current ripple) is observed. The peak-to-peak amplitude of the current ripple
minimizes when PWM frequency is on the order of 1/(57). The frequency can be increased
up to coil self-resonant frequency (1/(2m+/LC)), since exceeding self-resonant frequency
results in capacitive behavior of the coil. This can also be observed from frequency (f)
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Figure 3.1: Overview of the experimental setup used for monitoring effect of varying pulse width modulation
frequencies on the current through coil terminals, magnetic field, and ohmic loss using the coil driver.
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dependent impedance analysis of the coil (R+ j2nfL)/(j2nfCR — (2rf)?LC +1)). In
order to drive the coils at PWM frequencies that are close to their self-resonant frequencies,
a coil driver is developed.

The developed coil driver architecture is illustrated in Fig. 3.2-(a). The driver circuit is
capable of generating a 14-bit PWM signal and amplifying it up to 1 MHz. PWM signal
with 14-bit resolution is generated by a comparator using cosine wave with reference
voltage. PWM carrier frequency and duty cycle are adjusted by changing frequency of
cosine wave and level of reference voltage, respectively. Cosine wave at desired frequency
and reference voltage are generated using a 14-bit direct digital synthesizer (DDS) and a
16-bit digital-to-analog converter (DAC), respectively. Outputs of both DDS and DAC are
currents that provide high slew rate and robustness to noise. Transimpedance amplifier
is used to convert the output of DDS and DAC currents to voltage. In order to use a
single channel PWM signal for bidirectional coil drive, a combination of logic gates is
configured. Generated PWM signal has a constant resolution of up to 1 MHz, unlike the
conventional drivers. It is amplified using a switch-mode full-bridge amplifier consists of
four metal-oxide-semiconductor field-effect transistors (MOSFETS) driven by two gate
drivers. In order to get precise coil drive, fluctuation in power line during the switching is
filtered using a passive power rail filter with a cutoff frequency of 110 Hz.

Accurate sensing of current through coil terminals is one of the vital elements of
any designed driver for a precise magnetic manipulation, since current data is used to
fed back to the controllers. For current sensing, a four-wire Kelvin resistor is connected
between the full-bridge amplifier and ground. The output of Kelvin resistor is connected
to differential amplifier. Offset measurement circuit is built to cancel the inherent offset
voltage of the differential amplifier. In order to measure offset voltage of the amplifier, a
second differential amplifier circuit is built and its outputs are connected to the ground
[155]. Since the voltage difference between input terminals is zero, output signal equals
offset voltage of the amplifier. The signal that is obtained using this circuit is subtracted
from the differential input signal for relatively accurate measurements. In addition, a
temperature sensor is placed on the Kelvin resistor to compensate resistor change related
to temperature. Noise characterization of the driver is done by supply and coil voltage
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measurement circuits. 16-bit analog-to-digital converter (ADC) is used to digitize outputs
of current and voltage measurement circuits. Anti-aliasing filters are placed between
the measurement circuit outputs and ADC to filter high-frequency noise. Utilizing the
current and voltage measurement circuits, impedance curve of the coils are obtained. This
property allows characterizing different type of coils without using a specific electronic
equipment. A single board computer (SBC) establishes communication with both ADC
and PWM generator via serial peripheral interface (SPI). The driver is cooled by two
SBC controlled fans placed as push and pull configuration [156]. MOSFET cooling is
additionally maintained by attached heat sinks. Temperature sensors placed on the heat
sink surfaces provide feedback to adjust fan speed.

Magnetic and Electromagnetic Shielding

Magnetic manipulation systems inherently generate stray magnetic and electromagnetic
fields. These fields might damage the driver electronics, since they significantly degrade
the accuracy of both measurement and control signals. Therefore, a proper shielding plays
an important role in precise coil drive and magnetic manipulation. In order to prevent
possible interference, a shielding enclosure is machined using both 1 mm thickness steel
(CR4, cold rolled) and Mu-metal. Although steel has high relative permeability of 100 to
5,000 and generates a low-resistance path for both electromagnetic and magnetic fields,
it might not be enough to attenuate the magnitude of stray fields [157]. On the other
hand, Mu-metal which is a nickel-iron alloy provides extremely high relative permeability
of 80,000 to 100,000 and stronger shielding [158]. When steel and Mu-metal are used
together, interference is attenuated by steel as pre-processing step layer then removed by
Mu-metal. Path resistance is decreased by increasing the number of steel sheets, known as
multi-layer shielding [159], [160]. Therefore, three individual steel sheets are placed in
parallel and isolated using two 3D printed dividers. Inside of these steel layers, a Mu-metal
enclosure is placed to protect sensitive driver parts. Honeycomb structures are placed
onto the side surfaces of the steel and the Mu-metal enclosures to circulate air with fans.
Schematic of the shielding enclosure is illustrated in Fig. 3.2-(b).

Experiments

Finite Element Results

Finite element analysis using ANSYS Electronics (Swanson Analysis Systems Inc., USA)
was performed to simulate magnetic field fluctuation, ohmic loss, and magnetic force. For
simulations, air, vacoflux, and iron core coils were used to visualize both fluctuation and
ohmic loss at varying PWM frequencies. Further, magnetic field fluctuation in and around
Helmholtz coil was simulated to monitor coupling between the coil pair. Dimensions,
equivalent circuits, and computed impedance and phase curves of both air core and
Helmbholtz coils are given in Fig. 3.3-(a). PWM at varying frequencies with 55 V amplitude
and 50% duty cycle was applied to the coils for extreme boundary conditions.
Simulations were run with 15 kHz, 5 kHz, 1 kHz PWM frequencies for air, vacoflux,
and iron core coils, respectively. Low frequency response of the coils was simulated at
100 Hz. Helmholtz coil was simulated at 1 kHz, 10 kHz, and 100 kHz. Simulations show
that substantial magnetic field fluctuation occurs at low frequencies, whereas fluctuation is
significantly reduced at high frequencies (Fig. 3.3-(a)). Substantially improved coupling
between Helmholtz pair and a more uniform magnetic field were observed compared to the
low PWM frequency. Further, the increase in frequency does not highly affect ohmic loss.
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(a) Finite Element Results

(b) Experimental Results
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Figure 3.3: Finite element and experimental results. a) Finite element results of magnetic force acting on a magnet are shown for air core and Helmholtz coils. b)
Experimental results of coil drive are shown for iron core, air core, and Helmholtz coils.
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The effect of PWM frequency on magnetic force ripple acting on 1 mm spherical
magnet using air core and Helmholtz coils were simulated. The magnet locations are
depicted in Fig. 3.3-(a). In order to monitor relationship between PWM frequency and
magnetic force, air core coil was simulated at 100 Hz, 1 kHz, and 15 kHz. Force ripple
magnitudes at these frequencies were computed as 0.22 mN, 0.14 mN, and 0.01 mN,
respectively. For Helmholtz coil, force magnitude ripples at 1 kHz, 10 kHz, and 100
kHz were computed as 0.52 mN, 0.19 mN, and 0.02 mN, respectively. In both of these
simulations, the force ripple magnitude was reduced by nearly 96% when PWM frequency
was changed from lowest to highest frequency. Current and magnetic force waveforms are
plotted in Fig. 3.3-(a).

Electromagnetic and magnetic field attenuation efficiency of the shielding enclosure
was computed using four air core coils and four dipole antennas. Coils and antennas
were arranged to generate 8 mT magnetic field and 430 V/m electric field on the side
surfaces of the enclosure, respectively. Magnetic and electromagnetic field distributions
are shown in Fig. 3.2-(c) and (d). Multi-layer steel configuration attenuates magnetic
and electromagnetic signal amplitudes by 97.82% and 99,99%, respectively (Fig. 3.2-(c)
and (d)). Further, attenuated wave magnitudes by the steel is degraded by 99.99% inside
Mu-metal. Results show that combination of steel and Mu-metal provides strong blockage
against electromagnetic and magnetic contamination.

Experimental Setup

Helmbholtz, air and iron core coils were used to test performance of the coil driver at
varying PWM frequencies. A Hall-effect sensor (49E, YZPST, China) was used to monitor
high-frequency fluctuation in the magnetic field. The sensor was supplied with a DC power
supply (E36313A, Keysight, USA) and its analog output was acquired using an oscillo-
scope (DSOX3014T, Keysight, USA). In order to provide a disturbance free measurement
environment, the experimental setup was mounted on a non-magnetic optical breadboard
(PBG52514, ThorLabs, USA). Coil surface temperature was measured to observe ohmic
losses using six K-type thermocouples (34307A, Keysight, USA). Temperature data was ac-
quired using a data acquisition unit (34901 A and 34972A, Keysight, USA) with a sampling
rate of 1 Hz. In order to provide same air convection conditions during the experiments,
an enclosure cage with a volume of 670 x 920 x 950 mm?> was fabricated [161, 162].
The cage was specifically sealed to avoid any external air flow and keep the effect of coil
temperature on the global temperature at minimum to accurately measure ohmic loss and
eliminate disturbance inside enclosure cage. Air and iron core coils were placed onto a
custom-made 3D printed V-clamp. Teflon slices were placed between the clamp and the
coil to prevent temperature rise and heat conduction. During the experiments, the driver
was supplied with a DC power supply (N8738A, Keysight, USA). The experimental setup
is shown in Fig. 3.1.

Experimental Results

Impedance and phase curves were analyzed using a Hewlett Packard 4194 A impedance/gain-
phase analyzer to determine equivalent circuits and self-resonant frequencies of the coils.
Frequency dependent impedance and phase plots, the equivalent circuits and dimensions of
the coils are plotted in the first two rows of Fig. 3.3-(b). The self-resonance frequencies of
iron core, air core, Helmholtz coils were measured as 40 kHz, 45 kHz, and 65 kHz, respec-
tively. During the experiments, coil surface temperature, current through coil terminals,
and fluctuation in magnetic field at a specified location were monitored at varying PWM
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Figure 3.4: Experimental results of coil drive with varying duty cycles. (a) Impedance and phase curves of
the air core coil used in the experiments. Root mean square current and magnetic field magnitudes versus
duty cycle are shown in (bl) and (b2), respectively. Current and magnetic field ripple magnitudes versus
duty cycle are shown in (c1) and (c2), respectively.

frequencies with 50% duty cycle. Experiments were carried out to monitor low and high
frequency behavior of each coil configuration under constant PWM duty cycle and supply
voltage. All of the coil configurations were driven at 100 Hz and 1 kHz to observe their
low frequency behaviour. In order to monitor high-frequency behaviour of the coils, iron
core, air core, Helmholtz coils were driven at 5 kHz, 15 kHz, and 25 kHz, respectively.
These frequencies were chosen to keep magnitude of current ripple below 20 mA. PWM
signal amplitude was set to 32 V and 25 V for Helmholtz, air core and iron core coils,
respectively. Effect of duty cycle on current and magnetic field ripples was observed by
driving an air core coil with 115 kHz self-resonant frequency. Impedance and phase plots,
the equivalent circuit and dimensions of the coil are shown in Fig. 3.4-(a) and Fig. 3.4-(b).
The coil was driven with varying duty cycles starting from 5% to 95% with 5% increment
at 100 Hz, 1 kHz, and 30 kHz. PWM signal amplitude was set to 30 V to pass 1500 mA
root mean square current (RMS) from the coil when the duty cycle was 90%.

In order to monitor ohmic losses, coil surface temperature was recorded until it ex-
ceeded 60°C, since saturation temperatures of the coil configurations were between 60°C
and 80°C. Initial coil surface temperatures were kept as 29°C. Temperature plots are shown
in the second row of Fig. 3.3-(b). Ohmic loss change between low and high frequencies is
negligible, as observed in the finite element analysis.

Current and magnetic field waveforms of coils at varying PWM frequencies are plotted
in the third and fourth row of Fig. 3.3-(b), respectively. Mean, standard deviation, and
ripple magnitude of current and magnetic waveforms are shown in TABLE 3.1. RMS
and ripple magnitudes of current and magnetic waveforms at varying duty cycles are
plotted in Fig. 3.4-(b) and Fig. 3.4-(c). In accordance with our expectations, magnitudes
of current and magnetic ripples are significantly reduced when the coils are driven at
PWM frequencies close to their resonance frequencies. When PWM drive frequency
of Helmholtz coil is changed from 100 Hz to 25 kHz, ripple magnitudes of current and
magnetic field are reduced 95,81% and 99,40%, respectively. Hence, driving coils at high
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Table 3.1: Mean, standard deviation (std), ripple magnitude (Ripple), root mean square (RMS) of current
and magnetic waveforms are presented to show the effect of PWM frequency on current and magnetic field.

Frequency Mean Std Ripple RMS Mean Std Ripple RMS

Iron Core 100 Hz 3,218 754 280.2 3,219 58.1 1.2 4.3 58.1

Coil 1 kHz 3,212 14.8 51.5 3,212 58.0 0.1 0.7 58.0

5 kHz 3,199 4.6 18.9 3,199 569 0.1 0.5 56.9

. 100 Hz 3,210 3472 1,197.2 3,228 9.6 1.4 5.2 9.7
Air Core

Coil 1 kHz 3,217 354 1206 3,217 95 0.2 0.8 9.5

15 kHz 3,156 1.9 10.1 3,156 8.7 0.1 0.5 8.7

Helmholtz 100 Hz 1,409 4473 14970 1478 304 79 27.1 314

Coil 1 kHz 1,397 47.0 167.3 1,397 30.6 0.8 3.7 30.6

25 kHz 1,397 1.6 9.0 1,397 30.0 0.3 1.1 30.0

frequencies provides nearly two orders of magnitude reduction in ripple magnitudes. This
results in the increasing predictability of the field.

