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1. Introduction

1.1. Flow cytometry in cell detection and analysis

Flow cytometry is a powerful tool for cell detection and analysis; many physical fields can be
applied to microfluidic chips to get various morphological and biochemical information from
different cells[1], [2]. Fig.1.1 shows the schematics of common commercial flow cytometry, these
kinds of cytometry utilize a special nozzle as the hydrodynamic focusing chamber to arrange cells
flowing through the detection area. The cell is always detected with fluorescence for most
commercial flow cytometry, as shown in Fig.1.1a; in addition, to realize cell sorting, the
commercial flow cytometry uses the aqueous droplet in oil as the carrier of cells, with different

charging for these droplets, with high-voltage electric field, droplets will be separated.
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Fig. 1.1: Schematics of common flow cytometry: (a) cell detection; (b) cell detection and
sorting.

1.1.1. Optical flow cytometry
The optical flow cytometry is the most commonly used method in commercial flow cytometry

for detecting cells or particles through fluorescence[3]. The traditional optical flow cytometry
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consists of three parts, the optical path, microfluidic device and the data processing system. To
ensure cells or particles can be irradiated by the exciting light, the microfluidic device of optical
flow cytometry should supply a good focusing ability to make cells and particles move through

the optical path[4].

o‘l o

Fig. 1.2: Schematics of optical flow cytometry

Comparing to other flow cytometries shown in Fig.1.2, the optical flow cytometry has simpler
channel and data processing, only including active light sours, filter and photodetector. However,
the main challenge is the requirements of fluorescence-based labeling ,which may pose some

biochemical issues to cells[5].

1.1.2. Imaging flow cytometry

Among all kinds of flow cytometries, imaging flow cytometry (IFC) can provide much more
information and directly detect the morphological characteristics of cells[6], such as intercellular
components analysis by fluorescence imaging[7], [8], Raman spectrum[9]; and visualization of 3D
structure shapes of cells by tomographic imaging[10], light sheet scanning[11], [12] or rotating
cells[13]. Fig.1.3 shows the common structure of imaging flow cytometry, incident light irradiates
and pass the object, collected by the camera or other photo-detect device to generate the intensity-
related[14], [15] or fluorescence-related[8], [16] image. The throughput of imaging flow
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cytometry relates to many factors like frame rate of camera, data transfer and field of view (FOV);
and the velocity, focusing, and concentration of particles or cells in sample fluids. This makes the
throughput of IFC quite easier to improve; for example, imaging with multi-channels[17], [18] or

wide channels[19] simultaneously with a large FOV.

Fig. 1.3: Schematics of imaging flow cytometry

However, more information from imaging means more data will be generated during imaging
process, which require powerful data-handling or data-compressing[20], [21]. Moreover, the

components of imaging flow cytometry are always much more expensive[22].

1.1.3. Impedance flow cytometry

Impedance cytometry is a label-free method to carry out cell detection and analysis based on
impedance spectroscopy[23] which widely used in cells analysis[24], food security[25], protein
detection[26] and drug resistance[27] for the advantages like precision and efficient. With a low
detection frequency (< 1 MHz), It can easily measure the size[28], [29], amount[30], [31],
shape[32], phenotypes[33], and position[31], [34], [35] of cells. Additionally, by applying high-
frequency detection voltage (> 1 MHz), cell membrane could be partly conductive[36], [37], some

intracellular components[38] and property[39] could be detected from micro to nano scale[40],



[41]. With some constrict channel, cell deformation[42] can also be monitored. As shown in
Fig.1.4, three electrodes are set on the bottom of microchannel, AC voltage is applied in the middle
electrode while the two sides are connected for the data-collection; cell or particle passing through
the detection area change the local resistance and generate the voltage signals. The fabrication of
microfluidic chip for impedance flow cytometry is usually more complex than other flow
cytometry as the electrodes are always assembled on the chip, like lithograph-based coplanar
electrodes[43], [44] and liquid metal-based 3-D electrodes[45], [46]. Unlike the imaging flow
cytometry, impedance flow cytometry output the one-dimensional data, which requires some data
processing to extract the relevant information, this limitation affects the detection accuracy of
impedance flow cytometry. Therefore, stable conditions during detection are necessary to meet the

demands of impedance flow cytometry.
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Fig. 1.4: Schematics of imaging flow cytometry

1.2. Cell focusing in microfluidic chip

In flow cytometry, as each sensor exhibits varying sensitivity in different areas, achieving

equilibrium positions for cells or particles is crucial for accurate detection[47]; the technologies



to drive cells moving with the similar trajectories is called cell focusing. A stable positioning of
the target enhances detection sensitivity and accuracy[48]. For example, cells can be imaged
clearly only when they are near the optical focal plane of the microscopy system, and the imaging
quality is further improved when cells are focused in the center of the field of view (FOV)[22]. In
impedance cytometry, cell near the electrodes can generate signals with higher amplitude[30], [46].
Moreover, focusing can also help to organize the particles or cells, separate objects for precise
measurement[49]. To maintain the target flow at a stable location in the cross-section of channel,
the cell focusing should be considered in design. Most cell focusing methods can be sorted into

two groups, the passive cell focusing and active cell focusing[50].
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Fig. 1.5: Three common passive cell focusing methods, A-A and B-B represent the cross-
section at initial and end of channel; (a) inertial focusing, four equilibrium positions for
square cross-section (case 1) and two equilibrium positions near long boundaries for
rectangle cross-section (case 2); (b) viscoelastic focusing, one equilibrium position for
square cross-section (case 1) and two equilibrium positions near short boundaries for
rectangle cross-section (case 2); (c) hydrodynamic focusing, sheath press sample flow to a
concentrated distribution area.

1.2.1. Passive focusing

The passive cell focusing method is the simplest approach to achieve cell focusing in
microfluidics. Without any external influences, cells or particles in a solution can be driven to a
small range solely through the hydrodynamic effects of the flow[51]. The most common passive
focusing method is inertial focusing[52], like Fig.1.5a shows. As particles or cells flow along the
channel, two inertial forces come into play: the shear-gradient lift force and the wall-induced lift
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force[53]; These forces act in opposite directions on the cell[54], and drive it to an equilibrium
position where the forces balance each other. Due to the simple principle, inertial focusing is
widely used in various flow cytometry[55]. However, the inertial effect is relatively weak
compared to the hydrodynamic force, which necessitates longer channels. To overcome this
limitation, enhancements such as stepped channel[56], [57], serpentine channel[58]-[60] have
been developed to enhance the inertial focusing. Additionally, replacing the standard Newtonian
fluid with a viscoelastic fluid can enhance the performance of inertial focusing by reducing the
number of equilibrium positions within the channel cross-section[61]-[63], like shown in Fig.1.5b.
For example, while a channel with a square cross-section has four equilibrium positions with
inertial focusing, the use of a viscoelastic fluid reduces it to one equilibrium position[64]. However,
even with these improvements, the performance of inertial focusing at high velocities or high
Reynolds numbers remains suboptimal[65], [66], which limits its applications.

Like Fig.1.5c shows, to achieve efficient focusing from the sample inlet to the detection area,
the properties of laminar flow can be utilized through hydrodynamic focusing. By incorporating
branch channels, sheath flows can surround[67] or compress[68], [69] the sample flow, directing
the sample to the desired area within the cross-section, such as the vicinity of the electrodes in
impedance flow cytometry[70]. In comparison to inertial focusing, hydrodynamic focusing can

achieve effective focusing even at high velocities or Reynolds numbers[71].

1.2.2. Active focusing
Active cell focusing methods involve the use of external physical fields to manipulate cells or
particles in microchannels, such as electric field[72] or acoustic field[73], [74]. These external

fields can exert additional forces on cells, such as dielectrophoresis (DEP) force[75] and acoustic



radiation force[76], [77]. The advantage of active sorting is its rapid response speed, as cells or
particles can be immediately affected by the forces upon entering the external physical field.
However, active cell focusing methods require additional design or assistance, which increases the

complexity of chip fabrication and usage.

1.3. Droplet microfluidics

Droplet microfluidics has been developed as a powerful tool in chemical and biological
analysis[78]. Unlike conventional single-phase microfluidics, droplet microfluidics enables the
division of samples into small droplets, serving as research units and improving cost-
effectiveness[79]. These droplets can be considered as closed volumes, creating mini cell culture
environments[80]-[82] or small-scale chemical reaction unit[83], like Fig.1.3a shows.
Furthermore, due to their controllable size, droplets can be utilized as substitutes for certain cell
manipulations[84] (Fig.1.3b). For example, in commercial flow cytometry, droplets act as carriers
for cells, allowing for cell sorting by manipulating the target cells within the droplets[85]; Some
transfection methods involve encapsulating cells in droplets with reagents to facilitate intracellular
delivery[86]. Additionally, like shown in Fig.1.3c, droplet microfluidics finds extensive

applications in polymerase chain reaction (PCR) analysis[87], [88].

Qil aqueous
a b C
——
Electrodes
Cell culture Cell sorting PCR

Fig. 1.6: Applications of droplet; (a) cell culture; (b) cell sorting; (c) PCR analysis;
the yellow color and blue represents the oil phase and aqueous phase, respectively.
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1.4. Aims and outline

[Flow cytometry|

|1. Introductionl [Cell focusing |

[Droplet microfiuidic]

y L
2. Microfluidic chip for ultra-high || 3. Highly sensitive impedance ||| 4. Droplet-based cell sorting
throughput flow cytometry flow cytometry system
Ll Horizontal connecting chip | Pinched flow droplet
| sorting

—>| Narrow span of electrode

|Vertica| focusing I

| —— Viscoelastic focusing |
Cell imaging with high
velocity and throughput _—:I Droplet measurement

|5. Conclusion |

Fig. 1.7: Outline diagram of the dissertation

Microfluidic chips play a crucial role in various types of flow cytometry as they provide a
stable environment for cells during other physical or biochemical detections. Sensitivity and
throughput are two key parameters that reflect the capability and efficiency of any flow cytometry
system.

In this dissertation, my focus is to improve the throughput and sensitivity of flow cytometry.
Firstly, 1 enhance the throughput by developing a novel microfluidic chip structure that enables
higher velocity and pressure, allowing for the detection of a large number of samples in a shorter
time. For instance, the microfluidic chip designed with this structure can facilitate velocities up to
40 m/s, which is currently the fastest achievable for optofluidic time-stretch (OTS) microscopy,
resulting in a minimum throughput of 2,700,000 cells/s. To improve sensitivity, the microfluidic

chip is designed based on the principles and requirements of flow cytometry. For example, cell
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focusing is implemented in both imaging flow cytometry and impedance flow cytometry to ensure
a stable cell position relative to the optical focal plane and coplanar electrodes, respectively. In the
impedance flow cytometry, the integration of electrodes on the microfluidic chip allows for
accurate detection with narrow electrode spacing or wider positive electrodes, thereby achieving
precise measurements.

In addition to flow cytometry for cells, this dissertation also explores droplet measurement and
sorting. The objective is to develop a droplet-based cell sorting system, which requires
investigating nondestructive methods for droplet measurement. Furthermore, there is a need to
design a passive droplet sorting system capable of effectively separating two types of droplets with
a small difference in diameter.

The details of each purpose and the related research will be described in each chapter in this

dissertation, including five chapters:

Chapter 1: Introduction

This chapter provides an introduction to the background of common flow cytometry, including
its basic principles and applications. It discusses the fundamental principles underlying flow
cytometry and explores its various applications in different fields. Additionally, the chapter
focuses on specific aspects related to the research, such as cell focusing techniques and droplet
microfluidics. It presents an overview of current research efforts and evaluations conducted in
these areas, most flow cytometries have the demands of higher sensitivity and throughput. The aim
of this chapter is to establish the research purpose of the dissertation, which is to enhance the

sensitivity and throughput of common flow cytometry by optimizing the design and structure of
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microfluidic chips. Moreover, the intention is to explore further applications of flow cytometry

beyond its conventional use.

Chapter 2: Microfluidic chip for ultra-high throughput flow cytometry

This chapter focuses on providing a microfluidic chip for optofluidic time-stretch (OTS)
microscopy, which is known for its high-speed imaging capabilities. While OTS microscopy
claims to be capable of imaging cells moving at 60 m/s[89], its practical use has been limited to
imaging cells at speeds of only 1 m/s with common PDMS chips[90] and 25 m/s with whole-glass
chips[91]. To address this limitation and offer a powerful and cost-effective solution, | have
designed a minimized glass-PDMS-glass microfluidic chip with horizontal connections
specifically for imaging cytometry. my chip design focuses on ensuring muscular strength and
minimizing layouts, allowing for ultra-high velocities achievable with common syringe pumps.
By utilizing hydrodynamic focusing with two sheath flows at high velocities, | can concentrate
most samples near the focal plane of the optical system, thereby enhancing the sensitivity of OTS
microscopy. Through the implementation of my microfluidic chip in the OTS microscopy system,
| have successfully achieved cell imaging at a speed of 40 m/s, which, to the best of my knowledge,

is the highest speed achieved in imaging flow cytometry[92].

Chapter 3: Highly sensitive impedance flow cytometry

Chapter 3 focuses on the development of a new microfluidic chip structure that enables extremely
high throughput in imaging flow cytometry. This innovative structure is applicable not only to
various microfluidic devices used in flow cytometry but also to impedance flow cytometry. The

main objective of this chapter is to enhance the sensitivity of impedance flow cytometry for cell
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detection and droplet measurement. The sensitivity of impedance flow cytometry is influenced by
several factors, including the distribution of the electric field, the position of objects being detected,
and the layout of electrodes. This chapter presents three research studies. The first study explores
the utilization of narrow-span electrodes with a width of 1 um to enhance the strength of the
electric field, resulting in larger amplitude impedance signals [93]; The second study investigates
the use of viscoelastic focusing to achieve a stable cell position in the microchannel, minimizing
errors caused by variations in the distance between cells and electrodes. The third study examines
how the electrode layout affects impedance detection of droplets. The size of the electrodes and
droplets can generate four different results in the differential signals of impedance detection, and
this research aims to investigate this relationship. Overall, Chapter 3 contributes to improving the
sensitivity of impedance flow cytometry for cell detection and droplet measurement by addressing

various factors and introducing innovative approaches.

Chapter 4: Passive size-based droplet sorting

In Chapter 4, a novel concept of a droplet-based cell sorting system is introduced. This system
utilizes a pulse laser to selectively target and burst undesired droplets, leaving behind the intact
droplets containing the desired cells. The remaining intact droplets, along with small droplets, are
then separated using a passive droplet sorting structure. To achieve passive droplet sorting, the
principle of pinched flow is investigated through numerical analysis, which guides the design of
the sorting channel. By implementing this passive cell sorting channel, successful separation of
droplets with diameters larger than 110 um and smaller than 100 um is achieved, with each group

directed to different outlets. Chapter 4 establishes a new approach to droplet-based cell sorting,
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combining laser-based selection with passive sorting, and demonstrates its effectiveness in

separating droplets based on size.

Chapter 5: Conclusion
This chapter conclude the works and achievements in this dissertation, and presents the further

work in the future.
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2. Microfluidic chip for ultra-high throughput flow cytometry

2.1. The optofluidic time-stretch (OTS) microscopy

Photodetector R . ;
[\/ / - - Grating ” : Sbea Objecuve :

. Objective -
Oscilloscope Microfluidic .
Chip — l'
Syringe Pum — ! laser
yrng P Objective ,0
A\N
v eee ! (2 )
‘e ' A
Broadband " Waste ' N\ e \
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pulse laser ' @ OP e
l--- ' o

Dispersive fiber o Grating

Fig. 2.1: Schematics of the optofluidic time-stretch (OTS) microscopy.

For most IFC, the high velocity of cells can enhance the efficiency and throughput of detection,
but high velocity of moving objects means lower exposure time of camera. The optofluidic time-
stretch (OTS) microscopy is current the fastest imaging flow cytometry (IFC), which can realize
blur-free bright-field imaging at a frame rate of 10 million fps[94] and overcome the trade-off
between spatial resolution and throughput[95]. Fig. 2.1 shows the basic optofluidic time-stretch
microscopy for cell imaging. Laser pulses from a broadband laser are first dispersed in the time
domain by a long dispersive fiber and then dispersed in space by grating. Afterwards, the pulses
are focused on cells that are flowing through the microchannels. By an inverse optical path, time
dispersive lasers with information of objects are generated and detected by a photodetector. In this
process, laser pulse will be firstly stretched into wide wave by long fiber on time-scale and
dispersed spatially by grating, the spatial dispersion light will irradiate on cell and the intensity of

some position will be changed; by comparing with the waveform of laser pulse before and after

15



irradiation, every pulse can transfer to one-dimensional image; and cell images could be
composited by these one-dimensional images from every pulse, like shown in Fig.2.2a. With this
powerful ability, OTS microscopy is claimed to image a moving object at a velocity of 60 m/s[89]
which is evaluated with imaging resolution and sampling principle (one pixel require at least two
pulses). However, in practical applications, the microfluidic chips could not provide a stable
velocity high enough in such a condition. To improve the throughput of IFC, velocity in
microfluidic chips needs to approach the allowing velocity of imaging system, like OTS

microscopy.

a b

Pl < omm ) e e

Time stretch Spatial dispersion
o 000 .
p image
! ‘\eolrs: *
J\/\ ® o060 Intensity
changed
- ‘ ° o0 o

- ee
1-D image * *
of cell

Fig. 2.2: (a) Process from laser pulses to image; (b) OTS image of the USAF-1951
resolution chart.

In these experiments, the OTS microscopy is based on the femtosecond laser (Ti: Sapphire
crystal) with a center wavelength of 800 nm, a 3dB bandwidth of 40 nm, and a repetition rate of
80 MHz. The pulse is stretched by the 1.55km single-mode fiber with the dispersion parameter of
186 ps/ (nm km). The stretched pulse is spatially dispersed by the diffraction grating with a groove

density of 600 lines/mm, and the sampling rate is set as 10GS/s for 40 um wide FOV and 40GS/s
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for 100 um wide FOV (spot size is 100 um also), which is enough for this system without valid
information loss and is also helpful for enormous cell data statistics. The NA of the objective is
0.65. Fig.2.2b shows the images of the USAF-1951 resolution chart, and the line pairs of group 9
element 3 of the USAF-1951 resolution chart can be identified in the image. This indicates that
the OTS system used for testing has a spatial resolution of ~780 nm, which is consistent with the

theoretical calculation[96].

2.2. The PDMS-based microfluidic chip with horizontal connections

2.2.1. The microfluidic chip with high throughput

High flow velocity means high pressure in enclosed microchannels, leading to many
unpleasant consequences. High pressure is harmful in microfluidics; for example, it could easily
cause leakage and channel deformation, resulting in lower actual flow rates and even chip damage.
The most common PDMS-Glass chip devices for OTS imaging can reach a fastest velocity of 10
m/s[97]. To get higher pressure or velocity in microfluidic chips, some more solid materials like
metal stainless steel[98], [99], silicon[100], and glass[101] were used. For optical microscopy,
glass is a perfect material due to its good optical and mechanical performance[102]; a 1.4 mm
thickness glass chip was fabricated to keep low deformation of channels in higher pressure
conditions, to drive fluids at a velocity as high as 25 m/s[91]. But the disadvantages of solid chips
are quite evident, as complex fabrication processes, using dangerous toxic reagents and multiple

equipment[103], special jigs[104], and experienced operators are all required[105]. To realize a
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higher velocity in normal PDMS microfluid devices which are simple and inexpensive,
optimization of current microfluidic design is required.