RMS values of both the magnetic field and current magnitudes in response to low and
high PWM frequencies are close to each other, although there is a significant difference
between the ripple magnitudes (see Fig. 3.4 and TABLE 3.1). Even though Teslameters
have been used for measuring the RMS value of the magnetic field waveforms in magnetic
manipulation studies, they are not suitable for monitoring magnetic field fluctuation at
both low and high frequencies [162-164]. This leads to poor current to magnetic field
map, which is one of the key components for magnetic manipulation. On the other hand,
the experimental setup presented in this paper provides the instantaneous magnitude of
the magnetic field and holds a great promise for accurate measurement of both current
and magnetic field ripple magnitudes. Besides, the setup significantly minimizes magnetic
field magnitudes by driving the coils at higher PWM frequencies. Thus, overall efficiency
is significantly improved for precise magnetic manipulation.
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4. A Multi-Rate State Observer for
Visual Tracking of Magnetic Micro-Agents

using Slow Medical Imaging Modalities
\_

Note: The following content is an adapted version of the paper "A multi-rate state
observer for visual tracking of magnetic micro-agents using slow medical imaging
modalities" by M. Kaya, A. Denasi, S. Scheggi, E. Agbahca, C. Yoon, D. H. Gracias,
and S. Misra published in "in Proceedings of the IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS)", pages 1-8, Madrid, Spain, October, 2018. =

Abstract

Minimally invasive surgery can benefit greatly from utilizing micro-agents. These miniatur-
ized agents need to be clearly visualized and precisely controlled to ensure the success of
the surgery. Since medical imaging modalities suffer from low acquisition rate, multi-rate
sampling methods can be used to estimate the intersample states of micro-agents. Hence,
the sampling rate of the controller can be virtually increased even if the position data is
acquired using a slow medical imaging modality. This study presents multi-rate Luenberger
and Kalman state estimators for visual tracking of micro-agents. The micro-agents are
tracked using sum of squared differences and normalized cross correlation based visual
tracking. Further, the outputs of the two methods are merged to minimize the tracking error
and prevent tracking failures. During the experiments, the micro-agents with different
geometrical shapes and sizes are imaged using a 2D ultrasound machine and a microscope,
and manipulated using electromagnetic coils. The multi-rate state estimation accuracy is
measured using a high speed camera. The precision of the tracking and multi-rate state
estimation are verified experimentally under challenging conditions. For this purpose,
an elliptical-shaped magnetic micro-agent with a length of 48 pixels is used. Maximum
absolute error in x and y axes are 2.273 and 2.432 pixels for an 8-fold increase of the
sample rate (25 frames per second), respectively. During the experiments, it was observed
that the micro-agents could be tracked more reliably using normalized cross correlation
based visual tracking and intersample states could be estimated more accurately using
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Kalman state estimator. Experimental results show that the proposed method could be
used to track micro-agents in medical imaging modalities and estimate system states at
intermediate time instants in real-time.

Infroduction

The field of microrobotics has been witnessing a significant progress thanks to the devel-
opments in micro-fabrication, sensing and actuation technologies. Minimally invasive
surgery (MIS) is among one of its most prominent and promising application domains.
Utilizing micro-agents in MIS can reduce patient treatment and recovery time greatly com-
pared to conventional surgery [5]. A successful medical intervention by an operator using
microrobotic agents requires clear visualization, accurate sensing and precise feedback
control. Numerous studies can be found in the literature about micro-agents controlled
using visual feedback. In the following, examples of some of the studies are outlined.

Scheggi et al. [165] investigated the closed-loop control of hydrogel grippers using
electromagnetic actuation and 2D US images for feedback. Further, collision-free paths
were planned using a combination of linear quadratic regulator and rapidly-exploring
random tree algorithms. Keuning et al. [166] controlled paramagnetic micro-particles
using 2D microscope images. Hong et al. [167] extracted the 3D position of microrobots
from 2D microscope images based on digital in-line holography. Further, a cylindrical
permanent magnet was tracked and controlled in 3D. Martel et al. [53] developed a
platform for steering of magnetic nanorobots using magnetic resonance imaging. In order
to provide feedback to the controller, nanorobots were tracked in 3D using their magnetic
signatures. Diller et al. [145] controlled multiple magnetic microrobots in 3D using
magnetic gradient. Microrobots were tracked using two CCD cameras.

The aforementioned studies utilize medical imaging modalities as a feedback source
for the controllers since traditional sensors like encoders cannot be embedded on the micro-
agents due to their small size. But, these imaging modalities suffer from low acquisition
rate. Image acquisition rates of magnetic resonance imaging and computed tomography are
in the range of 10 to 20 frames per seconds (fps) and 6 to 15 fps, respectively. Maximum
image rates of fluoroscopy and ultrasound imaging can reach up to 30 fps and 100 fps,
respectively [5, 168]. An appealing remedy for this drawback is multi-rate state estimation.
This method provides estimates of the system states for intermediate time instants where
measurements are not available. Multi-rate state estimation has been applied to various
fields such as vehicle motion control systems [169], hard disk drive servo control systems
[170], and visual servoing of manipulators [171]. In this study, we propose to apply
multi-rate Luenberger and Kalman state estimators for the visual tracking outputs of micro-
agents in order to have intermediate position data between two consecutive frames. The
contribution of this study is that the multi-rate state estimation is applied to the field of
microrobotics to virtually increase the sampling rate of position data for control using
low-rate visual feedback.

In the literature, detection-based tracking methods are commonly used to find the
micro-agents location in the image plane [165, 166]. In these methods, micro-agents are
first detected in each frame and then Kalman filter is applied for tracking. Detection of the
micro-agents in each frame requires thresholding procedure and values for thresholding
change by image. Thus, tracking is prone to failure unless the thresholding values are
tuned properly. Besides, this approach ignores the motion information of the micro-agents
in the image plane. But, motion information is an important cue and can be used to track
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Figure 4.1: Optical flow analysis of the current frame while a hydrogel gripper is magnetically steered. The
image on the left shows the current 2D ultrasound (US) frame that contains the hydrogel gripper. The image
on the right shows the optical flow field vectors overlaid on the current frame.

the micro-agents. Due to the shortcomings of this approach, micro-agents are tracked in
the image plane using similarity functions also known as template-based tracking. In this
method, an object is detected once and then tracked by calculating its motion parameters
between two close frames without applying any specific detection method. The pixels of
micro-agents have considerable motion information when they are steered. The motion
analysis of an electromagnetically actuated hydrogel gripper with images acquired from
2D US is shown in Fig. 4.1. The motion in this image is analyzed using the Lukas-
Kanade optical flow method [172]. The analyzed motion is represented as a vector field
and overlaid onto the current image that is shown in Fig. 4.1. This example shows that
micro-agents with different shapes can often be visually tracked using similarity functions
with images acquired from any medical imaging modality. In this study, the sum of squared
differences (SSD) and the normalized cross correlation (NCC) cost functions are used
as similarity functions. During the tracking, the outputs of SSD and NCC methods are
merged using Luenberger and Kalman state observers to minimize the tracking error.

In the following section, visual tracking of the micro-agents is explained in detail.
Section 4.3 states the multi-rate state estimation problem. This is followed by observer
based fusion of SSD and NCC visual tracking methods in Section 4.4. In Section 4.5,
experimental setup is introduced and results are given. Finally, conclusions are drawn in
Section 4.6.

Visual Tracking of Magnetic Micro-Agents

Visual tracking provides an estimate of the position of an object in the image plane over
time by registering the previous appearance of the object with the current one. The previous
image is called the template 7 (x), and the recent one is called the current image I(w(x,p)),
where w(x, p) denotes the motion model (also known as warping function). This model
maps the vector x = [x,y] with the x— and y— coordinates of T'(x) onto I(w(x,p)) using
the motion parameter vector, p. The main goal of registration is to find the vector p that
minimizes the difference between 7'(x) and I(w(x,p)) using an optimization algorithm.
Briefly, registration process consists of two consecutive stages performed iteratively. In
the first stage, the similarity between 7'(x) and /(w(x,p)) is measured using a similarity
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Figure 4.2: 3D similarity plots of sum of squared differences and normalized cross correlation cost functions.
Left columns contains similarity plots between I(w(x,p)) and T (x); right column contains similarity plots
between I(w(x,p)) and T>(x). Further, zx and ry are the pixel increments of 7j (x) and 7> (x) with respect to
the center of I(w(x,p)).

function. In the second stage, the vector p is calculated.

SSD and NCC cost functions are used to measure the similarity during the registration
process. In order to evaluate the performance of these functions, a template image 77 (x) is
cropped from /(w(x,p)) that contains the micro-agent. The similarity between this image
pair is measured by translating 7} (x) from -20 to 20 pixels with 1 pixel increment in x—
and y— axes from the center of /(w(x,p)). A second template 7>(x) is also created by
changing the contrast of 77(x) to evaluate the performance of the cost functions under
intensity changes. Similarity values are plotted in Fig. 4.2. As seen from Fig. 4.2, SSD
values reach local minimum and NCC values reach local maximum for two cases in the
center of the plots, which confirms that SSD and NCC cost functions can be used for visual
tracking of micro-agents. In the rest of this section, motion model selection and visual
tracking using SSD and NCC similarity functions are explained.

Motion Model

One of the most significant layers of visual tracking is determining the motion of a micro-
agent in the image plane. The motion model describes the transformation between the
template and current images. The motion of a micro-agent in the image plane can be
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decomposed into translation, rotation, and scaling transformations. These transformations
can be described by an affine motion model, w(x, p) : R? x R® — R?, given as follows:

wx.p) = (1;2171) (1'{3194)} B‘] i Bj ’ @D

where p € R® is the 6-DOF motion parameter vector. Further, the motion model (4.1) can
be used to track micro-agents with different geometric shapes.

During the visual tracking of micro-agents, illumination variations occur in microscope
images and intensity variations occur in other medical imaging modalities (e.g. ultrasound).
For successful tracking, illumination and intensity variations must be compensated. A
scale-offset model can compensate these variations and consequently the compensated
current image I*(w(x,q)), is written as follows:

I(w(x,q)) = (+ 1I(w(x,p)) + B, (4.2)

where (o, ) are the model parameters. Using the affine motion and scale-offset models, a
new parameter vector q € R® where q = [p”, a, 8] are calculated for the transformation
from the template to the current image during the visual tracking. The calculation of q
vector using SSD and NCC cost functions is explained next.

SSD-based Visual Tracking
SSD between I*(w(x,q)) and 7(x) can be computed as:

SSD(q) = Y [I* (w(x,q)) — T(x)*. (4.3)

X

The main goal of SSD-based visual tracking is to find the vector q that minimizes the
SSD between T'(x) and I*(w(x,q)). For this purpose, forward or inverse compositional
methods [173], first order optimization, or efficient second order minimization (ESM)
methods [174] can be used. Forward and inverse compositional methods include calculation
of Hessian matrix. However, calculation of Hessian matrix is computationally expensive.
First order optimization method directly ignores calculation of Hessian matrix. But,
Hessian matrix should be included in the optimization method to increase the precision
of the tracking. In the ESM method, Hessian matrix is estimated using Jacobian of the
current and template images, which makes this method more favorable within the four
optimization methods. Using this estimation approach, tracking becomes more robust
to noise. Besides, its convergence rate is higher as compared to the other optimization
methods since the computation time of the q vector decreases. Therefore, ESM method is
used to find the vector q in this study. Using ESM method, p is iteratively computed by
accumulating Aq in each iteration (q <— q + Aq). Aq is computed as follows:

Aq = —2(J(qo) +J(a.)) " (I* (w(x,q)) = T (x)), (4.4)

where T is the operator for the Moore-Penrose pseudoinverse of a matrix. Further, J(qo)
and J(q.) are the Jacobian of I*(w(x,q)) [175, 176]. Before the iteration loop starts, J(qo)
is pre-computed. During the iterations, first J(q.) is computed and then Aq is calculated
using (4.4). Iterations last until the number of iterations reach a predefined maximum
iteration number or sum of Aq vector elements are smaller than the predefined threshold.
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NCC-based Visual Tracking
NCC between I*(w(x,q)) and T (x) can be computed as:

_ L(IF(w(x,q)) —F)(T(x) - T)
\/ZX(I* (W(X7 Q)) - I_*)Z\/ZX(T(X) - T>2 ,

where T and I* are the mean values of T(x) and I*(w(x,q)), respectively. The main goal
of NCC-based visual tracking is to find the q that maximizes the NCC between 7 (x)
and I*(w(x,q)). Using Newton optimization method, q can be iteratively computed by
accumulating Aq in each iteration (q <— q+ Aq). Aq can be computed with the inverse of
Hessian (H™!) matrix and gradient (g) vector of (4.5) as follows [175]:

NCC(q) 4.5)

Aq=-Hg. (4.6)

Similar to SSD-based visual tracking, iterations last until the sum of the elements of the
vector Aq is smaller than the predefined threshold or the number of iterations reaches the
predefined maximum iteration number.

Pyramidal Implementation

In our experiments, it was observed that the motion of the micro-sized agents can be very
large in the image plane. In this situation, the displacement of the agents between the
previous and the current frames can be large. Hence, the number of iterations to calculate
the motion parameters between the template and current images increases dramatically.
Further, the agents can be so far away from the search region in the image plane that
tracking might fail. In order to increase the convergence rate and robustness of the tracking,
pyramidal implementation of the proposed template-based tracking method is applied.
During the tracking, optimization methods are first applied to the coarsest level of pyramid
and then, results are transferred to the next finer level of the pyramid. The number of
pyramid layer for the frames in our data set and imaging system was selected as two [172].
If the number of pyramid layers in the experiments was more than two, significant texture
loss was observed because our maximum template size is 60 x 60 square pixels.

Template Update Strategy

During the tracking, the template images are updated with a drift correction strategy to
minimize the registration error and prevent template drifts [177]. This strategy consists of
two steps. In the first step, the template and current images are registered. In the second
step, the output image obtained in the first step is registered with the master template. The
master template is the first appearance of the micro-agent and updated every 1.5 X fps
frames. After the second step, the template image is updated with the registration output
obtained in the second step, and the position of the micro-agents is obtained in the image.
This position serves as a measurement of the multi-rate state estimators presented in the
next section.

Multi-Rate State Estimation

In this section, a simplified kinematics-based model used to design the multi-rate state
estimators is described. This is followed by the theory and application of a multi-rate
Luenberger state observer and a multi-rate Kalman filter.
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System Description

In the following, we assume that the dynamics of the micro-agents can be approximated
by a linear and time-invariant model. Further, the influence of deviations of the actual
system from the linear system are modeled with a disturbance term. It is possible to use
a sophisticated nonlinear model for multi-rate state estimation. However, the problem
with such a model is the identification of its parameters and further the validation of these
parameters due to the unavailability of sensors or ground truth in microrobotics. Hence, a
disturbance term is used to locally represent the contributions of such nonlinear dynamics.
The system (plant) dynamics is expressed in continuous-time as follows:

X, = ApcX, +Bycu+Bd, 4.7)
y=Cpex,+Dputv, (4.8)

where x;, € R"” and u € R™ are the state of the plant and the control input, respectively.
Further, d € R", v € R/ and y € R/ represent the disturbance, the measurement noise and
the measured output, respectively. The measurement noise is assumed to be zero-mean,
Gaussian and white. Further, the dynamics of the disturbance term ((4.7) and (4.8)) is
denoted as:

Ny = AucNa +Byew, (4.9)
d=Cyny, (4.10)

where 1y € R™ and w € R" are the state of the disturbance dynamics and an external
driving signal, respectively. The signal w can either be deterministic but unknown or
stochastic with the assumption of being zero-mean, Gaussian and white. If the signal w is
deterministic but unknown and bounded, then a Luenberger state observer can be designed.
But, if the signal w is stochastic with the assumption of being zero-mean, Gaussian and
white, then a Kalman filter can be designed. The plant dynamics given by (4.7)-(4.8)
and the disturbance dynamics given by (4.9)-(4.10) can be combined into the following
augmented system:

x=Ax+Bau+B,w, 4.11)
y=Cx+Du+v, (4.12)

where

Ac — {OAPC BPCCdc‘:| 7Bc _ [()ch } ,ch _ {Onpxnw} ’

ngxnp Adc NgXm

Ce=[Cpe Oixny], De=D,, x=[x; n7]", (4.13)

<N

where 0 is a zero-matrix of appropriate size. For systems with a low sampling rate, an
appropriate discretization method should be selected. The sampled representation of a
linear time-invariant system given by (4.11)-(4.12) can be obtained exactly using the exact
discretization method. The system is discretized with a fast model sampling time, 77 € R~
and the measured outputs are obtained with a slower sampling time, 7y € R~(. These
two sampling times satisfy Ty = NTy where N € Z~¢. In imaging systems, T corresponds
to reciprocal of the frames per second (1/fps) of the system. The block diagram of the
dynamic system ((4.11) and (4.12)) with different sampling rates is shown in Fig. 4.3.
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Figure 4.3: The block diagram of a dynamic system sampled at different rates is presented. The system is
discretized with a fast model sampling time 7 and the measured outputs are obtained with a slower sampling
time 7.

After discretizing (4.11) and (4.12), the resulting system of difference equations are
given as follows:

x[(i+ 1)Ty] = Agx [iTf] +Bau [iTf] +B,qw [iTy] , (4.14)
Y [iTs] = Cax [jTs] + Dgu [jT5] + v [Ty . (4.15)

The matrices in (4.14)-(4.15) can be computed using

A, B, B,y Ac B. B,
0 I 0 |=exp(|[0 0 0|7 (4.16)
0 0 I 0 0 0

C,=C., D;=D, (4.17)

where exp () is the matrix exponential operator [178]. Here, 0 and I are the zero and
identity matrices of appropriate size, respectively. For clarity of notation, the sampling
time variables in (4.14)-(4.15) are omitted, and we obtain

x(i+1) =Ayx(i) + Byu(i) + B, yw(i), (i =1,2,3,...), (4.18)
y(j) =Cax(j) +Dqu(j) +v(j),(j =N,2N,...). (4.19)
The system (4.18)-(4.19) can be rewritten using a unified time step k (k = 1,2,3,...) as:
X(kN +c+1) = Agx(kN +c¢) +Bgu(kN +c) +B,,gw(kN +¢),
Y(kN) = Cyx(kN) +Dgyu(kN) + v(kN), (4.20)

where ¢ =0,1,...,N — 1. The multi-rate system of (4.20) can be lifted into a single-rate
system (7y) as follows:

X(kN+N) = Ax(kN) +u, + W, (4.21)
y(kN) = Cyx(kN) +Dyu(kN) +v(kN), (4.22)
where

N—1
Ac=AY u.= Y A" Bu(kN +c), (4.23)

c=0

N—1

we= Y AN17B, ,w(kN +c). (4.24)

c=0
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In the following, as an example of (4.11)-(4.12), the model used for estimating the
2D positions of a micro-agent in camera or 2D ultrasound images is explained. Consider
the x- and y- position coordinates of the micro-agent denoted by p, € R, p, € R and the
corresponding velocities denoted by v, € R, vy, € R. We consider the case when there are

. Sy T
no control inputs, thus u = 0 holds. Considering the state vector x, = [px Py Vx vy}

and the disturbance vector d = [d x dy} T, the system dynamics is given as follows:
pyl [0 0 0 1] |py 0 0] |ds
vl =100 0 of [v|T|1 o]l (4.25)
Vy 0 0 0 Of |vy 01
d
———— N N —
Xp Ape Xp B
1 000 A%
y= X, + | *l, 4.26
IRRRINa 29
—_—— ~—~—
Cpe v

where the matrices given by (4.7)-(4.8) are used. The system dynamics described by A,
in (4.25) with d = 0 is commonly used in vision applications in the literature. However,
in order to have a more general yet simple model, a disturbance term should be included.
There are different ways to model the disturbance term depending on the application. In
order to keep the formulation sufficiently general a polynomial function is selected [179].
The disturbance term can be locally represented by an (n — 1) degree family of Taylor
polynomial function of time as follows:

n—1
dj(l‘): Zdj7ill+dj,r(l), 4.27)

i=0
where j € {x,y}, d;; € R and d;,(t) € R are the coefficients of the polynomial and a
residual term, respectively. It is assumed that the residual term, d jJ(t), is such that its

time derivatives for i > n satisty |d (’Z ()| < %—r = 0, thus they are all uniformly absolutely
bounded and small enough to be negligible [179]. This implies that the residual term is
slowly varying with respect to time. When, the degree of the polynomial is » we obtain,

[ ’?d71 0, b ... 0, 0 Na,1 0,
Nap 0 0 ... 0, 0] | My 0, (n)
d
: =|: = - Do : + | X
Napn—1 0 0 ... 0 | |Ngpn 0| L7
Nan 0 0 ... 0y 0] | Nyp L w
- ~ —_——— ——
f]d Adc Na Bdc
[di d)" =L 0 ... 0, 027y, (4.28)
R < ’
dc

where 0, and I, are zero and identity matrices, respectively. Further, in (4.28) each element
of the state vector 1), satisfies 14 ; € RR?. In the following subsections, the applications of
multi-rate Luenberger state observer and multi-rate Kalman filter to the system described
by (4.21) and (4.22) are detailed.
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A Multi-Rate Luenberger Observer

The standard Luenberger observer uses the model of a given system together with a
suitable update term to estimate state variables that cannot be measured. In order to apply
it to the multi-rate augmented system dynamics ((4.14)-(4.15)) certain modifications are
required [180]. First of all the system (4.21)-(4.22) should be observable. This condition
is satisfied for the micro-agent dynamics described in Section 4.3.1. This is satisfied

if the observability matrix 07 = [Cd ATCd (A’Zﬁ""_])TCg has full rank, i.e.
rank (€) = n,, +ny. Since y (kN) is only available every N step for the samples between

kN and kN + N, the value y (kN) has to be used in the feedback term. Thus, the observer is
given as follows:

XN +1+¢)=AKX(KN+c)+Bau(kN+c)—L(F(kN)—y (kN))  (4.29)

forc=0,1,...,N — 1 with the observer state X (kN + ¢) and feedback gain matrix L. The
observer state X (kN + N) after N time steps is given as follows:

X(kN+N) = AX(kN) +u, — <Z Ad> —y (kN)) (4.30)

and the observed output y (kN) is given by
¥ (kN) = C4X (kN) +Dgu (kN) . 4.31)

Using (4.21), (4.22) and (4.30) and defining the observation error as € (kN) =X (kN) —
X (kN), the error dynamics can be given as follows:

e(kN+N)= (A, —LCy)e(kN)+Lv (kN) — w,, (4.32)

where L = (ZIX;OI A¢)L is an auxiliary feedback gain matrix. This is done such that if the
system is observable, the eigenvalues of the nominal system (i.e. for v=0 and w, = 0) can
be placed at arbitrary locations, for instance using Ackermann’s formula. Consequently,
the observer gain matrix L can be selected as follows:

N-1 O\
= (Z A;) L (4.33)
c=0

when the inverse of the matrix Z]!;Ol Aj exists. The nominal system is asymptotically
stable if all of the eigenvalues are inside the unit disk. The stability of the error dynamics
(4.32) can be shown using a variation of the input-to-state stability theorem [181].

A Multi-Rate Kalman Filter

The application of a Kalman Filter to a system with multiple sampling rates where the
measurement sampling rate is low, is different as compared to a standard Kalman filter
[170]. The multi-rate Kalman filter involves two steps; prediction and correction. In
the prediction step, there are no available measurements in between the measurement
sampling instants. Therefore, the prediction is based on the augmented system dynamics
(4.18)-(4.19) which is an open-loop system. Denote X (i| j) as the estimate of X(i) based
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on the measurement before and on time ;7. At the time instants t = (Nk+m)T; (Vm =

1,2,...,N), the fast-rate estimate is given as follows:
m—1
X (Nk+m|Nk) =A}X (Nk|Nk)+ Y A/~ "Bgu (kN +c). (4.34)
c=0

At the time instants t = N (k+ 1) T, new measurements y(Nk + N) are available. Therefore,
in the correction step the estimate is given as follows:

X (Nk+N|Nk+N) =X (Nk+ N|Nk)
+K (k+1) [y (Nk+N) — C,% (Nk+N|Nk)]. (4.35)

Consequently, the gain matrix K is updated through

K(k+1) =M (k+1)Cq" [CaM (k+1)Cq” +V] ™' (4.36)

M(k+1)=AM(k)Al + W,
— AM (k) Cq” [CaM (k) Ca” +V] ' CaM (k) AT, 4.37)

where V and W, are the covariances of the measurement v and process noise w,, respec-
tively. The covariance for the measurement noise is given by V = cov(v). Since, the
correction step occurs every N samples with the slow sampling time 7, the covariance of
the process noise for (4.21) should be used. The covariance of the process noise w, for
the system (4.21) with the slow sampling time 7; can be related to the covariance of the
process noise w for the system (4.18) with the fast sampling time 7 using (4.24) as:

c=0

N—1 ‘ N—1 r
= AN1B, | W AV B, | (4.38)

c=0 c=0

N-1
W, = cov ( Ag_l_cdew (kN + c)) =E [weWZ]

where W = cov (w) and E [] is the expectation operator.

Collaborative Tracking using Observers

One of the most important issues in visual tracking is error minimization. After the
template and current images are registered to find the position of a micro-agent in the
current image, there is a residual error called the registration error. If the registration
error is not minimized during the tracking, the error accumulates over time and tracking
eventually fails. In order to minimize the error, template update with drift correction
strategy is used. This method is efficient when a micro-agent is tracked using only one of
the visual tracking methods. In this study, SSD and NCC based visual tracking methods
are used to collaboratively track the micro-agents [182]. If these two methods are used to
track micro-agents in parallel, the outputs of these methods can be merged using either
a Kalman or a Luenberger state observer to minimize the error. Thus, tracking becomes
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Figure 4.4: Observer based merging scheme for sum of squared differences (SSD) and normalized cross
correlation (NCC) based tracking.

more accurate and resilient to failures. The data obtained from the SSD and NCC based
visual tracking methods can be merged as follows:

Yssp Cy VSSD
= = X+ , 4.39
y L’NCC] {Cd} [VNCC] (4.39)
where yssp and yycc are the outputs of the SSD and NCC visual tracking methods,

respectively. Further, vgsp and vycc denote the registration errors of SSD and NCC,
respectively. The scheme of the merging is shown in Fig. 4.4.

Experiments

In this section, the experimental setup is first described. This is followed by execution
times and experimental results.

Experimental Setup

In the experiments, four iron-core coils placed on the same plane were used for planar
manipulation of the micro-agents. Each coil was driven by an Elmo 1/60 Whistle DC servo
drive. Further details about the electromagnetic setup can be found in our previous work
[107, 165]. During the manipulation of the micro-agents, 2D US images were acquired
using a Siemens ACUSON S2000 US machine with a 18L6HD linear 2D US probe. The
acquired 2D US images were transferred to the computer using an Epiphan DVI2USB 3.0
frame grabber. Microscope images of the micro-agents were captured using an Optem
FUSION 7:1 zoom lens module and a XIMEA xiQ USB 3.0 high speed camera pair.

Execution Times

The proposed method was implemented using both MATLAB and C++ with OpenCV
library. All of the experiments were performed on a MacBook Pro which has a 2.9 GHz
Intel Core 15 CPU with 8 GB RAM. During the tracking, the size of the template images
was 60 x 60 square pixels. The maximum iteration number and the predefined threshold
for terminating the iterations were set to 20 and 0.01, respectively. The average execution
times were measured as 69.68 [ms] in MATLAB and 13.22 [ms] in C++, respectively. The
execution time of the proposed method was significantly reduced in C++ implementation,
up to five fold, that allows the real-time execution of the proposed method with the frame
rate of the imaging device, which is about 75 f ps.
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Frame #1 4 mm]Frame #1267
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Figure 4.5: Tracking results for a gripper with a tip-to-tip distance of 4mm in 2D ultrasound images.

Experimental Results
Visual Tracking Results

During the experiments, magnetic hydrogel grippers, spherical and elliptical-shaped micro-
agents are used. All of the agents are imaged using a microscope and a 2D US machine. In
total, 120652 images are acquired. During the image acquisition, minimum and maximum
fps are 14 and 200, respectively. In order to evaluate the tracking performance, an elliptical-
shaped micro-agent was manipulated using the electromagnetic system for 65 seconds.
During the manipulation, frames were acquired at 198 fps and 12801 frames were captured
in total. The tracking performance was quantitatively evaluated by computing both NCC
and a combination of Forward-Backward error and NCC (FB+NCC) values [183]. NCC
value was computed between the template image and the image obtained after registration.
In order to compute the FB+NCC value, the image obtained after registration, called
the forward image, and the previous frame was registered to obtain the backward image.
NCC+FB value was calculated by computing NCC value between the backward and the
template images. NCC and FB+NCC values were computed as 0.9943 +0.0117 and
0.9970 £ 0.0082, respectively. As mentioned in Section II, SSD and NCC based visual
tracking methods can fail if the agent moves too much between the measurements. This
was experimentally tested by magnetically steering an elliptical-shaped micro-agent with
a length of 48 pixels. It was observed that if the Euclidean distance between the agent
positions in two consecutive frames is more than 38 pixels, which corresponds to a velocity
of 163.57 mm/s, tracking fails. But such a movement is an extreme case in our system.