In a microchannel, pressure from inlets overcomes the hydraulic resistance and drives liquid
flow. The hydraulic resistance is similar to resistance in electric circuit which is in direct proportion
to the channel length and inversely proportional to the cross-section of microchannels[106].
Therefore, decreasing hydraulic resistance could be a method to achieve my purpose. Many
parameters could be optimized, like the length and cross-section of channels[107], and angles of
narrow channels[108]. In OTS microscopy and other imaging system, chips are always limited to
the space between objectives[94], and very long channels are always designed to avoid
interference from inlets and lenses. Since the inlets could be set horizontally (parallel to
microchannels) from the side of the chips to avoid interference[109], chips could be minified by
decreasing the length of the useless channels.

However, only high velocity could not satisfy the demand from OTS cytometry. OTS
microscopy has a very small focal range, which means the imaging of cells and particles is quite
sensitive to the distance to the focal plane in microchannels. The common used microfluidic chip
use hydrodynamic focusing with 30 um height of whole channel, this channel can work at 1 m/s
to 10 m/s; however, this single layer can only horizontally focus cells in middle channel and fail
to realize vertical focusing[71], [110]. For example, Fig.2.3a shows the OTS images of blood cell
without cell focusing, the four cells in this image are the same kind but two in focus and two out
of focus, the cells out of focus will have the blur interface and will have large size which is image
distortion. The Fig.2.3b and Fig.2.3c shows the OTS images of cells on focal plane and 10 um far
from the focal plane, only 10 um can make image quality such poor which means the OTS imaging

is very sensitive to the cell position. So microfluidic chip should be able to focus cells vertically

18



at a high velocity. Sheath assisted hydrodynamic focusing is the most simple and direct way to
realize 3D focusing[47]. By tandemly arranging inlets of sheath and sample fluids in a straight
microchannels, the sheath could push sample to top or bottom of the channel for vertical
focusing[68], [69]. But two inlets on one channel make it hard to set horizontal connections to
shorter channels. Another kind of vertical hydrodynamic focusing is achieved in multi-layer T[111]
or Y[112] shaped channels, where sample channel has a lower height than sheath channels[113];
and vertical focusing could be realized by increasing velocity or Reynolds number[114].
Additionally, the inertial effects in fluid are pretty strong at high velocities, which could affect the
focusing of cells in the microchannels[54], leading to a result like cells separation[115], [116] but
unstable. Even worse, inertial focusing always demands a long channel[117], which keeps a high

flow resistance limiting to a higher velocity.

(a) Cells in focus
lymphocyte

- Ead
Cells out of focus -~

(b)

On optical focal plane 10 pum far from optical focal plane

$ % 2 |- S -

Fig. 2.3: The OTS images of cell on focal and out of focal: (a) OTS images of cells,
scale bar: 20 um; (b) OTS images of cells on focal; OTS images of cells out of focal,
scale bar: 20 pm.

2.2.2. The microfluidic chip with horizontal connections
Among PDMS-based microfluidic devices, the microchannel deforms easily under high
pressure due to the soft PDMS which can cause the damage of sealing and results in leakage.

Nevertheless, if the leakage problem can be controlled, the PDMS would still be the best material
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for microfluidic chip because of the easy-fabrication and cost-efficiency. To avoid the leakage, the
sealing of connections and PDMS should be stronger enough to resist the deformation of PDMS.
Except using solid material to direct limit, the deformation in channel, the structure of microfluidic
chip can be optimized instead of just using solid material which make increase the difficulties of
fabrication. There are two reasons leading the leakage on PDMS chip; the first is the deformation
of PMDS surface which make the relative movement between PDMS and sealing, and the second
is the weak adhesion between PDMS and sealing (resin). Here, a new structure of microfluidic
chip is created which can enhance the sealing and prevent the leakage; as the leakage problem can
be avoided, we still choose the PDMS as the main material of chip.

In OTS microscopy system, microfluidic chip support cells with fast and stable movement. In
most microfluidic chips, especially for imaging flow cytometry, most inlets and outlets are
vertically inserted into chips, connecting pipelines and micro channels[117], like shown in Fig.2.4a.
This kind of connection is quite simple and easy to use. However, some optical components need
enough space near the microfluidic chip for imaging flow cytometry. For OTS microscopy, the
space is very narrow, limiting the thickness of the microfluidic chip. Figs.2.4b shows the
horizontally connecting chip which has no interference with objectives, and makes chips free to
move for unlimited observation; while chip with vertical connections is limited by the arrangement
of objectives and connections, and chip could only be adjusted in a small range determined by the

distance of connections and the diameter of objectives.
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Fig. 2.4: The sketching of chips with horizontal connections (b) and vertical
connections (a) locate between two objectives in OTS microscopy; the green area
presents the free space the chip could move; (c) The channel design of vertical

connecting chip and horizontal connecting chip, the horizontal connecting chip
allows the minimization design.

In most microfluidic chips, the function is always realized by a very small part, while the most
length of channels is redundant. In Fig.2.4a-b, the chip with horizontal connections is smaller than
the chip with vertical connections, because there will be no demand for long channel to ensure the
space for objectives. Therefore, the chip can be designed much smaller without concerning the
interference of connections and objectives. In my design, most length of the microchannel of
vertically connecting chip is optimized, and the narrow observation channel is directly linked with
outlets. As shown in Fig.2.4c, the length of the channel is cut from 44 mm with vertical connection
to 8.5 mm with horizontal connections. The shorter channel has a low flow resistance, allowing a
higher velocity driven by the same pressure. With this structure, the flow can be driven at high
velocity, and the PDMS will surround with solid material like glass and resin; the sealing of resin

attaching on glass is quite strong, preventing chip from leakage.
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2.2.3. Fabrication of horizontal connecting microfluidic chip

Horizontal connections of pipeline and micro channels had been realized in a whole glass
microfluidic chip[109], where the holes are directly drilled from the sides toward microchannels
by a drilling machine. But this method is easy to cause microchannel contamination and has high
requirements in machining equipment. To fabricate the horizontally connecting chip with normal
PDMS-glass structure, an eclectic way to reach a similar result is to connect pipeline with a larger
storage chamber that connects micro channels. Same like inlets, waste also flows into waste
chamber and moves out through horizontal outlets. To drive the higher velocity, microfluidic chip
needs to tolerate extreme high pressure, even though the horizontal connection could help to reduce
pressure and structure deformation. Some defects in common chips should also be considered, like
weak sealing of glue with low surface energy materials like PDMS and PEEK. It’s worth noting
that normal soft lithograph processes are used in my fabrication, without any requirements for
special equipment or techniques.

The fabrication of PDMS-based horizontal connecting microfluidic chip contains the processes

below:
Punch horizontal 1 Punch vertical
PDMS R,,_'/ holes = | holes
v y:- = ¥ 4 ! —
y s // iz —
5 & <
Push remnant
i

U8 mold PDMS remnant in

: and tweeze out
i iiii horizontal holes

o Glass
e /

e ( 7z / = J Upward view Side view
‘\Connection

'PDMS Chip

v vi vii viii

Fig. 2.5: The fabrication steps of PDMS-based horizontal connecting microfluidic
chip.
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Step i: Prepare the chip mould, the mould can be fabricated by ordinary lithography (spinning
coating, baking, exposure and development) with negative photoresist SU-8;
Step ii: Pour the mixed PDMS (ratio of PDMS and curing agent is 10:1) over mould, and place

it in a thermostatic drying oven at 80 °C for 6 hours for solidification;

Step iii: Cut and peel the PDMS structure with microchannel from mould, and press puncher
from side of PDMS structure to generated the inwalls of horizontal holes. no hole generated in this
step, and only PDMS is carved for holes of connection;

Step iv: Punch holes vertically at the locations of inlets and outlets by punchers, to create
chambers to link connections with channels, these chambers will be enclosed as storage chambers.
The cutting parts of PDMS in the last step are now cleaved, and the holes for horizontal
connections are fabricated, but the remnant is stuck in horizontal holes. A small tip is used to push
the remnant from the side of the connection holes toward the chamber and take the remnant out
from the chamber holes. The vertical hole can act as the bridge to link the connections with the
microchannel, the vertical hole will be closed by bonding with two glass and generate the chamber;

Step v: To assemble the chip, two glasses are bonded with PDMS to close vertical holes as
enclosed storage chambers by plasma cleaner at 75 w, 40mTorr for 60 seconds;

Step vi: Stainless steel capillary tubes are inserted as connections, instead of common PEEK
tubes. Steel capillary tubes have the advantages like strong strength, thin wall, low cost, and high
surface energy[118], [119], which exhibit excellent adhesiveness with resin;

Step vii: Use epoxy glue (a kind of AB glue) to fulfilled into the interval of two glasses, and
wait 12 hours for solidification.

Additionally, to avoid leakage from pipeline, I use PTFE pipeline to connect chip and syringe,

with small inner diameter of PTFE pipeline (22S) and larger outer dimeter of stainless-steel
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connections (21G) to achieve interference fit; the interference fit of the two hard materials can
tolerate high pressure without sealing. PTFE has a good strength to tolerate deformation under
high pressure, and also has low coefficient of friction to decrease pressure loss during fluid

transport.

2.3.  The effects of high velocity on sample focusing and wall-deformation

2.3.1. Simulations of hydrodynamic focusing at different velocity

In imaging cytometry, only cells flowing near the optical focal plane can be clearly imaged.
Unfocused cells can lead to blurry imaging and even out of detection. Therefore, microchannels
for imaging cytometry should be able to focus cells onto the optical focal plane. Hydrodynamic
focusing with sheath fluids is the one of the simplest focusing method[120] and is compatible with
most of imaging systems. As mentioned before, the conventional vertical focusing structure, which
place vertical focusing inlets behind sample inlets, is difficult to integrate with a horizontal
connecting structure. Therefore, | designed a two-layer microchannel with a lower height for
sample channel and higher height for sheath channels. This design aims to maximize the flow of
cells on the optical focal plane. In the design shown in Fig.2.6a, the two-layer microchannel
includes a 30 um high sample channel, which is less than half of the other layer or channel (70 um
in height), making the samples flow in the bottom half of the channel. To investigate the effects of
velocity on the focusing of the sample near the bottom of the microchannel, FEM models are built
by a commercial software, COMSOL Multiphysics (COMSOL Inc., Burlington, MA, USA).
Additionally, the microchannel is simplified into the junction and observation channels for more

efficient calculation, because all focusing processes happen there. The junction is a triangle shaped
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channel that is Imm long, 700 um wide, and 70 pum high, while the long narrow observation
channel is Imm long, 100 um wide, and 70 pum high.

The simulation can be directly carried by solve the Navier—Stokes equations:

p (g—ltl +u- Vu) = V- [-pl + u(Vu + VuT)]
Veu=0 (Eq.2.1)
where t denotes time; p is the fluid density; W is the dynamic viscosity of the fluid; u is the fluid
velocity; p is the pressure; I is the unitary tensor; The distribution of the sample flow can be traced
by streamline method or the mass diffusion. The diffusion can be simulated with the module of
transport of diluted species, and couple the Eqg.2.1 with the mass balance equation:
V-J+u-Vc =R
] =-DVc (Eq.2.2)
where the J represent the mass flux diffusive flux vector; u is the fluid velocity which is same as
in Eq.2.1; R is reaction rate expression for species; D denotes the diffusion coefficient; c is the
concentration of the species, the unit of concentration in mass diffusion is mol/m3. As the mass

diffusion is just for trace the sample distribution, the diffusion coefficient (D) is set as a value

small enough but larger than O;
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Fig. 2.6: Simulation of sample fluid distribution at the focusing junction; (a) Main
structure of my microchannel design, two layers are highlighted with different
colours, sample channel (red) has a height of 30 um, while other channels (Pale

cerulean) are 70 um high; (b) Simulation was carried at the junction and observation
channels, where all processes of focusing happen. Colour bar represents the height of
the sample; and the experiment result of red ink in the junction at 5 m/s is shown,
which agrees with the simulation result; (c) Sample distribution in the channel and its
streamline in the two-layer channel at different velocities of 1 m/s, 15 m/s, and 40 m/s;
(d) Simulation of single layer channel at 40 m/s.

Fig.2.6b top shows the simulation result obtained at the flow velocity of 5 m/s. To verify the
simulation model, an experimental image (below) achieved at the same flow condition (total flow
rate is 2.1 mL/min with a 2:2:1 ratio of sheath and sample fluids) is shown at the bottom. In the
experimental image, a red ink trail was clearly observed, which matches the shape (profile) of the
sample fluid in the simulation. The intensity of red color of red ink trail also matches the color of

streamline in the simulation, which represents the height of sample fluid. Further simulations were
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carried out by turning flow velocity from 1m/s to 40 m/s with a certain ratio of flow rates between
sheath and sample fluids. The simulation results obtained from three different flow velocities are
shown in Fig.2.6¢; each small image contains a main image of streamlines and three graphs of
cross-sectional view at different positions of the channel. | found that sample fluid is pinched to
center and spread from top to bottom of the channel at 1 m/s, while it spreads in the horizontal
direction to the bottom side of the channel at 40 m/s. This result indicated that higher velocity of
sheath fluid can lead high inertial effects which enabled the spreading of sample fluid at the bottom
of the channel. The proposed two-layer design of the channel offers a narrow focal plane and thus
a better focusing performance that increased with flow velocity. Additionally, the simulation of
single layer channel is also carried which is shown in Fig.2.6d, in single layer channel, the
compression from the sheath is symmetry toward up and down sides, results in sample tends to
distributed near the bottom and top. However, the optical focal plane only has one height in channel,
the two-sides distribution can make half cells out of imaged; moreover, the small cross-section can

always increase the flow resistance which obstruct the efforts for higher velocity.
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Fig. 2.7: Height of barycenter of the sample at velocities ranging from 1 to 40 m/s.

As velocity is a quite important parameter which affects hydrodynamic focusing of particles
to the focal plane, I trace the samples at different velocities. Barycenter positions which could be

used to evaluate fluid distributions[121] are calculated here to evaluate how samples are focused
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to the focal plane. Fig.2.7 shows the height of the barycenter of the sample at different velocities.
The barycenter of the sample is located in 30 um height area near the bottom of the microchannel
at 1 m/s, and becomes closer to channel bottom as velocity increases. Since velocity reaches 15
m/s, the height of barycenter keeps about 12 pm. This result indicates that sample fluid can be

focused to the bottom of channel with a 12 um wide distribution, which is similar to the cell size.

2.3.2. Investigation of flow velocity effects on vertical hydrodynamic focusing

Reynolds number (Re) is one of the essential dimensionless parameters to explain fluid
mechanisms in previous studies. Since the density, the viscosity of the fluid, and the dimensions
of the channels are constant in all experiments of my research, | directly employed flow velocity
as the main indicator to describe my results instead of Reynolds number. In hydrodynamic
focusing, velocity and the ratio of sample and sheath are two important parameters. However, in
conditions of high velocity, a low ratio of sample and sheath can cause the sample to focus towards
the corners, thereby weakening the vertical focusing effect. To mitigate this issue and ensure
effective vertical focusing, | have set the ratio of sample and sheath as 1:4 (specifically, 1:2:2 for
the sample and two sheath fluids) to avoid corner focusing under high-velocity conditions.
Although the Reynolds number (about 4,000) is much larger than 2,000 at high velocity, but the

turbulence is not occurred; the flow situation may between the laminar flow and turbulence.
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Figure 2.8: The analysis of sample distribution in hydrodynamic focusing. (a) Photos
of the junction of channel at different velocities of 1 m/s, 15 m/s, and 40 m/s from left
to right, scale bar represents 100 um; (b) Grayscale of red ink at three positions of
sample channel (up), middle junction (middle), and end observation channel (down),
the obvious drops of grayscale in sample channel represent the channel wall, and
some results of simulation mentioned in section 2.3.1 are added here for compare; (c)
The binarization of the middle junction at the velocities of 1 m/s, 15 m/s and 40 m/s
from left to right, scale bar represents 100 pum;

We performed experiments to investigate the effects of flow velocity on vertical hydrodynamic
focusing. To trace the sample flow in hydrodynamic focusing, red ink is the most cost-efficiency

method. As shown in Fig.2.8a, red ink trace from the sample channel is first pinched, focused and
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pressed to a relatively thin stream and finally moved to the bottom side of the observation channel.
The ink distribution and the color depth in Fig.2.8b are well matched to the simulation results
shown in Fig.2.6¢. The ink shows different color depths along the flow direction at different
velocities. To evaluate the sample distributions along channel height, | convert the images in
Fig.2.8a into grayscale images (Fig.2.8c). The conversion can help to reveal the distribution of
sample (ink)[67], with the grayscale value relating to the height of distribution. Fig.2.8b shows the
grayscale at three positions: sample channel, middle junction, and observation channel, at three
different velocities of 1 m/s, 15 m/s, and 40 m/s.

In the sample channel, the grayscale is the lowest at a velocity of 40 m/s, which represents in
the deepest red colour. Since the concentration of ink was not changed during all experiments, the
grayscale of sample channel keep constant in all flow velocity conditions. Thus, the difference in
grayscale was caused by channel deformation under high pressure at a high velocity (i.e., 40 m/s).
Ink at 40 m/s has the lowest grayscale in the middle junction and end of the observation channel,
and the grayscale became the largest in the observation channel. It indicated that most samples
may be pressed to the bottom of the channel by sheath fluid when flowing into the junction. On
the contrary, the grayscale has similar minimum value at all three positions when the velocity is 1
m/s, because the hydrodynamic force compressing the samples is smaller at a lower velocity.
Samples pressed to the channel bottom in junction may not be observed clearly by images, but the
shape of ink distribution could be observed by binarization of grayscale pictures shown in Fig.2.8c,
with threshold grayscale value of -0.015. Fig.2.9 shows the width of pressed samples in junction
at different velocities; a higher velocity causes a stronger hydrodynamic effect, which in turn leads
to a narrower distribution of the sample. Also, the ink distribution shows a similar tendency in the

simulation.
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Figure 2.9: The width of compressed sample in junction.

As the grayscale is corelated to the ink distribution, the results indicated that hydrodynamic
focusing only has a low efficiency in channel height dimension (weak vertical focusing) at a low
velocity, which is not suitable for an optical imaging method having limited depth of focus. On
the other hand, the sample could be focused close to the bottom of the channel at a higher velocity,
allowing better optical imaging performance.

However, higher velocity always means a larger pressure in the channel, and pressure acts on
channel wall and cause the deformation. In the grayscale of sample channel and red ink in Fig.2.8a,
the grayscale of sample and wall at 40 m/s is lower than 1 m/s, one reason is probably due to the
deformation of the sample wall under high pressure. Fig.2.10 shows the minimum grayscale along
the flow direction in experiments and simulation, as the red dot line marked; the tendencies of 1
m/s and of experiments are similar to simulation; but since the flow velocity increases to 40 m/s,
the tendencies were abnormal. This is mainly caused by the deformation of sample channel at high
velocity; the grayscale of sample channel shows that the sample of red ink is thicker at 40 m/s than
1 m/s, relating to the lower grayscale. But the thicker sample at 40 m/s is compressed to lower

height and finally focused to the bottom of the observation channel.
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Figure 2.10: Maximum height of sample in simulation (left) and minimum grayscale
of red ink (right) in flow direction; the position of pixels on right graph comes from
the pixel location of photo; the zero values of simulation and experiments starts from
the geometry of sample channel in simulation and the first column of the photo,
respectively.