Visual tracking results of a magnetic hydrogel gripper with a tip-to-tip distance of
4mm in 2D US images are shown in Fig. 4.5. The images are acquired at 30 fps and the
gripper is manipulated using magnetic fields in a water filled tube. Synthetic artifacts are
also added to the images to show that the proposed visual tracking method can track the
micro-agents in a dynamic background and under realistic conditions. In order to obtain
synthetic artifacts, abdominal region of a volunteer is scanned and recorded with a 2D US
probe. After the raw image is acquired during manipulation of the gripper, the raw and
abdominal images are superimposed.

A 1 mm elliptical-shaped micro-agent is tracked in microscope images. Before image
acquisition, a printed vein pattern is placed at the bottom of the Petri dish and the agent is
magnetically steered. The motion of the micro-agent in the images consists of translation
and rotation transformations. The agent is successfully tracked using the proposed visual
tracking method. During the tracking, images are acquired at 20 fps. Fig. 4.6 shows results
of visual tracking.

Tracking results for a 1 mm spherical micro-agent in microscope images are shown in
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Figure 4.7: Tracking results for a 1 mm spherical-shaped micro-agent in microscope images under large
motion displacements and significant illumination variations.

Fig. 4.7. Similar to the previous experiment, the Petri dish is put on a printed vein pattern.
Images are acquired at 25 fps. Instead of moving the agents using magnetic fields, the Petri
dish is moved by hand to test the tracking robustness under large motion displacements.
Also, this image sequence suffers from strong illumination variations. The center image
shown in Fig. 4.7 suffers from strong light intensity and shadow. Further, the right image
shown in Fig. 4.7 suffers from low intensity. The agent is successfully tracked under these
conditions which confirms the robustness of the proposed visual tracking method.

The proposed visual tracking method can also track multiple micro-sized agents. In
our experiments, two spherically-shaped 100 um agents are moved independently using
the controller described in [107]. The micro-agents are imaged using a microscope and
tracked using both SSD and NCC based methods. During the tracking, images are acquired
at 40 fps and the micro-agents are tracked in parallel.

Multi-Rate State Estimation Results

The accuracy of multi-rate state estimation was evaluated using a high speed camera. We
have implemented both Luenberger and Kalman state estimators offline. An elliptical-
shaped micro-agent with a length of 48 pixels was magnetically steered for 50 seconds.
During the manipulation, frames were acquired at 200 fps and 9091 frames were captured
in total. The accuracy of multi-rate state estimation is evaluated by tracking the particle at
200 fps which serves as ground truth. Then, multi-rate state estimation was performed by
reducing the acquisition rate to 25, 50, 100 fps for N equals to 2, 4, and 8, respectively.
Note that B; = 0 and D; = 0 holds for the system (4.25) and (4.26). Maximum absolute
error (M.A.E) in x— and y— axes, mean and standard deviation of the error for different
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Table 4.1: Maximum absolute error (M.A.E), mean error, and standard deviation (std) are presented to
compare performance between Luenberger and Kalman multi-rate estimation. All units are given in pixels.

ng — 0 ng — 1 ng = 2
(Luen.) (Kalm.) (Luen.) (Kalm.) (Luen.) (Kalm.)
M.AE.-X 1.203 0.848 0.688 0.842 0.656 0.808
N—2 MAE-Y 1364 0.977 0.794 0.759 0.761 0.745
Mean 0.324 0.106 0.230 0.071 0.214 0.065
Std 0.197 0.094 0.107 0.074 0.010 0.073
M.AE.-X 3952 1.779 1.211 1.222 0.721 0.864
N—a M.AE-Y 2.590 1.676 1.082 1.310 0.765 1.360
Mean 0.946 0.333 0.334 0.166 0.236 0.110
Std 0.746 0.301 0.195 0.164 0.113 0.125
M.AE.-X 12.022 6.196 3.908 4.806 1.793 2.273
N3 M.AE-Y 6.883 4.496 3.093 4.060 1.186 2.432
Mean 3.237 1.231 0.959 0.819 0.403 0.355
Std 2.441 1.109 0.733 0.793 0.305 0.394
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Figure 4.8: Multi-rate sampling results using a Luenberger observer (top) and a Kalman filter (bottom)
along the x— axis for N equals to 8 and n,; equal 2.

values of N and n, as described in Section 4.3.1 are tabulated in Table 4.1 in pixels. An
example output of multi-rate state estimation using Luenberger observer and Kalman filter
in x— axes for N equal to 8 and n, equal to 2 were depicted in Fig. 4.8. It can be observed
from Table 4.1, when n, increases, the accuracy of the estimated state obtained using
either a Kalman or a Luenberger state estimator and when N increases, the accuracy of the
estimates reduces as expected.

Collaborative Tracking Results

A 100 um spherical-shaped micro-agent is tracked with SSD and NCC based visual
tracking methods in parallel. After each registration of template and current images, the
outputs are merged separately by Luenberger (4.29) and Kalman (4.34), (4.35), (4.37),
(4.38) estimators. Further, the merging is also applied to the case of multi-rate sampling.
The results are shown in Fig. 4.9.

Conclusions

This study presents multi-rate Luenberger and Kalman state estimators for visual tracking
of magnetic micro-agents. The main contribution is the intersample state estimation of
micro-agents using slow medical imaging modalities. The micro-agents are tracked using
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Figure 4.9: Results of the merging process using Luenberger (left) and Kalman (right) state estimators.

SSD and NCC cost functions in medical images. Further, the outputs of SSD and NCC are
merged using state estimators for robust tracking. During the experiments, magnetic micro-
agents with different shapes are steered using coils and imaged separately with a 2D US
machine and a microscope. The advantages of the proposed method are demonstrated by
means of extensive experiments under challenging conditions such as strong illumination
and intensity variations and large motion displacements. During the experiments, it was
observed that Kalman filter was more accurate than Luenberger observer and the agents
could be tracked more reliably using NCC based visual tracking compared to SSD based
visual tracking. Experimental results demonstrate that the proposed method can accurately
track micro-agents with different shapes in images obtained from slow medical imaging
modalities while providing intersample estimates in real-time. We envision that this method
could be readily utilized with clinical instrumentation to accelerate translation of the use
of microrobots in realistic minimally invasive operations.
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PREFACE

Part II (Chapter 5) expands the scope of multicolor fluorescence microscopy by real-time
visualization of micro-agents in 3D tumor-on-a-chip and vascular networks. Imaging
experiments are conducted using the multicolor microscope developed in Part I (Chapters
2-4). The performance of the microscope is reported in Chapter 2 using commercial
fluorescent beads as micro-agents. However, the relatively low photobleaching resistance
of the beads limits the imaging time. In this part, magnetic and fluorescent micro-agents
at varying aspect ratios are fabricated using straight and beaded fibers synthesized by the
electrospinning process. A polymer solution for electrospinning is presented to obtain
micro-agents with relatively high photobleaching resistance and prolong the imaging
time. Characterization experiments are carried out to visualize structural morphology and
analyze the spectrum of the fabricated micro-agents. The microscope is combined with an
electromagnetic coil array powered by the drivers introduced in Chapter 3 to manipulate
the micro-agents. Chapter 5 demonstrates that multicolor microscopy performed using
the round-robin strategy provides spatiotemporal resolution for visualizing magnetically
actuated micro-agents and dynamic surroundings.

Cancer cell spheroids formed with the method in Chapter 2 are actuated using the
micro-agents in an open reservoir to visualize the sequential motion from all the spectrum
bands in the multicolor microscope. The path and velocity information of spheroids to
which micro-agents are attached is obtained using the template-based visual tracker pre-
sented in Chapter 4. Lucas-Kanade optical flow method is employed for depicting the
motion of spheroids and micro-agents as vector fields. The open reservoir as an experimen-
tal testbed creates a dynamic environment by allowing translational and rotational mobility
of the spheroids using micro-agents. Additionally, it provides random positioning of the
spheroids. A microfluidic chip is developed to immobilize a single spheroid in a fixed
location using a U-shaped pillar array and air bubble. Single and multiple micro-agents
are attached to the immobilized spheroids by puncturing and electrostatic interaction as a
proof-of-concept targeted drug delivery demonstration. Dynamic multicolor imaging is
utilized as a passive method for attachment verification. The attachment experiments are
repeated in the open reservoir to demonstrate the chip (1) maintains the spheroids to which
micro-agents are attached for long-term microscopy and (2) allows fluorescence recovery
after photobleaching for prolonging multicolor imaging time.

A non-vascularized tumor environment is created using the chip to validate real-time
multicolor image acquisition. In order to show that multicolor microscopy is capable
of visualizing the micro-agents within vascularized environments, a perfusable vascular
network is engineered on a microfluidic system using red fluorescence protein - human
umbilical vein endothelial cells. Visualizing micro-agents inside the vascular network
allows (1) testing the microscope under in vitro conditions and (2) multicolor image
acquisition using endogenous and exogenous fluorophores. The chicken chorioallantoic
membrane (CAM) is employed to visualize micro-agents in natural blood vessels. Real-
time images are acquired through experiments where the micro-agents are magnetically
pulled outside and inside the blood vessels. Chapter S is concluded by emphasizing
that multicolor microscopy provides spectrally resolved and real-time visualization of
polymeric micro-agents, organic bodies (spheroids and vessels), and surrounding media.






5. Visudlization of Magnetic Micro-Agents and
Dynamic Surroundings by Real-Time Multicolor
Fluorescence Microscopy
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Note: The following content is an adapted version of the paper "Visualization of Micro-
Agents and Surroundings by Real-Time Multicolor Fluorescence Microscopy" by M.
Kaya, F. Stein, P. Padmanaban, Z. Zhang, J. Rouwkema, I. S. M. Khalil, and S. Misra
published in "Nature Scientific Reports", 12(13375), August 2022. .

Abstract

Optical microscopy techniques are a popular choice for visualizing micro-agents. They
generate images with relatively high spatiotemporal resolution but do not reveal encoded in-
formation for distinguishing micro-agents and surroundings. This study presents multicolor
fluorescence microscopy for rendering color-coded identification of mobile micro-agents
and dynamic surroundings by spectral unmixing. We report multicolor microscopy perfor-
mance by visualizing the attachment of single and cluster micro-agents to cancer spheroids
formed with HeL a cells as a proof-of-concept for targeted drug delivery demonstration.
A microfluidic chip is developed to immobilize a single spheroid for the attachment,
provide a stable environment for multicolor microscopy, and create a 3D tumor model.
In order to confirm that multicolor microscopy is able to visualize micro-agents in vas-
cularized environments, in vitro vasculature network formed with endothelial cells and
ex ovo chicken chorioallantoic membrane are employed as experimental models. Full
visualization of our models is achieved by sequential excitation of the fluorophores in a
round-robin manner and synchronous individual image acquisition from three-different
spectrum bands. We experimentally demonstrate that multicolor microscopy spectrally
decomposes micro-agents, organic bodies (cancer spheroids and vasculatures), and sur-
rounding media utilizing fluorophores with well-separated spectrum characteristics and
allows image acquisition with 1280 x 1024 pixels up to 15 frames per second. Our
results display that real-time multicolor microscopy provides increased understanding by
color-coded visualization regarding the tracking of micro-agents, morphology of organic
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bodies, and clear distinction of surrounding media.

Infroduction

The field of microrobotics has opened up new avenues for various applications in medicine
thanks to the advances in micro/nano-fabrication technologies [5, 39, 184]. One of the
most prominent applications is targeted drug delivery, which is an innovative technique to
increase the success rate of the treatment, mitigate the side effects of the medications, and
reduce patient recovery time [23, 185]. Micro-agents, the end-effectors of the microrobotics
systems, are utilized as carriers for nano-particle drug delivery and steered towards the
tissue of interest by external stimuli (e.g., magnetic fields and acoustic waves) [186].
Imaging techniques are utilized for micro-agents to reach the target tissue since sensor
integration remains a challenge due to size limitations [61, 187]. Acquired images can be
considered only feedback source for target identification, manipulation of the micro-agents,
and releasing the drugs in the desired location. Therefore, clear visualization plays a
crucial role in the delivery process.

Magnetic resonance imaging (MRI), computed tomography (CT), fluoroscopy, ultra-
sound, and photoacoustic imaging are used to visualize micro-agents in vitro and in vivo
conditions. MRI is used for simultaneous actuation and visualization of micro-agents with
a high contrast-to-noise ratio [53, 54, 188]. In addition, MRI images contain anatomical
details with a high contrast-to-noise ratio for precise steering of the micro-agents. However,
the low image acquisition rate of MRI makes it not suitable for micro-agent applications
that require real-time visualization [189]. Similar to MRI, CT provides high-resolution
images of micro-agents but it has limited working space for the integration of actuation
and sensing systems [190]. Fluoroscopy is an alternative imaging method for CT to obtain
a larger workspace and achieve more image acquisition rate [31, 191]. Both CT and
fluoroscopy have harmful effects on both clinicians and patients due to ionizing radiation
exposure [56]. Among the imaging modalities, ultrasound-based techniques do not have
any known side effects on health and are used for real-time visualization of the micro-
agents [59, 66, 165, 192, 193]. Ultrasound imaging provides a large working space for
the placement of the actuation systems since images are acquired using a small hand-held
probe [62, 194, 195]. However, ultrasound images are inherently noisy and contain ar-
tifacts, which hinder the detection of micro-agents. Photoacoustic imaging overcomes
the limitation in ultrasound imaging by contrast enhancement of micro-agents. The light
absorption heats up micro-agents containing metallic materials, and subsequent acoustic
waves are generated by thermal expansion [65]. The generated acoustic waves render
that micro-agents achieve a higher signal-to-noise ratio than ultrasound imaging and are
resolved from the surroundings [63, 196, 197].

Optical microscopy techniques are used for preliminary tests and micro-agents in lab-
on-a-chip applications since the experimental environments are fabricated with transparent
materials [61, 186]. Bright-field and single-band fluorescence microscopy techniques are
widely-used for visualizing micro-agents. Full visualization of the samples is obtained
with bright-field microscopy, but height differences between the micro-agents and physical
surroundings cause blurring of the acquired images [198]. Single-band fluorescence
microscopy provides only visualization of micro-agents with high-resolution and does
not provide information about surroundings [98, 199]. In our previous study, multicolor
fluorescence microscopy was introduced to overcome the limitations in optical microscopy
techniques for visualizing micro-agents [198]. A wide-field multicolor microscope was
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developed as a tool to collect focused images from different spectrum bands. The full
samples were spectrally resolved, and occlusion-free visualization of micro-agents and
surroundings was obtained.