The relation between ink distribution and velocity clearly shows that the sample can be focused

to a wide stream for obtaining more target objects in the FOV, and concentrated within a narrow

stream in observation channel to direct target objects closer to similar optical focal plane.

2.3.3. Wall deformation analysis at high velocity

As the material (PDMS) of microfluidic chip is soft, the deformation of microchannels at high

pressure caused by high velocity is unavoidable. The large deformation can extend the area of the

cross-section of channel, and reduce the practical velocity in channel based on the setting flow

rates. The experiments of red ink and simulation indicate that the effect of channel deformation on

distribution of the sample is low; but for OTS microscopy, velocity is one of the most important
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parameters to create blur-free images. Fortunately, the observation channel is directly linked with
the outlet, where the pressure is small to the environment, the atmospheric pressure. This makes
the end of the observation channel have a lower pressure and less deformation than other channels

such as junction and sample channel, enabling a stable velocity.
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Figure 2.11: Wall deformation at different velocities. (a) Differences of channel walls
at 1 m/s and 40 m/s (left), four positions of the wall used for observation and
comparison (right), scale bar 25 um; (b) Grayscale of channel walls of four positions
at different velocities of 1 m/s, 10 m/s, 20 m/s, 25 m/s, and 40 m/s, the position is also
from the photos, the left side is the zero position.

Fig.2.11a resents the images of the channel walls, including walls at three positions with
velocities of 1 m/s and 40 m/s. It is clear that the width and grayscale of the wall is wider and
lower, respectively, at 40 m/s than at 1 m/s, which reflects large expansion of walls at a high
velocity. One probable reason of the grayscale at high velocity is the deformed wall have the arc

shape which extending the wall projection and the liquid in this area cause the light scatter. The
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grayscale of walls in images are picked out to investigate the effect of velocity on wall deformation.
As shown in Fig.2.11b, four positions of the wall are concerned, from the sample channel (high
pressure) to the observation channel (low pressure). The four small graphs represent the
waveforms of walls at different velocities at four locations shown in Fig.2.11a and marked in
Fig.2.11b. Walls of sheath outer channel and junction have a tendency to move far from channel,
due to the expansion of the channel at high velocity, and the grayscale of wall is low at high
velocity. But this pheromone is not too clear for the wall of observation channel. Fig.2.12 shows
the evaluation of wall deformation using three parameters, width expansion rate of wall, the
distance extension of a pair of walls, and the grayscale of wall. When velocity increases to 20 m/s,
the width extension rate and distance extension of sheath channel and junction increase rapidly,
and the grayscale of the wall decreases. Meanwhile, the observation channel shows a small
difference between the beginning and the end. This is mainly due to the pressure distribution at
high velocity; the observation channel is directly linked with the output chamber, and the local
pressure is as low as the external environment. The high velocity in the narrow observation channel
requires extremely high pressure at the beginning of the observation channel, which causes the

high pressure in sheath channel and junction, resulting in large deformation of walls in these places.
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Figure 2.12: The evaluation on wall deformation, the extension of the waveform of the

wall, distance of a pair of walls, and the grayscale of the waveform of wall over a
range of velocities

The deformation of the observation channel wall is quite low, especially on the end side (wall
4 in Fig.2.12), because the three indexes of observing channel shown in Fig.2.12 have less
changing as the velocity increase from 1 m/s to 40 m/s, comparing to the other places of wall (wall
1, 2 and 3); which means the velocity is quite similar to the expected value, which is related to the

flow rate and channel cross-section. Then the imaged cells can reach the high expected velocity.

2.4. The OTS images of cells at extreme high velocity

2.4.1. OTS images of signal cell

The horizontally connecting microfluidic chip | made is quite rigid, and the shorten channels
shown in Fig.2.4c can significantly reduce flow resistance; these make it quite easy to reach an
extremely high velocity, up to 40 m/s by common syringe pump. Concerning the large load of
pumps at high velocities, three independent syringe pumps are used to drive two sheath and one

sample fluids. The ratio of flow rates of sheath and sample was still set as 2:2:1, and velocity of 1
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m/s for total flow rates of 0.42 mL/min. By using the three pumps, cells can be driven into the
channel and imaged at a velocity of 40 m/s; total flow rates were set as 16.8 mL/min, 6.72 mL/min
for sheath fluids, and 3.36 mL/min of sample fluid. It should be noticed that, 40 m/s is not the limit
of proposed PDMS device; the bottleneck of the system is the common syringe pumps | used
which have the maximum load of 75 Ibs (33.75 kg). When | set total flow rates larger than 16.8
mL/min, one of three pump stop to work with alert of over load, while no leakage or damage
occurred to my chip. Meanwhile, large push force can easily break the barrel flange of the syringe,
causing velocity loss. Theoretically, the velocity directly relates to the flow rates, but for better
accuracy, the beads will be used as the reference to check the velocity before cell imaging.

In OTS imaging, the two-dimension images are composited with many one-dimension
waveforms; dispersive laser pulses irradiate cells, making pulses contain space information of cells
(light intensity difference). Therefore, the two dimensions of composite images from OTS imaging
are the space dimension and the time dimension. Fig.2.13 shows the typical images of polystyrene
beads from the OTS imaging; both the width and length of the images are 40 um. The optical path
determines the width, which is space dimensional; time dimensional length is determined by the
velocity and repetition rate of the laser (80 MHz). Pulses irradiate on target objects like particles

and cells, the higher velocity of objects mean fewer pulses scanned during the imaging process.
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Figure 2.13: The quality of the OTS images relates to the velocity of objects; OTS
images of polystyrene beads, higher velocity means fewer pulses and longer meshes
for image composition; images of 5 um beads at 10 m/s and 30 m/s show a great
difference in quality.

For example, 10 um cells moving at a speed of 1 m/s, 10 microseconds are required for cells
from the beginning to end; 10 microseconds include 800 pulses due to the repetition frequency.
Pulses number (n) for images could be calculated by velocity and laser frequency: n=(f*L)/u; f
means the repetition frequency of laser, L is the length of the image | want, e.g., 40 um in Fig.2.13a,
and u is the velocity of objects. It is evident that the number of pulses and velocities has an inverse
relation. Low pulses at high velocity can significantly decrease image quality, like the two small
10 pm *10 pm graphs of 5 um particles in Fig.2.13a, quadrilateral meshes could be observed for
particles at 30 m/s while he ones at 10 m/s are quite smooth. And from the 1 um * 1 um section

of the tow graphs, the basic meshes are emerged, the meshes at 30 m/s are wider than the ones 10
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m/s, but the height is the same. This is because the graphs at 10 m/s and 30 m/s have the same

space resolution due to the same optical path, and the time resolution is different due to the velocity.
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Figure 2.14: Images of cervical cells (sample 1) and whole blood cells (sample 2) at
different velocities of 10 m/s, 20 m/s, 30 m/s, and 40 m/s, each image has a size in 40
pm* 40 pm.

Fig. 2.14 shows images of cervical cells (sample 1) and whole blood cells (sample 2) at four
different velocities of 10 m/s, 20 m/s, 30 m/s, and 40 m/s, the size of all images are 40 um* 40 pum.
It shows that cells could be clearly observed at 10 m/s and 20 m/s, and the background was also
smooth. The surfaces of cells are clear to the background. As velocity increases to 30 m/s, fewer
pulses are taken for images, and the interfaces turn slur, especially in the time dimension. The
image quality will unavoidably decrease as the flow velocity increases, which can be translated
into two reasons. Firstly, as the flow velocity increases, each cell image consists of fewer pixels
(pulses) in the flow direction, which will decrease the image quality and has been analyzed and
discussed above. The second one is motion blur due to the exposure time which is determined by
laser pulse. To minimize photodamage to the cells and reduces the level of spectral distortion of
the pulses, the temporal disperser (frequency to time conversion) of the OTS imaging system used

for testing is placed before the first spatial disperser. However, this configuration will increase the
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exposure time per pulse from the femtosecond magnitude to 5.5 ns of my OTS imaging system so
that the head and tail of each pulse will have a longer relative displacement in space while arriving
at flowing cell, which will cause uncertainty in the measurement of cell size. As the flow velocity
increases from 1m/s to 40m/s, the theoretical relative displacement of each pixel calculates from
5.5 nm to 220 nm. Although the relative displacement accounts for nearly one-third of the
theoretical resolution of 780nm at the flow velocity of 40m/s, there seems to be no severe motion
blur of the cell images shown in Fig.6b, the outlines and details of the cells can still be resolved.
The motion blur phenomenon can be alleviated by placing the temporal disperser (frequency to
time conversion) after the second spatial disperser, and the image quality can be further improved
at ultra-high flow velocity in theory.

As the resolution on time scale of OTS images is directly related to pulse number per unit
length, it should be weight between the throughput and the quality of images. The increase in
velocity can result in the low time resolution, but the space resolution has no change. Therefore,
laser with a higher repetition rate can be used for high time resolution, allowing a higher velocity,
but sacrifice the space resolution. These parameters all can be adjusted to get higher quality of
images in my system. For application in single cell analysis, the low-resolution images can be
enhanced by deep-learning networks to obtain high resolution[122]. Alternatively, the low-

resolution images can also be used to perform analysis on cells with specific features.

2.4.2. Cell focusing and distribution at high velocity
To image and detect as many cells as possible, cells should be focused near focal plane as
much as possible. In my design, sample is pressed to the channel bottom by two sheath flows under

higher velocity, allowing the focusing of cells close to the optical focal plane in the FOV to image
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more cells clearly. In this section, I count the number of cells imaged by OTS microscopy from
whole blood sample to test the effect of focusing and the distribution of cells at different velocities.