In this study, we address the lack of real-time multicolor imaging of micro-agents
and surroundings. The main difference between the imaging techniques used in previous
studies and our approach is that a better understanding mechanism of functionality and
dynamics of the micro-agents is established by color-coding of the full samples. Since
color is an essential information carrier for human perception and cognition amplification,
acquired multicolor images enable clear visualization of micro-agents and surroundings.
The potential of multicolor microscopy is demonstrated by visualizing mobile micro-
agents as surrogates for drug carriers in 3D tumor and vascularized environments. The
primary contributions of this study (in the field of microrobotics) are (1) Demonstration
of real-time multicolor fluorescence microscopy by spectral unmixing of micro-agents,
organic bodies (cancer spheroids and vessels), and microfluidic channels. (2) Developing
a microfluidic chip that immobilizes a single 3D cancer spheroid at a fixed location
for delivery tasks with micro-agents and multicolor image acquisition from a confined
environment. (3) Real-time color-coded visualization of micro-agents inside in vitro
perfusable vascular network formed on a microfluidic system. Additionally, multiple
imaging experiments are conducted using micro-agents with different geometries and sizes
to show our contributions.

For imaging experiments, a tumor model is created by placing cancer spheroids formed
using cervical HeLa cells in the developed microfluidic chip filled with culturing medium.
In vitro based microfluidic vascular network and ex ovo based chicken chorioallantoic
membrane are used as models to visualize micro-agents inside vascularized environments.
Multicolor images are acquired through experiments where the micro-agents are magneti-
cally moved inside the models. Real-time multicolor image acquisition is configured based
on unambiguous color-coding as well as excitation of the fluorophores with minimal time
intervals. First, spectral crosstalk disables the identification of micro-agents and surround-
ings from a single spectrum band and their visualization with a designated color. In order
to overcome the crosstalk, emitted fluorescence photons are collected from three relatively
well-separated spectrum bands for individual image formation. Second, fluorophores have
a limited lifespan, and the intensity of emitted fluorescence photons decreases during
imaging due to photobleaching. In order to prolong the lifespan of multicolor imaging by
reducing the photodamage on the fluorophores, sequential excitation strategy is used.

The benefits of simultaneous [81, 93] and sequential [94, 200] excitation strategies
for multicolor fluorescence microscopy are extensively studied using cellular structures.
Simultaneous excitation of the fluorophores provides image acquisition from spectrum
bands without delay. However, acquired images contain significant crosstalk that disables
unambiguous detection of specific microstructures or compartments. Sequential excitation
of the fluorophores and synchronous triggering of the imaging sensors (i.e., spectral
multiplexing) overcome the crosstalk [119, 128]. The drawback of the sequential strategy
is that spectrally resolved images are acquired with an equal delay, which limits the
multicolor formation rate [201]. The models containing mobile and stationary micro-
agents are fully resolved without crosstalk by sequential excitation of the fluorophores
in a round-robin manner and synchronous image acquisition to the excitation sequence.
Real-time visualization of the models is obtained by relatively fast spectral multiplexing.
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Methods
Micro-Agent Fabrication using Electrospinning

Electrospinning setup for fabrication of micro-agents is constructed using a high-voltage
power supply (60C24-P250-15, Advanced Energy, USA) and a syringe pump (NE-4000,
New Era Pump Systems, USA) (Fig. 5.2-(a)). A data acquisition unit (34972A, 34901A,
34907A, Keysight, USA) is used to both transfer control signals to the high-voltage power
supply and collect feedback data. The setup is placed inside an air-tight enclosure to ensure
reproducible fabrication by providing the same air convection condition. Polymer solution
for the electrospinning consists of polystyrene pellets (430102-1KG, Sigma-Aldrich, USA)
as carrier polymer, anhydrous N,N-Dimethylformamide (DMF) as solvent (227056-1L,
Sigma-Aldrich, USA), coumarin 6 (442631-1G, Sigma-Aldrich, USA) as a hydrophobic
fluorophore, and iron oxide nanoparticles (Fe3O4) (637106-25G, Sigma-Aldrich, USA)
as magnetic material [46, 202]. For fabrication of continuous beaded and straight fibers,
solutions with 30.02% (19.8% polystyrene, 10.0% Fe3O4, 0.2% coumarin 6) and 45.25%
(30.1% polystyrene, 15.0% Fe3 04, 0.2% coumarin 6) weight-to-volume ratio in DMF are
prepared, respectively. Fe304 and DMF are first sonicated for 30 min to disaggregate the
particles. Polystyrene pellets and coumarin 6 are subsequently added to the mixture and
blended using a roller mixer (LLG-uniRoller 6, LLG-Labware, Germany) for 12 hours to
achieve a homogeneous solution. For the electrospinning process, the polymer solution is
placed in a plastic syringe and connected through a Teflon tubing to an 18-gauge blunt-tip
needle (TS18SS-15, Adhesive Dispensing Ltd., UK). Accelerating voltage, solution feed
rate, and tip-to-collector distance are set as 14 kV, 2.5 mL/h, and 16 cm, respectively.
0.04 mL polymer solution is electrospun at once, and fiber meshes are deposited on a
grounded aluminum foil at 24°C and 22% humidity. The solvent residue on the electrospun
fibers is removed by drying at room temperature for 12 hours. Fig. 5.2-(bl) and (b2)
show the morphologies of the fiber meshes imaged with scanning electron microscopy
(JSM-7200F, JEOL, Japan). Deposited fiber meshes are cut into 2-3 mm pieces using
a scalpel and then immersed into a glass vial containing 1% (volume/volume) Tween
80 (P4780-100ML, Sigma-Aldrich, USA) in Milli-Q water. Fluorescent and magnetic
micro-agents are obtained by cutting the fibers using a sonicator (2510, Branson, USA) for
2 hours (Fig. 5.2-(c1)). The polymer grinding process using sonication randomly shortens
the continuous fibers to obtain micro-agents. The electrospinning setup is also designed for
depositing the fibers on the collector with random orientation. This fabrication technique
is selected to enable the validation of multicolor image acquisition using micro-agents with
random size distribution. In order to obtain micro-agents with desired sizes, synthesized
fibers can be aligned with a drum collector and cut using a laser [203]. Additionally, the
electrospraying process ensures the fabrication of bead-shaped micro-agents with narrow
size distribution. The setup is able to be used for electrospraying without any modification
[204]. Fig. 5.2-(c2) shows fluorescence images of the fabricated micro-agents. The surface
profile of a micro-agent characterized using confocal microscopy (S Neox, Sensofar, Spain)
is shown in Fig. 5.2-(c3). In order to determine optimal excitation and emission wavelength
ranges for fluorescence microscopy, the spectrum of the micro-agents is characterized
using a spectrofluorometer (FP-8300, Jasco, Japan).

Spectrum Analysis

The solution for the spectrum analysis is prepared by dissolving 2.11 mg coumarin 6 in
5 ml DME. 10 ul solution is diluted with 690 tl DMF in a quartz cuvette (CV10Q700F,
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Figure 5.1: Overview of the electrospinning setup used for fabricating fluorescent and magnetic micro-agents.
(al) Control unit and electrospinning chamber. (a2) A detail of electrospinning system configuration.

Thorlabs, USA) for the measurement. Ultraviolet-visible excitation and emission spectra,
the wavelength range between 200 nm and 900 nm, is measured using 2D spectrum analysis
(Fig. 5.2-(d1)). Peak excitation and emission wavelengths for coumarin 6 in DMF are
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Figure 5.2: General overview for fluorescent and magnetic micro-agent fabrication using electrospinning.
(a) Schematic representation of the electrospinning setup and content of the polymer solution. (b1) and (b2)
Scanning electron microscope images of the deposited straight and beaded fiber meshes on the collector
using electrospinning, respectively. (c1) Polymer grinding process for obtaining micro-agents by cutting the
continuous fibers using a sonicator. (c2) Fluorescence images of the fabricated micro-agents. (c3) 3D surface
profile of the micro-agent visualized using confocal microscopy. (d1) Ultraviolet-visible spectrum analysis
of coumarin-6 in dimethylformamide (DMF). (d2) and (d3) Spectrum analysis of coumarin-6 in DMF at
varying excitation and emission wavelengths. (el) Fluorescence microscopy for visualizing micro-agent
movement with a magnetic field of 21 mT. (e2) The vector fields overlaid on the fluorescence images show
the motion of the micro-agents analyzed using Lucas-Kanade optical flow. Scale bar: 100 um.

measured as 461 nm and 505 nm, respectively. 3D spectrum analysis is performed to
measure emission spectrum at varying excitation wavelengths. The solution is excited
between 350 nm and 500 nm with a 1 nm increment and emitted fluorescent photons
are collected in the wavelength range of 450 nm and 600 nm (Fig. 5.2-(d2) and (d3)).
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Our measurement shows that fluorescence photons with maximum intensity are collected
when the excitation and emission are performed with 436-477 nm and 497-518 nm
spectrum bands, respectively. According to the spectrum analysis, 450—490 nm and 500-
540 nm bands are selected to excite coumarin 6 and collect emitted fluorescent photons
for visualization of the fabricated micro-agents, respectively. Fig. 5.2-(el) shows an
example of single-band fluorescence microscopy for magnetic movement of a micro-agent.
Multicolor microscopy is performed to visualize the micro-agents in a tumor environment
containing HeLa cell spheroids with a diameter of 200 yum.

Hela Cell Spheroids Formation

HelLa cells are cultured in Dulbecco’s modified Eagle’s medium (11-965-092, Fisher
Scientific Ltd. Canada), supplemented with 10%, fetal bovine serum (F7524-500ML,
Sigma-Aldrich, USA), and 1% (volume/volume) penicillin-streptomycin (15-140-122,
Thermo Fisher Scientific Inc., USA) [198]. Cells in 2D are cultured and passaged at 80%
confluence and medium change is performed every 48 hours. For the formation of 3D
cancer spheroids, cells are trypsinized, resuspended to a density of 2 x 10° cell/ml, and
seeded in 3% (weight/volume) agarose (16500500, ultra-pure agarose, Invitrogen, USA)
microwell arrays resulting in average 267 cells per spheroid. Half medium change is
done daily. At day 3, spheroids are collected and stained with 10 uM CellTracker Red
CMTPX (C34552, Thermo Fisher Scientific Inc., USA) by 45 minutes incubation in a
serum-free medium and washed twice with cell culture medium. Both 2D and 3D cultures
are done in a humidified atmosphere with 5% carbon dioxide at 37°C. For long-term
storage, 3D spheroids stained with CMTPX are fixated at room temperature with 4%
formaldehyde (F8775-25ML, Sigma-Aldrich, USA) for 15 minutes and then washed
twice with Dulbecco’s phosphate-buffered saline (DPBS). For imaging experiments, the
spheroids are immobilized and maintained using the developed microfluidic chip.

Microfluidic Chip Fabrication

The standard soft-lithography method is used to fabricate negative mold of the chips
with the height of 187 um using SU-8 photoresist [132]. The salinization process is
performed for easy removal of the polydimethylsiloxane (PDMS) layer by improving
the surface hydrophilicity of the mold. Degassed 10:1 PDMS and curing agent (Sylgard
184 Silicon Elastomer Kit, Dow Corning, USA) mixture is poured over the mold and
cured at 70°C in the oven for 12 hours. After the cured PDMS layer is removed, inlet
and outlet ports are punched. The chip fabrication is completed by bonding the PDMS
layer on a microscope glass using plasma oxidation. The bonding strength is improved
by baking the chip on a hot plate at 70°C for 4 hours. A single cell spheroid is first
transferred into the chip and immobilized by an air bubble injection. Micro-agents are
mixed with 250 pug/ml indocyanine green (I12633-25MG, Sigma-Aldrich, USA) in the
culture medium and subsequently injected into the chip by pipetting. Thus, a 3D tumor
model is created for multicolor image acquisition (Fig. 5.9-(a3)). In order to show
that multicolor microscopy provides spectrally resolved images for the micro-agents in
vascularized models, a perfusable vascular network is formed on a microfluidic channel.

3D Co-Culture in a Microfluidic System for In Vitro Vascularization

Red fluorescence protein - human umbilical vein endothelial cells (RFP-HUVECs) (cAP-
0001, Angio-Proteomie, USA) are cultured in 2D with endothelial cell growth medium-2
(EGM-2 medium) (Endothelial Cell Growth Medium 2 Kit, C-22111, Promo Cell, USA)
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with 1% (volume/volume) (v/v) penicillin-streptomycin. In parallel, mesenchymal stem
cells (PT-2501, Lonza, USA) are cultivated in 2D in minimum essential medium eagle -
alpha modification (22571020, Thermo Fisher Scientific, USA) supplemented with 10%
(v/v) fetal bovine serum (F7524v, Sigma-Aldrich, USA), 2 mM l-glutamine (35050061,
Thermo Fisher Scientific, USA), 0.2 mM ascorbic acid (A8960-5G, Sigma Aldrich, USA),
1% (v/v) penicillin-streptomycin (15-140-122, Thermo Fisher Scientific, USA) and 1 ng/ml
fibroblast growth factor-basic (PHG0261, Thermo Fisher Scientific, USA). Both cell types
are cultured in a humidified atmosphere with 5% carbon dioxide at 37°C and are used
between passages 4 and 6. The cells are cultured till 80% confluency prior to detachment
and mixed in a concentration of 10 x 10° cells/mL (1 to 1 ratio) in a fibrin hydrogel in a
final concentration of 3 mg/mL (Fibrinogen, 0215112201, MP Biomedicals, USA) and 3
U of thrombin (0215416301, MP Biomedicals, USA). The cell-matrix mixture is injected
into the hydrogel chamber of the gel loading port of the microfluidic system and is allowed
to polymerize in the incubator at 37°C for 15 minutes. Before, the microfluidic surface
area is functionalized to promote strong hydrogel interaction with the PDMS and glass
by incubating the microfluidic chip after plasma oxidation bonding for 4 hours with poly-
D-lysine hydrobromide (P1024-10MG, Sigma-Aldrich, USA) with following washing
steps with sterile Milli-Q water. After hydrogel polymerization, the gel loading ports are
blocked with stripes of standard PCR plate sealing foil to avoid fluidic leakages and the
flow channels next to the hydrogel channel are filled with EGM-2 medium. The pressure
drop of 5 Pa to create the mechanical stimuli for the in vitro vascularization is established
by connecting two syringe pumps (AL-1600, New Era Pump Systems, USA) on vertically
opposite sides. An overview of the microfluidic system for in vitro vascularization creation
is illustrated in Fig. 5.3. The inlet port is used to inject the EGM-2 medium and the
outlet port to pull it out while the fluidic ports are blocked with PDMS after the initial
filling. By applying pre-determined flow rates with EGM-2 medium by flow studies
performed using COMSOL Multiphysics (version 5.5, COMSOL AB, Sweden). The
pressure drop is maintained for 7 days before the experiments. For multicolor microscopy,
250 png/ml indocyanine green in the cell culture medium and micro-agents are injected
in the microfluidic system. Fig. 5.10-(al) shows the micro-agents in the engineered
vascular network. In order to visualize micro-agents in natural vessels, ex ovo chicken
chorioallantoic membrane is used as a testbed.

Chicken Vasculature

White Leghorn chick embryos are incubated at 38°C and 65% humidity throughout the
culturing process. At day 10, the egg contents are cracked into 60 mm cell culture Petri
dishes [205]. Egg albumin and yolk contents are removed using viscous liquid handling
pipettes. The vasculature is washed three times using ice-cold DPBS (14190250, Thermo
Fisher Scientific, USA) solution and then fixated in 4% paraformaldehyde (1004965000,
Sigma-Aldrich, USA) overnight at 4°C for long-term storage. This is followed by incu-
bation with 0.3% Triton X-100 (T8787-250ML, Sigma-Aldrich, USA) in DPBS for 30
minutes and washing three times using ice-cold PBS solution. For multicolor microscopy,
the vasculature is first decellularized (erythrocytes removed) and subsequently stained with
Rhodamine B (K94900-25, Labshop, the Netherlands) and indocyanine green.

Multicolor Fluorescence Microscopy and Magnetic Movement

Real-time widefield multicolor microscopy is performed by excitation of the fluorophores
from three-different spectrum bands in a round-robin manner [198]. The emitted fluores-
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Figure 5.3: General overview of the microfluidic system to create an in vitro vascularization for multicolor
imaging experiments. (a) The schematic representation of the microfluidic system illustrates the hydrogel
filling ports and the different flow channel access points. The hydrogel channel is filled with a fibrin hydrogel
with co-cultured red fluorescence protein - human umbilical vein endothelial cells (RFP-HUVECs) and
mesenchymal stem cells (MSC) (b) and perfused with endothelial cell growth medium-2 (EGM-2 medium)
for 7 days under constant interstitial flow. (c) Velocity heat map of the flow simulation using COMSOL
Multiphysics (version 5.5, COMSOL AB, Sweden) for displaying the uniform interstitial flow across the
fibrin hydrogel for stimulating the vascular formation of the embedded co-culture cells.

cence light is synchronously collected to acquire 8-bit grayscale individual images with
1280 x 1024 pixels. 10x and 5x long working distance objectives (Plan Apo, Mitutoyo,
Japan) are used to focus the excitation light on the samples and collect the emitted fluores-
cent photons, respectively. Coumarin 6 and indocyanine green are excited from 450-490
nm and 750-800 nm spectrum bands, respectively. The emitted light is collected from
500-540 nm for coumarin 6 and 817.5-875.5 nm for indocyanine green, respectively.
CMTPX, RFP-HUVECs, and Rhodamine B are excited from the 554.5-589.5 nm band,
and the emitted light is collected in the wavelength range of 592.5-667.5 nm. The inten-
sity values in the individual images acquired from 500-540 nm, 592.5-667.5 nm, and
817.5-875.5 nm spectrum bands are represented using black-green, black-red, black-blue
color maps, respectively (Fig. 5.8-(a4), Fig. 5.10-(b), Fig. 5.11-(a4)). Multicolor images
are formed by overlapping the color-converted individual images acquired in one round.
An orthogonal array of four iron-core electromagnetic coils with a cut-off frequency of
110 Hz is placed in the microscope’s working space to move the micro-agents using the
rotational field (Fig. 5.4 and Fig. 5.9-(d)). For heat dissipation, the coil array is mounted
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on an aluminum holder using tapered collars. The coils are covered with copper tape
for heat transfer enhancement and electrical isolation. Switchable amplifiers supplied
with a dc power supply (EA-PS 5040-20A, EA Elektro-Automatik, Germany) are used
to power the coils [206]. A signal generator (4050B, BK Precision, USA) is used to
generate reference signals for the rotating field frequency. The signals are distributed to a
corresponding coil driver using a demultiplexer interface (74HC4052, Texas Instruments,
USA) by falling edge detection using a microcontroller. The maximum magnetic field
produced by the coil array is measured as 30 mT using a teslameter (3MH3A, Senis AG,
Switzerland). The magnetic pulling force is generated using two neodymium-iron-boron
permanent magnets (S-45-30-N, Supermagnete, Germany). The maximum magnetic field
and gradient generated by the magnets are measured as 120 mT and 5 T/m, respectively.

Ethics Statement

According to the Dutch animal care guidelines, IACUC approval for chicken embryo
experimentation is not necessary unless hatching is expected. Moreover, only experiments
with chick embryos of development EDD14 and older need IACUC approval. The embryos
used in this study were all in the early stages of embryo development (EDD10). Fertilized
chicken eggs used in this study were purchased from approved poultry egg farms in the
Netherlands. RFP-HUVEC: culture studies were approved by Dutch Ministry and experi-
ments were performed under ML-1 laboratory environment, followed by the university
policies and standard protocol.
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Results
Single-Band Fluorescence Microscopy

Our micro-agents are fabricated by grinding the continuous beaded and straight fibers
synthesized using electrospinning (Fig. 5.2). The synthesized fibers consist of polystyrene
as a carrier polymer and iron oxide nanoparticles (Fe30O4) as a magnetic material (Fig. 5.2-
(b)). Coumarin 6 is selected to stain the fibers since it is immobilized in a polystyrene matrix
and insoluble in water. Additionally, coumarin 6 has a relatively high photobleaching
resistance. The grinding process breaks the fibers into fragments using ultrasound waves.
This enables obtaining magnetic and fluorescent micro-agents ranging in size from 4 um
to 131 um (Fig. 5.2-(c1) and (c2)). Single-band fluorescence microscopy is performed to
visualize the motion and electrostatic interaction of the fabricated micro-agents in Milli-Q
water. Fig. 5.5-(a) shows the pulling motion of two micro-agents fabricated using straight
fibers. Fig. 5.5-(b) demonstrates the dynamic movement of a micro-agent fabricated using
beaded fibers. During the imaging experiments, we observe that micro-agents fabricated
using straight fibers are fully loaded with FezO4 and rigid. On the other hand, the polymer
solution prepared for beaded fiber synthesis allows the fabrication of flexible micro-agents
since the distribution of Fe3zO4 is random. Fig. 5.5-(c1), (c2), (c3) and Fig. 5.5-(d1), (d2)
show diagonal and vertical motion of a flexible micro-agent using an oscillating magnetic
field, respectively. Electrostatic interaction between micro-agents is visualized using three
experiments. The first experiment is conducted to visualize the behavior of micro-agents
in a rotating field. We observe that micro-agents fabricated using both beaded and straight
fibers aggregate owing to dipole-dipole interaction and form a cluster over time. Fig.
5.5-(e) demonstrates a representative case for a micro-agent cluster formation with a 16 mT
rotating field at 8 Hz. The second experiment is devised to visualize the attachment of two
micro-agents utilizing electrostatic forces. Fig. 5.5-(f1) shows acquired time-lapse images
by highlighting the attachment (self-assembly). The motion of the attached micro-agents
is represented as vector fields using Lucas-Kanade optical flow and shown in Fig. 5.5-(f2)
[141]. Our results show that the attached micro-agents move together, and electrostatic
forces prevent disaggregation. In the third experiment, the behavior of the micro-agents
is observed when no magnetic field is applied. Acquired images reveal that micro-agents
fabricated using straight fibers sink and create a line-shaped self-organization pattern in
both an open reservoir and a microfluidic channel (Fig. 5.5-(gl) and (g2)). The self-
organization pattern is not observed when the experiment is repeated with the micro-agents
fabricated using beaded fibers. A decrease in the magnetic material concentration in the
micro-agents disables the self-organization behavior. The fabricated micro-agents are used
as surrogates for drug carries and attached to HeLa cell spheroids.

Attachment of micro-agents to HelLa cell spheroids

We visualize single and multiple micro-agents attachment to HeLa cell spheroids with
three experiments in an open reservoir containing indocyanine green in the culturing
medium. In all experiments, multicolor images are formed at 15 fps, and micro-agents
are steered towards the spheroids with a magnetic field intensity of 36 mT. In the first
two experiments, micro-agents with sharp tips are attached by puncturing the spheroids
(Fig.5.6-(al) and (b1)). In the third experiment, three micro-agents are consecutively
attached to the spheroid. The first two micro-agents are adhered to the spheroid surface by
electrostatic interaction, whereas the third micro-agent is attached by puncturing (Fig.5.6-
(c1)). The attachments are verified by screening long-term changes using dynamic imaging.
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Figure 5.5: Single-band fluorescence microscopy for visualizing magnetic micro-agents labeled with
coumarin 6. (a) Time-lapse image shows forward motion of the micro-agents by magnetic pulling. (b) Snap-
shot sequence demonstrates the oscillating motion of the micro-agent. (c1) and (d1) Overlaid fluorescence
images show the diagonal and vertical movement of the micro-agents, respectively. (c2), (c3), and (d2)
Oscillating motion patterns of the micro-agents. (e) Aggregation of the micro-agents by a rotating magnetic
field. (f1) Attachment of the micro-agents by electrostatic interaction. (f2) Vector field expresses the motion
of the attached micro-agents analyzed using Lucas-Kanade optical flow. (g1) and (g2) Self-organization of
the micro-agents in a reservoir and a microfluidic channel, respectively. Scale bar: 100 pum.

Excitation light generates a heat gradient between the illuminated and non-illuminated
areas, which results in a flow. We visualize the mobility of the micro-agents in the flow
as a passive method for attachment verification. The effect of the flow on both attached
and non-attached micro-agents for 92 minutes is displayed in Fig. 5.6-(a2). Although the
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velocity of the attached micro-agent is measured approximately O ttm/sec, non-attached
micro-agents are mobilized by the flow. We also observe that a non-attached micro-agent
moved by the flow aggregates with the attached micro-agent utilizing electrostatic forces
(Fig. 5.6-(a3)). The displacement of the aggregated micro-agents is measured O yum for 92
minutes. Our experiment validates that attachment to the spheroid increases the inertia of
the micro-agents and immobilizes them in the flow. In all experiments, the attachments are
verified by visualizing the micro-agents immobility in the flow for more than 90 minutes
(Fig. 5.6-(a2)-(c2)). Acquired dynamic images for the verification also reveal that the
attached micro-agents displace along with the spheroids owing to the evaporation of the
medium inside the reservoir by the generated heat (Fig. 5.6-(a3), (b2), and (c2)). After
the complete evaporation of the medium, the displacements are measured 20 um and 68
um for the spheroids to which single and multiple micro-agents are attached, respectively.
In order to confirm that the evaporation does not affect the attachment, a micro-agent
is rotationally moved around its inserted part into the spheroid with a magnetic field of
14 mT for two minutes (Fig. 5.6-(b3)). The maximum velocity for the distal end of the
micro-agent is measured as 1.4 body-length/sec (180 um/sec). No detachment of the
micro-agent from the spheroid is observed. Our results display that multicolor microscopy
generates color-coded images in real-time for visualizing and verifying the attachment of
micro-agents to the spheroids.

Translation and Rotation of Cell Spheroids by Micro-Agents Attachment

Real-time multicolor fluorescence microscopy is performed by sequential excitation of
the fluorophores in a round-robin manner and synchronous individual image acquisition
from 500-540 nm, 592.5-667.5 nm, and 817.5-875.5 nm spectrum bands. Individual
images of the micro-agents labeled with coumarin 6 are acquired from the 500-540 nm
spectrum band. The spheroids are stained with CMTPX and indocyanine green to render
their visualization in 592.5-667.5 nm and 817.5-875.5 nm spectrum bands, respectively
(Fig. 5.8-(a4)). Thus, the simultaneous motion of the spheroids and micro-agents is able
to be visualized from all the spectrum bands used in multicolor microscopy. Our micro-
agents are able to mobilize HeLa cell spheroids by an external magnetic field. Fig. 5.7-(a)
shows a spheroid propelled by attached multiple micro-agents in the reservoir containing
indocyanine green in the culturing medium with a magnetic field of 60 mT. Fig. 5.7-(b)
demonstrates the clockwise rotation of a spheroid due to imbalances in the micro-agents
attachment during the propulsion. We mobilize the spheroids with micro-agents to report
the performance of the real-time multicolor microscopy. The open reservoir is used as an
experimental testbed since it allows translational and rotational mobility of the spheroids
by micro-agents attachment. Multicolor images are formed at 15 fps, where the individual
image acquisition rate is 45 fps. Fig. 5.7-(c1) and (d1) show the forward motion of two and
multiple spheroids propelled by micro-agents with a magnetic field of 120 mT, respectively.
Fig. 5.7-(e1) demonstrates a representative case for steering a spheroid with propulsion
of the micro-agents by changing the magnetic field direction. Path information obtained
by visual tracking shows the translational motions of the spheroids up to 218 pum/sec
(=~ 1.3 body-length/sec) in Fig. 5.7-(c2), (d2), and (e2) [207]. In order to visualize the
rotational mobility, a spheroid is moved clockwise by a single micro-agent attachment with
a maximum magnetic field of 36 mT (Fig. 5.8-(al) and (a4)). The motion information of the
spheroid with micro-agent is represented as vector fields using Lucas-Kanade optical flow
and shown in Fig. 5.8-(a2). The vector fields and path of the attached micro-agent display
that the spheroid is rotated around its axis with a maximum angular velocity of 1.2 rad/sec
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Figure 5.6: Time-lapse multicolor fluorescence microscopy for single and multiple magnetic micro-agents
attachment to HeLa cell spheroids. (al)-(cl) Attachment of micro-agents to HeLa cell spheroids with a
magnetic field of 36 mT. (a2) and (a3) Effect of passive flow on the attached and non-attached micro-agents.
(b2) and (c2) Visualization of the changes in the micro-agents attached to the spheroids. (b3) Attachment
check by rotational movement of the micro-agent around its inserted part into the spheroid after two hours
pass. Scale bar: 100 um.