The ratio of sheath and sample fluids is set as 2:2:1.
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Figure 2.15: The cell position measurement; (a) Processes of cells number and location
measurement; (b) Relation of long OTS image, binarization graph and cell position curve;

Beside images of single cell, OTS microscopy can also continuously image with large time
window, which correspond to long images containing many cells. As shown in Fig.2.15a, to
analysis amount and distribution of cells, OTS image is firstly transfer to binarization graph, value
0 for background and 1 for cell; and then weight value with the location of channel. For example,
images showing in Fig.2.15a is 40 um which is the size of FOV, the up line of matrix will value
with 40 while the down line will value with 1. By this way, one OTS image can transfer to a 3D
matrix, and the value on z-axil means the location; by calculating all nonzero value at every column,
a curve is got which can reveal the number and location of cells in every OTS images. However,

this method only works when cells are not too concentrated. Fig.2.15b shows a long OTS image
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of blood cells, the binarization picture (threshold value -0.02) and the position curve of binarization
picture; each peak of wave represents each cell in image, the amplitude of peak represents the

location of cell.
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Figure 2.16: Long OTS image and position curve of blood cells at 10 m/s, 20 m/s, 30
m/s and 40 m/s, each OTS image is 100 um high and 500 ps wide, each OTS image is
compressed on wide dimension but cells can be extracted and unfold to real size
showing in right;

After changing the groove density of grating to 1200 lines/mm, and setting the sampling rate
to 40 GS/s (gigasamples per second), | obtain long-time OTS images with 100 um FOV at different
flow velocity. Fig.2.16 shows the long-time compressed OTS images of 5,000-fold diluted whole
blood sample at 10 m/s, 20 m/s, 30 m/s and 40 m/s from OTS microscopy. Each image is 100 um
high in space domain and 500 us wide in time domain, the real space width is 5,000 um, 10,000
pm, 15,000 um and 20,000 pum from 10 m/s to 40 m/s, respectively. Cells in compressed images
are not shown in real ratio of height and width in space domain, but every cell image can be

extracted and unfolded. Below every long OTS image, position graph represents where cells
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located. The position graph of 10 m/s only have 3 peaks with similar amplitude near 50 um which
means 3 cells all flow in the middle of channel; and with velocity increasing, more peaks occurred
with various amplitudes. Like graph of 40 m/s contains 35 peaks, and 7 peaks have more than one

amplitude, 42 cells in this image; meanwhile, the amplitude of peaks range from 4 pum from 94

um.
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Figure 2.17: Cells counting and distribution at different velocities; (a) Concentration

of detected cells at velocities from 10 m/s to 40 m/s; (b) Throughput at velocities from

10 m/s to 40 m/s; (c) Cells distribution on the wide dimension at velocities from 10 m/s
to 40 m/s, the green dotted line represents the middle of channel.

Fig.2.17a shows the concentration of detected cell which is calculated based on the counted
cell number and flow rate at each velocity, it is cleared that the average concentration of detected
cells increases from 62 cells/pL at 10 m/s to 320 cells/uL at 40 m/s; as the cell concentration of
sample is never changed, the improvement on concentration of detected cell at high velocity is
mainly relating to the good vertical effects at high velocity that make much more cells flow near
the optical focal plane, results in more cells imaged successfully. Fig.2.17b shows the throughput,
calculated by cell number and duration of each image, throughput of the long images increases
from 4,400 cells/s at 10 m/s to 89,400 cells/s at 40 m/s. Fig.2.17c shows the distribution of cells,
cells distributed in the middle 12 um wide range at 10 m/s and 90 um wide range at 40 m/s.

As section 2.3.2 mentioned, higher velocity can press sample near bottom and disturbed wider.

The concentration of detected cells increases 4-fold from 10 m/s to 40 m/s, which means more
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cells are imaged at high velocity; which verify the focusing effect on height dimension. For
throughput, the improvement of high velocity is much higher, the throughput improves 20-fold at
least with velocity increase 4-fold. Velocity can enhance the focusing effect on height dimension,
making more cells near one plane; on the other hand, cells distribute wider on wide dimension of
channel. Similar results are investigated in section 2.3.1 and 2.3.2, sample focus to middle at low

velocity and to bottom at high velocity.
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Figure 2.18: Cells counting and distribution at different velocities; (a) Concentration
of detected cells at velocities from 10 m/s to 40 m/s; (b) Throughput at velocities from
10 m/s

Beside increasing velocity, wider channel with wider FOV can make also increase more
detected cells and throughput[18], [19]. Moreover, in the long OTS images shown in Fig.2.16,
most area of image is empty, with no cells. This means, the concentration of detected cells and
throughput can be enhanced by directly increasing the cell concentration of sample. Fig.2.18 are
the OTS microscopy of 200-fold diluted whole blood sample and 40-fold diluted whole blood
sample at the same velocity of 10 m/s, respectively. It is clear that, image of low dilution sample
contains more cells. Image of 200-fold whole blood contain 9 cells and 27 cells. However, high

concentration of sample is easy to make cells reunite and overlap, like marked in Fig.2.18, causing

43



blur boundaries of cells in images; which means high concentration can lead cells reunite and even
overlap, disturb imaging quality. And the overlapped cells can easily avoid by decrease the sample

concentration and shaking longer time of sample before experiments.

2.5. Summary

This chapter aims to achieve a high velocity in PDMS microfluidic device to release the
imaging potential of optofluidic time-stretch microscopy which is claimed to have the ability to
image objects moving at 60 m/s, and even for all kinds of flow cytometry. To overcome the
limitations of common microfluidic devices, | created a new method to fabricate microfluidic chips
with horizontal connections. | found that channels could be minimized and designed in this way
by shorten the length and part of channels. Based on this glass-PDMS-glass structure with resin
reinforcement, the microfluidic chip can have a strong strength to allow higher flow rates and
velocity. Also, microchannels with two layers were designed, which has a 30 um high sample
channel and two 70 um high sheath channels. With this chip, I can realize cell imaging at 40 m/s.
To the best of my knowledge, this developed microfluidic device for imaging cytometry can
achieve the fastest velocity over the world. As this two-layer microchannel can press sample flow
near bottom of channel; which means more cells will flow near the optical plane, making more
cells detected. This focusing effect will be more effective at high velocity, like 40 m/s. Meanwhile,
| image 5,000-fold diluted whole blood sample to verify the focusing effect, concentration of
detected cells and throughput can improve 5-fold and 20-fold from 10 m/s to 40 m/s, respectively.

For precise cell detection and analysis, the imaging quality and stable position of cells may
have to be considered simultaneously, micro channels can be optimized and the ratio of flow rates

between sample and sheath flows could be optimized for higher suitability on single-cell analysis.
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As | have the fastest imaging system and the fastest cell cytometry, the fastest data processing
system could be developed in the future to realize the integrated real-time cell analysis system.
Due to high performance of my new microfluidic chip, e.g., high velocity and the minimized size,

it could be a new way to investigate the high inertial effects in microfluidics for cell sorting,

deformation and preparation.
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3. Highly sensitive impedance flow cytometry

3.1. The sensitivity of impedance flow cytometry

In terms of single cell detection, the sensitivity of impedance cytometry is quite important
which determines the applicable size of single cells/particles. To date, the sensitivity[125] has been
shown to be related to channel dimension[124], electrode layout[125], fluid conductivity[126], and
electrode dimensions so far. Any tiny changes in electrodes or microchannels would be shown on
the magnitude of impedance pulses. Based on this phenomenon, a selective method of improving
the detection sensitivity is to wide electrodes or narrow detection channels for a strong electric
field[123], as a result of sacrificing signal-to-noise ratio (SNR)[127]. Besides the method to
improve sensitivity by enhancing the amplitude of signals, improving the relationships between
signal to cell itself, rather than the position of cell, can always help to improve the detection
accuracy and sensitivity. Moreover, in some situation, the electrode layout and even the samples
can also affect the sensitivity.

In this chapter, three works were carried on how to improve the sensitivity of impedance flow
cytometry, to achieve highly accurate detection. The three works include utilizing narrow electrode

span, cell focusing by viscoelastic solution, and the investigate of droplet impedance measurement.

3.2. The material and methods

3.2.1. Experiments setup and data process

Fig.3.1a shows the impedance flow cytometry system in my experiments based on circuit of
FPGA (field-programmable gate array)[128]. In detection, a 3.3 V voltage signal with two
different frequencies was generated by a FPGA-based lock-in amplifier (Diligent Eclypse Z7,
USA), and connected the central electrode; the different frequency will apply on different
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situations which depends on the conductivity of the solution and objects. Current signals
propagated from the central electrode to both detection electrodes through the conductive fluids in
the microchannel. When single objects flow through the detection area, the induced current
fluctuation on two detection electrodes were detected and converted to voltage signals by 1/V
converter. A differential amplifier was employed here to compare the signal fluctuation on two
electrodes and transmit the results to the lock-in amplifier. In the lock-in amplifier, current signals
were deconvoluted to the impedance signals at two frequencies, which were then collected by a
data collector (USB-6363 BNC, National Instruments, USA) at a sampling rate of 125 kHz and

displayed in NI DAQExpress (National Instruments, USA) on PC in the meantime.
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Figure 3.1: The constitution and signal process of FPGA-based impedance flow
cytometry system; (a) the structure of FPGA-based impedance flow cytometry; (b)
the data-processing of impedance detection.

To analyze the results, recorded data was imported to MATLAB at first, so that to characterize
the impedance signals via two dielectric properties, i.e., the electrical diameter and tilt index. All
signal processes were performed by lab-made scripts. The data-processing is shown in Fig.3.1b,
the signals of particles or cells will be firstly picked out from recorded data base, and then calculate

the amplitude and the width of waveform. With counting the number of signals with different
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amplitude, signals can be sorted into an amplitude distribution. Besides, the electrical diameter[45]
is defined as the cubic root of the impedance amplitude, which has been proved to be linearly
correlated with the physical diameter of single objects. The tilt index [32], [129] is defined as the
ratio of left-half impedance pulse to the right-half and minus one, which is used to characterize the
shape of single objects. By gathering these features of signals, distribution of features can be
obtained to reveal morphology and size of the objects. Additionally, the beads are always added
into sample as the reference, the reference will act as the anchor of real size for accurate
measurement. With Gaussian distributions matching, the distribution can be divided into several
groups representing the objects; and the Gaussian distributions can also transfer to the probability
distributions if the number of one cluster of objects is too low which makes it unobvious, the
probability distribution is calculated based on each independent cluster of amplitude distribution.
It is quite important to choose the applicable reference which should have the size different from
the range of target.

With electric-based detection, the noise is unavoidable; as the connections between different
conductors, the electromagnetic field in environment can all cause the noise. Decreasing the links

and use shields can have better improvements on noise.

3.2.2. The simulation method of impedance detection

The simulation of impedance flow cytometry is to investigate the relationship between the
amplitude of signals and the trajectory of cell. Thus, the simulation can directly be built by couple
the electric field and flow field with solid-like cell. To investigate the impedance detection and
sensitivity, numerical models are built by commercial software, COMSOL Multiphysics 6.0

(COMSOL Inc., Burlington, MA, USA). To correspond the simulation to the real situation, the
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model will be more accurate to combine the AC (Alternating Current) module and FSI (Fluid-
Solid Interaction) module, AC module to describe the electric field while the FSI module to
describe the cell movement dragged by flow. However, AC module has only one variate of voltage,
while the FSI module has at least five variates (two velocities, pressure, E- modulus and Poisson
ratio) which means the FSI module is much more complex than the AC module. There will be
much more calculating recourse required if couple with the FSI module to describe the movement
of cell. After analysis of the theory of impedance signal generation, | found the flow have no
influence on property of solution and the electric field distribution only relates to the materials of
cell and solution whether they are moving or flowing. Therefore, to simplify the simulation, |
build my model with just with AC module and transfer the dynamic process of cell movement to
many static states of cell in different position. In addition, due to the same structure on the
dimension of channel width, the simulation can also use the 2D model to improve the calculating

efficiency. The simulation can be carried by couple the electric currents equation:

J=0E+].
V-J=0
E=-VV (Eq.3.1)

where the J represent the current density; ¢ denotes the electrical conductivity; Je is the

externally generated current density; E is the electric field, which is the gradient of voltage V;
Similar to the simulation of cell impedance detection, the model of droplet impedance

detection is also built by AC module, the droplet is described just by define the geometry instead

of common methods of droplet (Phase-field, Level-set), or define a function of related material

parameter. But this is only suitable when there is no deformation occurs on droplet.
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The parameters of the 1xPBS solution are 80 of the relative permittivity and 1.4 S/m of the
conductivity. For droplet simulation, the oil parameters are set as 2.1 of the relative permittivity
and 0.17 of the conductivity. The cell membrane and beads (polystyrene) are quite weak under
low frequency alternating voltage, the cell and beads can be simulated as a cavity with shape of

circle or sphere.

3.3. Improve the sensitivity by narrow electrode span

In this work, | provided an alternative way to improve the detection sensitivity, through
narrowing the electrode span. The electrode span is found to impact the local strength of electric
filed in the detection area, which could facilitate the detection of the tiny objects in a large channel.

Typically, the electrodes in impedance cytometry are fabricated by photolithography and lift-
off. However, the fabrication of small electrodes or gaps is difficult, and the defects easily occur
in developing process in lift-off with the feature size least to 1 um. To avoid possible defects in
photolithography, in this work, femtosecond laser was applied to ablate the electrodes to generate
the small gap. As femtosecond laser is widely used in micro-nano fabrication[130] and even cells
perforation[131] with high precious and low extra damage to materials, it is quite a potential way
in electrodes fabrication.

To verify the sensitivity of electrodes with small gap, some indicator with small difference in
size is needed, like yeast cells. Here | choose the yeast Saccharomyces cerevisiae, which is widely
used in food industry and biology research[116]. In cell cycle of S. cerevisiae yeast, single cell
always turns into budding situation with morphological changes[132], [133], the small difference
in cell shape and size make S. cerevisiae yeast become the well indicator for various cell sensors[7],

[33], and also my case.
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Here, | improve the sensitivity of impedance cytometry by decreasing the gap of electrodes
smaller to 1 um while electrodes have the width of 30 um. To investigate the effects of gaps on
the detection sensitivity, numerical models were built by finite elements methods to express how
the smaller gap could enlarge the local strength of electric field to generate higher differential
signals when objects pass through electrodes. To verify my idea, experiments were performed on
small particles (1 um and 3 um beads) and single cells. As a reference, electrodes with 5 um gaps
were also employed in experiments. The gap of 1 um was fabricated by femtosecond laser ablation
on whole electrodes, while 5 um gap was directly fabricated by normal lift-off technology. In
detection of polystyrene particles suspension with diameters at 1 pm and 3 um, much more 1 pum
particles could be detected and distinguished using electrodes with 1 um gaps. And then, in the
detection of yeast cells, the budding yeast cells could be successfully identified by the electrodes

with 1 um gap.

3.3.1. Microfluidic chip

The microfluidic chip in impedance cytometry is assembled with PDMS structure and glass
with coplanar electrodes by inversible bonding after plasma treatment. The microchannel is got
from casting mixed PDMS (SYLGARD 184, Dow Corning, Midland, MI, USA) on SU8
(MicroChem Corp., Newton, MA) mold by common soft lithograph. The electrodes which
conclude two layers, about 70 nm thick chromium (Cr) on glass and 70 nm thick gold (Au) on
chromium, are all fabricated by photolithograph and lift-off.

The microchannel in detection area is 12 um wide and 10 um high, while three coplanar
parallel electrodes are 30 um wide. In my research, there are two kinds of gaps of designed

electrodes, 1 um and 5 um which are shown in Fig.3.2. Usually, the electrodes are initial design
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on mask and fabricated with lithography and lift-off technology, as the electrodes with 5 um wide
gaps; however, feature size smaller to 1 pum increase the difficult of fabrication. To achieve the 1
pum gap of electrodes, the femtosecond laser is considered as it can be used to ablate some micro-
pattern. With the assistance of femtosecond laser, the electrodes with 1 um wide gap are
successfully fabricated by ablate two 1 um wide gaps in one 92 um wide whole electrode to
separate the one electrode into three independent electrodes. Additionally, by adjust the power of
laser, the gaps can be fabricated much smaller, but it may increase the risk of short circuit. Before
bonding with PDMS channel, the electrodes will be tested by Avometer to ensure the electrodes

are not connected (short circuit).

= 2N
[t 4

Electrodes with 5 ym gap Electrodes with um gap

Figure 3.2: Microfluidic chip with two kinds of electrodes which have the gap of 5 um and
1 um, the 5 um gap is direct fabricated by lift-off while the 1 um gap is generated by FS
laser ablation; (scale bar: 10 um).

3.3.2. Sample preparation
In beads experiments, the mixed beads suspension contained polystyrene particles in diameter
of 1 um and 3 um. The number ratio of 1 um and 3 um polystyrene beads in the suspension was

around 9:1.
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In single cell detection, S. cerevisiae yeast cells were employed, and all cells were pre-mixed
with polystyrene particles in a diameter of 3 um before experiments. The beads mixed in cells are

used as reference. In detail, yeast cells were firstly diluted in 1x PBS solution and then put in a
thermostat at 38 °C for 3 h for awake. Fig.3.3 shows the photos of particles and yeast cells under

a microscope, normal yeast cells have a larger size than 3 um particles, while the budding yeast

Single yeast

cells are larger than normal yeast.

PS beads

Bing yeast

Figure 3.3: PS particles and yeast cells imaged with microscopy (scale bar: 5 um).

Before experiments, all samples were transferred to a 1x PBS solution with 0.1% Tween 20
solution, to avoid sample aggregation. Sample suspension was loaded into the microchannel using

a syringe pump with a flow rate of 10 pL/min.

3.3.3. The simulation of impedance with different electrode span

In the absence of objects in the detection area, the currents detected from two ground
electrodes were equal, resulting in no impedance signals. As particles or cells passed the
electrode span, the volume of conductive PBS solution above the span was replaced by the
nonconductive object, inducing the sudden increase in the system impedance, i.e., impedance
pulses. This is because of that the nonconductive objects interfere the current propagation above
the electrode span. It is worth noting that the majority of current propagation took place near the

electrode span in the fluid. As shown in Fig.3.4, a strong electric field was observed near
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electrodes span. The differential current is the difference of the current from the two cathodes;

due to the 2D geometry in simulation, the unit of current here is A/m.
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Figure 3.4: The simulation results about distribution of electric filed in the detection
area of impedance cytometry (up), color represents the voltage, line with arrows
means the current direction. The impedance pulses (down) were obtained when

flowing 3 um particle along three trajectories. The particles at different height in the
channel (i.e., 3 um, 5 um, 7 um to channel bottom) were labelled in red, blue and

green, respectively.

To date, according to several impedance-related studies[45], [129], the 2D simulation is
sufficient to analyze the relationships between impedance signals, single objects, and the detection
electrodes. Therefore, in this work, I did not employ other methods (i.e., the analytical solution) to
verify the simulation results.

Fig.3.4a shows the 2-D simulation of the impedance cytometry in my research, the gaps of
anode and each cathode were 5 pum(left) and 1 pum(right) here. The color corresponded to the
voltage distribution that diminishes from the anode to the cathode. When a 3 um particle moved
through the detection area, the impedance magnitude changed according to the different heights of
the particle in the channel (i.e., 3 um, 5 um, 7 um to channel bottom). In other words, the
impedance signals of single particles are trajectory dependent. As particles get closer to the channel

bottom, they induce higher impedance pulses. Due to the nonuniform strength of electric field in
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micro-channel, current from anode propagates around the channel bottom. Additionally, when
measuring a particle along the same trajectory, the highest impedance magnitude was measured

for particles traveling through the 1 um electrode span.
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Figure 3.5: (a) Strength of electric field in the case of 1um gap and 5 um gap. (b-c)
Relationship between the impedance magnitude and the electrode gap, when
measuring (b) 1 pum and (c) 3 um particle. The impedance magnitude increases with
decreasing the electrode gap.