(Fig. 5.8-(a3)). Rotational and translational mobility is visualized together by actuating
two spheroids adhered with a micro-agent cluster in a 16 mT rotating magnetic field at 1
Hz (Fig. 5.8-(b1)). Fig. 5.8-(b2) demonstrates the motion field for the rotation of the two
spheroids with the micro-agent cluster. The translational motion of the spheroids is plotted
in Fig. 5.8-(b3). Our experiments show that multicolor microscopy renders visualizing
the simultaneous motion of multiple spheroids and micro-agents in time-varying magnetic
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Figure 5.7: Translation of Hela cell spheroids by magnetic micro-agents in a reservoir filled with culturing
medium and indocyanine green. (al) Propelling a single spheroid by micro-agents connection. (a2) Time-
lapse dual-color microscopy for connection of micro-agents to the spheroid. (b1) Rotation of a spheroid
caused by micro-agents propelling. (b2) Demonstration of the spheroid rotation by gradient images. (c1) and
(d1) Simultaneous translation of two and multiple spheroids by micro-agents, respectively. (el) Steering a
spheroid propelled with micro-agents by changing the magnetic field direction. (c2)-(e2) Path and velocity
information of the spheroids in (c1)-(el), respectively. Scale bar: 100 um.

fields up to a translational velocity of 504 um/sec (= 3.4 body-length/sec for a spheroid) at
15 fps. We also validate that spheroids as an organic body are able to be actuated by single,
multiple, and a cluster of micro-agents in a reservoir environment. In order to immobilize
a single spheroid for the attachment of micro-agents and provide a confined environment
for multicolor microscopy, a microfluidic chip is developed.
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Figure 5.8: Rotation and translation of HeLa cell spheroids with micro-agents attachment in a reservoir
filled with culturing medium and indocyanine green. (al) and (b1) Actuation of the spheroids with single
and cluster of micro-agent, respectively. (a2) and (b2) Vector fields overlaid on the time-lapse multicolor
images show the rotational motion of the spheroids analyzed using Lucas-Kanade optical flow. (a3) and
(b3) Motion profile and velocity information of the spheroids. (a4) Spectral image decomposition of the
multicolor image at time zero. Scale bar: 100 um.

Micro-Agents Atftachment to Immobilized HeLa Cell Spheroids

For creating a 3D simplified tumor model, a microfluidic chip that is able to immobilize
a single HeLa cell spheroid with a diameter between 100 ym and 250 um is developed
[208]. The chip contains a chamber constructed using a U-shaped pillar array with a
spacing of 80 um, which blocks the escape of the spheroid and allows the entrance of
micro-agents (Fig. 5.9-(al)). During the injection, the pillars trap the spheroid (Fig. 5.9-
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(a2)). An air bubble is subsequently transferred into the chip to immobilize the spheroid
by creating a pressure difference between the inside and outside of the pillar array (Fig.
5.9-(a3)). Thus, the spheroid is fixed in a certain location for multicolor experiments, unlike
random positioning in the open reservoir. The chip is filled with 250 tg/ml indocyanine
green in the cell culture medium to render it visible in fluorescence microscopy. The
medium and micro-agents are injected without moving the spheroid owing to the pressure
difference. Fig. 5.9-(b) demonstrates a time-lapse multicolor image for a micro-agent
passing from between two pillars and under an immobilized spheroid. Fig. 5.9-(c1)
shows a single micro-agent attachment by puncturing an immobilized spheroid with a
magnetic field of 36 mT. Dynamic imaging is performed at 15 fps for 395 minutes to
validate that the chip maintains spheroids to which micro-agents are attached for long-term
multicolor microscopy. Acquired dynamic images reveal the photobleaching resistance of
indocyanine green is lower than coumarin 6 and CMTPX. Fluorescence imaging of the
chip is unable due to the photobleaching of indocyanine green at minute 170 where the
pixel intensity drops of the spheroid and the micro-agent are 21.2% and 1.6%, respectively
(Fig. 5.9-(c2) and (c3)). In order to recover the fluorescence imaging of the chip, the
excitation light is turned off for an hour. Diffusion of non-bleached indocyanine green
molecules from outside the imaging area to the inside during off time enables the multicolor
microscopy again (Fig. 5.9-(c4)) [139]. Fluorescence recovery is not able to be performed
in the reservoir since the medium completely evaporates due to the heat produced by the
excitation light (Fig. 5.6-(a3), (b2), and (c2)). The reservoir is not sealed to show the
difference between open and closed microfluidic platforms in terms of multicolor image
acquisition. The experiments conducted in our study demonstrate that the reservoir (as an
open platform) and the microfluidic chip (as a closed platform) are able to be employed for
real-time multicolor microscopy. However, evaporation of the medium inside the reservoir
disables multicolor image acquisition after a certain time. An open reservoir is not a
stable environment for visualizing long-term changes using dynamic multicolor imaging
as long as it is not sealed with an air-tight transparent chamber to prevent evaporation.
On the other hand, the chip keeps the heated medium inside it to (1) enable long-term
microscopy and (2) prolong the multicolor imaging time by fluorescence recovery. In
order to verify that fluorescence recovery does not affect the attachment, the micro-agent
is randomly moved with a magnetic field of 14 mT between minutes 264 and 267 (Fig.
5.9-(c5)). The maximum velocity for the distal end of the micro-agent is measured 67
um/sec (1.3 body-length/sec), and no detachment is observed. Fig. 5.9-(c6) verifies the
attachment by showing the part of the micro-agent inside the spheroid at minute 395.
Multiple micro-agents are attached to an immobilized spheroid with a 16 mT rotating
field at 5 Hz (Fig. 5.9-(d)). We observe that the attached micro-agents form a cluster
over time as a result of dipole-dipole interaction (Fig. 5.9-(e)). Although a micro-agent
cluster has the capability to actuate spheroids as shown in Fig 5.7-(b1), the displacement
of the spheroid is measured O ym for 137 minutes. Our experiment shows that the chip
creates a static environment for multicolor microscopy by allowing multiple micro-agents
to be attached without moving the spheroid. We experimentally validate that our tumor
model provides a controllable and stable testbed for multicolor image acquisition of single
and multiple micro-agent attachments to a spheroid. In order to verify that multicolor
microscopy can visualize micro-agents in vascularized environments, a vascular network
on a microfluidic system is used as an experimental testbed.
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Figure 5.9: Multicolor fluorescence microscopy for visualizing the magnetic micro-agents in a microfluidic
environment. (al) Layout of the chip designed for immobilizing a single HeLa cell spheroid. (a2) Micro-
agent attached to a trapped spheroid. (a3) Immobilizing a spheroid using an air bubble. (b) Overlaid image
shows a micro-agent traveling under an immobilized spheroid. (c1) Attachment of a micro-agent to an
immobilized spheroid. (c2)-(c4) Fluorescence recovery after photobleaching of indocyanine green. (c5)
Attachment check by magnetically moving the micro-agent. (c6) Arrows indicate the part of the micro-agent
inside the spheroid. (d) Workspace of the setup used for microscopy and magnetic actuation. (e) Formation
of a micro-agent cluster attached to the spheroid. Scale bar: 100 um.

Micro-Agents inside a Perfusable Vascular Network

In vitro perfusable vascular network is engineered by co-culture of RFP-HUVECs and
bone marrow-derived mesenchymal stem cells in a microfluidic system. For multicolor
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microscopy, 250 pg/ml indocyanine green in the cell culture medium and micro-agents are
injected into the system. Fig. 5.10-(al) depicts a static multicolor image of the microfluidic
system featuring the engineered vascular network and micro-agents. Fig. 5.10-(a2)
demonstrates the magnified view of the ROI defined on the multicolor image and highlights
the movement of micro-agents in the vascular network by passive flow and magnetic
pulling with a field of 70 mT. Micro-Agent (1) freely moves along the magnetic field,
whereas Micro-Agents (2) and (3) hit the lumen walls after 33 seconds. Our experiment
display that micro-agents perfuse into the vascular network via lumen openings and can
be simultaneously tracked (Fig. 5.10-(a3)). Fig. 5.10-(b) shows representative multicolor
image formation and verifies that micro-agents, vascular network, and microfluidic system
are spectrally resolved in three distinct spectrum bands. The structural morphology of the
vascular network is visualized from dual spectrum bands (592.5-667.5 nm and 817.5-875.5
nm) owing to the diffusion of indocyanine green in the culturing medium (Fig. 5.10-(b2)
and (b3)). This enables complete visualization of the vasculature structure and clearly
delineates the hydrogel space (Fig. 5.10-(b4) and (b5)). The mobility of the micro-agents
inside the vascular network is visualized in three sets of multicolor experiments under
non-cell culture conditions. In all experiments, multicolor images are acquired at 3 fps to
minimize the photodamage on RFP. The higher image acquisition rate is achievable with
incubation conditions since RFP-HUVECs have an active good working metabolism to
rebuild the fluorescence signals. The first experiment is conducted to visualize a micro-
agent moved by the passive flow (Fig. 5.10-(c)). The average velocity of the micro-agent
is computed as 3.3 body-length/sec (25 um/s). The second experiment is designed to
visualize micro-agents magnetically pulled against the passive flow with a field of 42 mT.
Fig. 5.10-(d) and (e) shows the overlaid time-lapse images of the micro-agents movement
with the average velocity of 1.4 body-length/sec (17 pm/s) and 2.5 body-length/sec (12
um/s), respectively. In the third experiment, the aggregation of three micro-agents utilizing
electrostatic forces is visualized (Fig. 5.10-(f1)). The aggregated micro-agents are moved
by the passive flow with the average velocity of 0.04 body-length/sec (4 um/s) (Fig. 5.10-
(f2) and (f3)). Acquired multicolor images reveal that no disaggregation occurs for 186
seconds (Fig. 5.10-(f1) and (f2)). Our imaging experiments demonstrate that multicolor
microscopy: (1) provides spatiotemporal resolution for quantitative analysis of the micro-
agents inside the vasculature, (2) allows image acquisition of the micro-agents with a
minimum length of 5 um, (3) enables unambiguous color-coding of both micro-agents and
engineered vascular morphology in real-time. Next, we report the multicolor microscopy
performance by visualizing micro-agents inside and outside the natural blood vessels.

Micro-Agents inside Chorioallantoic Membrane Vasculature

Ex ovo chorioallantoic membrane (CAM) vasculature containing the hierarchical multiscale
blood vessels is used to visualize the micro-agents in a native environment (Fig. 5.11-(al)).
Fig. 5.11-(a2) and (a3) show the structural morphology of the vasculature visualized using
bright-field as a reference and multicolor microscopy with autofluorescence of erythrocytes,
respectively. The multicolor image is formed by spectral unmixing of three main cellular
features: vasculature, erythrocytes, and CAM (Fig. 5.11-(a4)). We perfuse the CAM
using DPBS to completely remove the free-floating erythrocytes within the vasculature
structures. This decellularized vascular structure allows free movement of micro-agents as
well as multiple fluorophore solutions. For staining, vasculature is placed in a Petri dish
containing 250 pg/ml indocyanine green in culture medium, 100 ttg/ml Rhodamine B
in water, and the micro-agents for an overnight period. Before the imaging experiments,
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Figure 5.10: Multicolor fluorescence microscopy for visualizing the magnetic micro-agents in a perfusable
vasculature network. (al) Multicolor image of the micro-agents labeled with coumarin 6 in a vasculature
formed with RFP-HUVECS on a microfluidic system filled with culture medium and indocyanine green. (a2)
Movement of the micro-agents by passive flow and magnetic pulling with a field of 70 mT. (a3) Path and
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the dish containing the stained sample is washed with DPBS by manual shaking for 15
minutes to prevent the aggregation of the micro-agents on the CAM. A circular part with
a diameter of 15 mm is cut out from the sample and transferred onto a PDMS reservoir
for multicolor microscopy. The representative static multicolor image of a decellularized
bifurcated blood vessel and the micro-agents after DPBS washing is shown in Fig. 5.11-
(b1). ROI (1)-(3) defined on the multicolor image plane highlight micro-agents on the
chorioallantoic membrane, on the vessel wall, and inside the vessel, respectively. In order
to reveal details about micro-agents and vessels, the magnified view of ROI (1)-(3) are
shown in Fig. 5.11-(b1)-(b3), respectively. Spectral image decomposition of ROI (2)
and (3) verifies that the micro-agents and the vessel are imaged from different spectrum
bands, and there is a contrast difference between CAM and vessel wall (Fig. 5.11-(b2)
and (b3)). The contrast difference decreases by 90% since heterogeneous pores present
on the vessel wall allow diffusion of Rhodamine B and indocyanine green (Fig. 5.11-(c)
and (d)). Real-time multicolor images are acquired at 5 fps with 66 ms exposure time,
where the micro-agents are pulled with a magnetic field of 42 mT. The average velocity of
the micro-agents moving outside and inside the vessel is computed as 1 body-length/sec
length/sec (8 um/s) and 0.5 body-length/sec length/sec (2 um/s), respectively (Fig. 5.11-
(c) and (d)). The micro-agent inside the vessel is pulled until it reaches the wall. The
displacement of the micro-agent after it reaches the vessel wall is measured as O um for 5
minutes, whereas the micro-agents outside travel along the magnetic field (Fig. 5.11-(d)).
Our experiment demonstrates that multicolor microscopy provides real-time visualization
of the micro-agents inside the natural blood vessels.
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Conclusions

In this work, we demonstrate multicolor fluorescence microscopy to visualize polymeric
micro-agents within 3D tumor-on-a-chip and vasculature models for the envisioned appli-
cation of targeted drug delivery. Compared to the imaging techniques used in the literature,
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micro-agents and surroundings are spectrally resolved in three distinct spectrum bands,
and color-coded visualization of the models is acquired. We experimentally validate that
multicolor microscopy allows spectrally-different image acquisition of micro-agents at
varying aspect ratios, organic bodies, surrounding media up to 15 fps, and sequential
motion detection up to 504 um/s from each spectrum band. As a result of color-coding, an
increased understanding of the identification and discrimination of each micro-component
is obtained. Our measurements show that multicolor microscopy delineates the spatial
compartments in real-time for analyzing and verifying the functionality of the micro-agents.
We expect real-time multicolor microscopy to accelerate the translation of micro-agents
into practice by enabling the required clear visualization.
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6.1

6. Conclusions

The previous chapters in this thesis provided solutions to the challenges associated with
fabrication, actuation, and imaging of micro-agents. In a nutshell, individual chapters in the
parts explored topics from interdisciplinary fields to bridge the gap between microrobotics
and multicolor microscopy. This last chapter summarizes Chapters 2-5 that answer the
research questions (R.Q. 1-4) stated in Chapter 1, presents the main contributions, and
provides directions for future research.

Part | - Scientific Tools: Multicolor Microscope, Coil Driver, and Visual Tracker

Chapter 2 addresses the lack of multiplexed imaging in the literature to distinguish micro-
agents and physical surroundings from different spectrum bands. A widefield multicolor
fluorescence microscope is developed for visualizing micro-agents and surroundings by
relatively fast spectral multiplexing. The working principle of the microscope is sequential
excitation of the fluorophores in a round-robin manner and synchronous individual image
acquisition using a common optical path (R.Q. 2). Polystyrene micro-beads as surrogates
for drug carriers and cancer spheroids formed with HeLa cells are randomly placed inside a
microfluidic channel to create a 3D tumor environment and show the potential of multicolor
microscopy. It is experimentally validated that the micro-agents, spheroids, and channels
are spectrally unmixed in three distinct spectrum bands by the multicolor microscope. The
main findings are: (1) Synchronous individual image acquisition enables occlusion-free
visualization of each micro-components with spectral crosstalk correction. (2) The round-
robin excitation strategy minimizes the photodamage on the fluorophores for real-time and
dynamic multicolor microscopy, prolonging the imaging time by a minimum of 1.5 fold. (3)
Focused individual image acquisition from multiple planes ensures visualizing a 3D tumor
model containing micro-agents without blurring. Imaging experiments demonstrate that
the developed microscope has the capability to provide the required high spatiotemporal
resolution (1280 x 1024 pixels with a minimum 5.5 ms exposure time) for micro-agents
and surroundings. The multicolor microscope could be a desirable tool in the application
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domain of microrobotics by spectral decomposition of full samples. In order to visualize the
micro-agents actuated using magnetic fields, the microscope is coupled with an orthogonal
array of four coils.

Chapter 3 presents a driver architecture to power the coils, which has not been
studied in the microrobotics literature (R.Q. 3). The effect of PWM frequency on the
current, magnetic field, and ohmic losses are studied using the developed coil driver.
Experimental results show that driving the coils at PWM frequencies close to their self-
resonant frequencies minimizes the magnitude of the current ripple. This results in (1) the
reduction of magnetic field fluctuation and (2) increasing predictability of the field, which
is one of the main components of magnetic manipulation. It is measured that increasing
the PWM drive frequency of an air-core coil (with a self-resonant frequency of 45 kHz)
from 100 Hz to 25 kHz decreases the current ripple and magnetic fluctuation by two
orders of magnitude. Additionally, negligible ohmic loss difference (%?2.8) is observed
after 100 minutes. Experimental results highlight the importance of PWM frequency for
the manipulation of micro-agents using magnetic field gradients. Magnetically-actuated
micro-agents are visually tracked to obtain quantitative data.

Chapter 4 describes a template-based visual tracking method for micro-agents. The
methods used in the literature are based on detecting micro-agents in every new frame
and tracking with a Kalman filter. The main shortcomings in such methods are: (1)
Detecting micro-agents requires thresholding, and values vary depending on the image.
(2) Tracking suffers from inaccuracies due to failures in the detection. (3) Micro-agents
with different geometries can not be tracked using the same tracking algorithm. Template-
based tracking method overcomes these shortcomings by computing motion parameters
instead of micro-agents detection in every frame. Experimental results show that different
types of micro-agents could be visually tracked by computing their motion information
between two consecutive frames without using any specific detection and thresholding
procedure (R.Q. 4). The outputs of the visual trackers are used to provide feedback for
the control of micro-agents. Such measurement rates can be lower than the sampling
rates used in traditional closed-loop controllers. Multi-rate state observers are applied to
virtually increase the sampling rate for the controllers by estimating the positions of the
micro-agents between two consecutive frames. The output of the template-based visual
tracker is provided as a measurement to the state observers for upsampling the actual
image acquisition rate. The experiments show that when the image acquisition rate is
increased from 25 fps to 200 fps using the multi-rate state estimation, the maximum error
is computed as 48 um for an elliptical-shaped micro-agent of 790 um x 1000 um in size.
The software and hardware tools presented in Chapters 2-4 are employed in Chapter 5
to visualize magnetically-actuated micro-agents and dynamic environments by real-time
multicolor fluorescence microscopy.

Part Il - System Integration and Real-Time Multicolor Microscopy

Chapter 5 reports the first demonstration of real-time multicolor fluorescence microscopy
in the field of microrobotics. The performance of multicolor microscopy is analyzed by
visualizing agents within microfluidic environments. In order to create a non-vascularized
3D tumor environment, a microfluidic chip that immobilizes a single cancer spheroid and
allows free movement of the micro-agents is developed. The feature of the chip is that
the spheroids are fixed in a certain location for multicolor image acquisition without the
need for moving parts. In vitro perfusable vascular network is engineered on a microfluidic
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system to show that multicolor microscopy provides spectrally-different image acquisition
of the agents inside the vascularized environments. Besides, ex ovo chicken chorioallantoic
membrane is employed to visualize micro-agents inside the natural blood vessels. For
imaging experiments, magnetic and fluorescent micro-agents (ranging from 4 yum to 130
um) are fabricated by shortening continuous fibers synthesized using electrospinning.
Multiple imaging experiments verify that mobile micro-agents, organic bodies (HeLa cell
spheroids and vascular network), and chamber media are resolved in three distinct spectrum
bands. The sequential motion is detected from each spectrum band up to 504 um/sec when
the individual images (with the size of 1280 x 1024 pixels) are acquired at 45 fps (R.Q.
1). The spectrally-resolved images provide direct segmentation of each micro-component
for quantitative analysis owing to the crosstalk correction strategy presented in Chapter
2. Experimental results in this chapter indicate that multicolor microscopy delineates
the spatial compartments in real-time to identify the target, manipulate the micro-agents,
and reach the desired location. Real-time multicolor microscopy that spectrally resolves
samples without crosstalk will be a powerful imaging technique for broad applications
in microrobotics (e.g., microfluidics-based healthcare, micro-assembly, sensing). This
doctoral thesis validates that multicolor microscopy changes the current understanding
of visual tracking and localization in the microrobotics field by rendering unambiguous
identification of micro-agents and surroundings. Outcomes of Chapters 2-5 can con-
tribute together or individually to the development of specific micro-agents. Methods
and results presented in the chapters also provide information about the construction of
imaging, actuation, and fabrication setups for microrobotics applications (e.g., organic
body manipulation for tissue engineering, flow screening within the vascular networks, and
visualizing morphological dynamics of cells after cargo delivery). Among the applications,
targeted drug delivery is the most achievable using the direct outcome of this thesis. The
subsequent section provides implications for follow-up therapeutic microrobotics studies.

Outlook

So far, this thesis has outlined the application of multicolor microscopy in the field of micro-
robotics. A widefield multicolor fluorescence microscope is introduced to obtain spectrally
resolved visualization of samples containing mobile micro-agents. Electrospinning-based
fabrication protocol is presented to obtain fluorescent and magnetic micro-agents as sur-
rogates for drug carriers. A magnetic actuation system, including driver electronics, is
constructed to manipulate the fabricated micro-agents. A template-based visual tracking
method is applied to obtain quantitative information. 3D tumor-on-a-chip and vascula-
ture models are developed to demonstrate the performance of multicolor microscopy and
create drug screening platforms. The outlook section concludes this doctoral journey by
providing directions to fabricate therapeutic agents, perform in vivo multicolor imaging,
and accelerate the clinical translation of microrobotics. The section starts by detailing the
fabrication of micro-agents as drug carriers.

Fabrication of Polymeric Micro-Agents containing Drugs

Regardless of the fabrication method and polymer solution, the first step will be drug
selection and monitoring its effectiveness using a microfluidic gradient generator [209].
The results obtained using the gradient generator will show the concentration that should
be loaded into the micro-agents for high treatment efficacy. The electrospinning process
presented in this thesis is one of the techniques for drug-loaded micro-agent fabrication.
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Polystyrene is chosen as the carrier polymer to fabricate micro-agents due to its bio-
compatibility. However, carrier polymer should also have biodegradability properties
in drug delivery applications. The biocompatibility and controllable biodegradability of
poly(lactic-co-glycolic acid) (PLGA) make it one of the suitable candidates to be used as a
carrier polymer in future studies [210, 211]. Dimethylformamide and dichloromethane
are two solvent examples to prepare a PLGA solution for electrospinning. Coumarin 6
and iron-oxide nanoparticles are biocompatible compounds to make the polymer solution
fluorescent and magnetic, respectively. Coumarin 6 is homogeneously dispersed in PLGA
and displays a relatively high photobleaching resistance. Micro-agents (approximately 52
um in length) containing iron-oxide nanoparticles can be actuated with a low magnetic
field (14 mT) in biological fluids like a fetal bovine serum, as demonstrated in Chapter 5.

Hydrophobic drugs (e.g., paclitaxel, docetaxel, etoposide) can be directly mixed with
the magnetic and fluorescent polymer solution since they are immobilized in the PLGA
matrix [212, 213]. Hydrophilic drugs (e.g., cisplatin, doxorubicin hydrochloride) will need
encapsulation as they are not stable in the polymer matrix when in contact with water.
The coaxial electrospraying process provides a method for encapsulating drug solutions
with a polymer shell [214]. Encapsulated drugs can be used as micro-agents or placed
inside the fibers using the coaxial electrospinning process. Obtaining micro-agents by
shortening the synthesized fibers in equal sizes will be required for reproducible drug
delivery and testing. The electrospinning setup in Chapter 5 is designed for depositing
the fibers on the collector with random orientation. The polymer grinding process also
randomly shortens the beaded and straight fibers to obtain micro-agents. This fabrication
technique is selected to enable the validation of multicolor image acquisition using micro-
agents with random size distribution. In order to obtain micro-agents with desired sizes,
electrospun fibers will be aligned with a drum collector and cut into small pieces using
a laser [203]. Electrospinning/spraying are not techniques for fabricating micro-agents
with architectural complexity, as in lithography and direct laser writing. The setup(s) only
allows the fabrication of therapeutic micro-agents with spherical (or elliptical), beaded, and
straight fiber shapes for the follow-up studies. The surface of the fabricated micro-agents
can be conjugated with antibodies (e.g., anti-EpCam, anti-CA 125, anti-PD-1) for adhering
them to the unhealthy cells. Lyophilization will be necessary for the long-term storage
of the micro-agents by inhibiting PLGA hydrolysis [72]. In vitro experiments will be
conducted to monitor drug release from the micro-agents.

Visualization of Drug Release and Cellular Viability

The multicolor microscope presented in Chapter 2 can provide real-time visualization of
targeted drug delivery, release kinetics, and cellular viability on the microfluidic platforms.
The microscope is specially designed with long-working distance objective lenses to
provide space for the integration of remote actuation and drug release systems. Combining
illumination and emission units using multi-band dichroic mirrors can offer a larger
working area. In order to perform live-cell imaging, the multicolor microscope will be
combined with an incubation chamber to adjust carbon dioxide, oxygen, humidity, and
temperature. Perfusable vascular network experiments in Chapter 5 are conducted without
a cell culture incubator. It is observed that endothelial cells are unable to regenerate red
fluorescence protein for multicolor microscopy and die within an hour due to non-optimal
conditions. In the absence of an incubation unit, live cells can not be maintained due to
environmental conditions, causing the inaccurate observation of drug efficacy.

Under incubation conditions, drug release can be triggered remotely by raising the
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temperature of the micro-agents, for example, using an alternating magnetic field, focused
ultrasound waves, or near-infrared light [215]. Solvents and pH solutions can also be
used to activate the release by accelerating polymer erosion [216, 217]. In future studies,
the temperature rise and chemical activation will be used (1) generating pores in the
encapsulation shells for the escape of hydrophilic drugs and (2) breaking the bonds
between the carrier polymer and hydrophobic drugs for controlled release. Fluorescence
microscopy is a commonly used method to obtain drug release kinetics from the agents by
measuring their average intensity over time. Live/dead staining assays will be employed
to monitor cellular viability for drug response assessment by dual-color fluorescence
microscopy. The assay solution is a mixture of two fluorophores that render live and dead
cells visible in different spectrum bands. The microfluidic chip in Chapter S is designed
as a platform for drug delivery to cell spheroids and viability analysis after release.

The immobilization feature of the chip can provide a controlled test environment to
visualize the interaction between micro-agents and 3D cancer spheroids. The perfusable
vascular network on the microfluidic system is a testbed to monitor the effect of therapeutic
micro-agents targeted at inhibiting the spread of unhealthy cells. The vascular network
can be used to screen metastasis dynamics by perfusing tumor cells via lumen openings.
Visualizing the testbed will open a pathway for increased comprehension of the effect
of therapeutic micro-agents on both vascular morphology and metastasis cells. Upon
extensive testing under in vitro, drug delivery using micro-agents will be studied at the
whole organism level. However, the widefield multicolor microscope presented in this
thesis (1) is a tool for acquiring spectrally resolved visualization of agents and physical
surroundings in microfluidic environments, and (2) provides superficial imaging depth
compared to medical imaging modalities (e.g., ultrasound, photoacoustic). In the final part
of this thesis, the microscope-in-a-catheter concept is proposed to render the micro-agents
visualization inside the tissue by multicolor imaging.

Multicolor Microscope-in-a-Catheter

The incorporation of optical fibers into catheters (i.e., catheter probes) enables the trans-
mission of light deep inside the biological tissue and the collection of photons for image
formation [218]. Coupling the catheter probe with microscopy techniques (i.e., microscope-
in-a-catheter) allows invasive imaging of tissue microstructures with high-resolution [219,
220]. In future work, multicolor microscopy will be combined with the catheter probe to
achieve (1) spectrally-resolved visualization of micro-agents in tissue and (2) delineating
the borders between healthy and unhealthy cells. A catheter probe can be a versatile tool
for the application domain of microrobotics. For instance, a catheter probe will allow
the transportation of micro-agents to the targeted tissue as well as their visualization.
The fibers in the catheter probe can also permit the transmission of near-infrared light
for triggering drug release. The probe can overcome the limited penetration depth of
near-infrared light (1-2 mm) by transmitting deep into the tissue for clinical drug release
applications. A catheter probe coupled with multicolor microscopy has the potential to
open new possibilities for testing therapeutic micro-agents under in vivo conditions.
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