Fig.3.5a shows the strength of electric field at different depths at the center of the electrode
span, as the strength of electric field is defined as v/d (v represents the voltage, d represents the
distances between electrodes), by calculation the voltage gradient at every mesh point, the strength
of electric field can be got. Compared to 5 um gap, a 1 um gap can result in a greater gradient of
voltage between the cathode and anode, resulting in a higher strength of electric filed. In other
words, there was a concentration of current near the 1 um electrode span. With distance from the
channel bottom, this field strength gradually dims. Interestingly, at a distance of 4 um from the
channel bottom, both types of electrode spans showed similar field strengths. This phenomenon

indicates that regardless of the electrode span, both designs show the same sensitivity to single
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objects beyond 4 um from the channel bottom, while the 1 um electrode span provides a greater
sensitivity within 4 um.

Figs.3.5b-5c illustrates the changes in the impedance magnitudes when measuring 1 um and 3
pum particle, respectively. In Fig. 3.5¢, the impedance magnitudes of 1 um particles varied between
0.02 and 0.28, in the case of the 1 um electrode span. By contrast, this value varied between 0.02
and 0.09, in the case of the 5 um gap. 3 times higher impedance pulse was obtained by the 1 um
gap than by the 5 um gap. Considering background noise in real experiments, low impedance
pulses are difficult to be detected. Therefore, | assume that using the 1 um electrode gap, the
impedance pulses of tiny particles (e.g., 1 um) could easily be seen instead of being buried in back-
ground noise. Additionally, when measuring 3 um particle, the 1 um electrode span can also
provide the highest impedance magnitude in comparison to the 5 um electrode span. Notably, the
lowest impedance magnitude for both types of electrode spans were the same, which is due to that
the field density (> 4 um from the channel bottom) of both designs were the same (see Fig. 3.5b).

In this 2D simulation, the electric field strength can be increased by reducing the electrode gap,
resulting in a stronger impedance pulse of single objects. Objects with strong impedance pulses
could be easily detected by the system, for example, a high amplitude makes it easy to distinguish
small objects from noise and to detect them accurately.

Notably, the 2D simulation results here only indicated that narrowing the electrodes would
improve detection sensitivity. Optimal electrode spans for detecting particles with different sizes
require further research. Furthermore, the electrode size is also a key parameter for detection
sensitivity that was found to increase with increasing electrode size[123]. In order study the impact
of electrode span, all electrodes were designed to be 30 um wide. Besides, the electrode length in

this work was limited by the channel width (12 pm); it is not key parameter for detection sensitivity,
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which has been verified in other work[43]. Additionally, in this work, all electrodes were
fabricated as traditional coplanar electrodes to eliminate the impact of electrode morphology[134]

on the detection sensitivity.

3.3.4. Experiments and discussion

3.3.4.1.Detection of single beads

Q
(on

1000

-3 - - -
) jb‘
1 2 3

T
|
|

Event number
N 5y
(=] [=]
=] o
o
Event number

0 0
1 2 3 4 0 4
Electrical diameter Electrical diameter
c — 1 M d e um
> 3um o 3 um
= D e— - e —
& 5 2
- =
z z
S 05 = 1
o o
o ]
= =
[ = 0
0 1 2 3 4 0 1 2 3 4
Electrical diameter Electrical diameter

Figure 3.6: Electrical diameter of polystyrene beads when using different electrode
spans for measurement (a-b) Distribution of electrical diameter signals of detected
beads in suspension when measuring with (a) 5 um and (b) 1 um electrode span. (c-d)
The discrimination of two sizes of beads using the single-peak gaussian model, based
on their electrical diameters obtained with (a) 5 um and (b) 1 um electrode span. 1
pum beads were labelled in blue, and 3 um beads were labelled in red.

To verify the impact of electrode span on the impedance detection, experiments were first
performed on the mixture suspension of 1 um and 3 pum beads. The impedance signals of both
beads were calibrated to the electrical diameter which firstly are calculated as the cubic root of
amplitude, as shown in Figs.3.6a-3.6b. Fig.3.6a indicates that the 5 um gap was applicably for the
detection of 1 um and 3 um beads, while there was an overlay area between both regarding the

electrical diameter. Besides, using 5 um electrode gap was more likely to fail to detect some 1 um
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beads than using 1 pum electrode gap; for example, in Fig.3.6b, there were much more 1 um beads
appeared in the distribution plot when using 1 um electrode gap than 5 um gap. In this work, the
ratio of 1 um and 3 um beads in the suspension was around 9:1. When using a 1 um gap, the
measured electrical diameter was close to the real value, but it did not work with a 5 um gap. This
phenomenon was attributed to that most impedance pulses of 1 um beads were covered by the
noise, as their magnitudes were too small.

Additionally, the electrical diameters of 1 um and 3 um beads distributed compactly and did
not spread out; this result indicated that the effect of individual particles could be ignored in
analysis. When the impedance values were impacted by the particle trajectory, their impedance
metrics (i.e., electrical diameter) were distributed widely, and sometime, their electrical diameter
was not matched with the real diameter of particles[123], [135]. In this work, the microchannel
was designed to be 12 um wide and 10 um high, which successfully limit the trajectory variation
of single particles and resulting in the compact distribution of electrical diameters.

In Figs.3.6¢-3.6d, | employed the single-peak gaussian model (Gaussian distribution fit) to
discriminate the 1 um beads from 3 um beads based on their electrical diameter. Although it is
possible to separate the two sizes of beads in both cases, there would be more overlapped area
between two data sets when using 5 um electrode span (see Fig.3.6¢). The distribution of 1 um
beads was not perfectly isolated and spread out. By contrast, the well separation of the two data
sets with less overlap could be realized when using 1 pum electrode span for measurement (see
Fig.3.6d). Interestingly, when using 1 um electrode span, the electrical diameter (about 1.3 um) of
1 um beads were slightly larger than their physical diameter. This is possibly because of that some

beads flowed near electrodes in detection, and their impedance magnitude were enhanced greatly.
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After the isolation, the ratio of 1 um and 3 um detected beads was about 4.52:1 (Real: 9:1),
which means half of 1 um particles were detected using 1 um electrode gap. By contrast, the ratio
obtained by 5 pum span was about 0.14:1, which was far away from the real ratio (9:1). All beads
experimental results could demonstrate that the electrodes with 1 um gap can improve the

detection sensitivity for small particles.

3.3.4.2.Detection of budding yeast
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Figure 3.7: Dielectric properties of yeast cells when using different electrode spans for
measurement, 3 um beads were employed as the reference for calibration. (a-b)
Distribution of electrical diameter signals of detected beads and cells in suspension
when measuring with (a) 5 um and (b) 1 um electrode span. (c-d) The discrimination
of reference beads and cells using the single-peak gaussian model, based on their
electrical diameters obtained with (a) 5 um and (b) 1 pm electrode span. (e-f)
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Probability Distribution of the tilt index of impedance pulses obtained from
electrodes with (e) 5 um gap and (f) 1 um gap.

The high sensitivity of impedance cytometry with 1 um electrode span enables the detection
of cells with small difference in size. In this work, yest cells were tested here, and 3 pum beads
were employed as the reference for the calibration. Similar to most eukaryotic cells, yeast cells
appear morphological changes in the cell cycle[34], [132], i.e., the cell budding. During the
budding, the mother yeast cell produces a small bud that grows until it reaches a certain size and
then separates[34].

In Figs.3.7a-3.7b, impedance signals, collected from 5 um and 1 pm gap, respectively, were
sorted into two data groups following gaussian distribution; one group with smaller electrical
diameters represents the 3 um reference beads, whereas the other group represents yeast cells.
Previous research[33] has shown that the budding cells would have bigger electrical diameters
than normal yeast cell. Comparing Fig.3.7a and Fig.3.7b, when the gap was set to 1 um instead of
5 um, the electrical diameter of 3 um reference beads is much more centralized. Besides, in Fig.
3.7b, when using 1 um electrode gap, there was a small cluster of data outside of the yeast cells,
indicating the existence of budding yeast cells. By contrast, when using 5 um electrode gap, the
electrical diameter distribution of yeast cells was decentralized in a wide range from 5 um to 8 um,
in Fig.3.7a. There is no clear difference between normal and budding yeast cells in terms of yeast
cells; one probable reason is the low sensitivity of 5 um gap which cause the wide distribution and
the signal of budding is covered by other yeast cells. In terms of detecting the same yeast cell

suspension, the electrical diameter of yeast cells in Fig.3.7b could provide more details in the cell
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volume. This phenomenon can be attributed to the high sensitivity of impedance detection for the
cell volume with 1 um electrode span.

Figs.3.7¢c-3.7d show the distribution of the tilt index of impedance pulses when measuring with
5 um and 1 um electrode gap. The tilt index was employed to characterize the shape of single
objects, which is calculated based on the widths of the two-side half of peak from the maximum
value. In theoretic, objects with symmetric shapes, such as spheres, should have a tilt index of
around zero; but objects with unsymmetric shapes would have a nonzero tilt index. The tilt index
increases with increasing the unsymmetric level of single objects. Typically, yeast cells were not
in a perfect symmetric shape as beads, thus, their impedance pulses would be asymmetric in shape,
resulting in a tilt index away from the zero. In Fig.3.7(e), the tilt index of thousands of yeast cells
was not evenly distributed around zero, which was attributed to their asymmetric shape. In Fig.
3.7(f), 1 took advantage of the difference in cell size between yeast and budding cells to isolate the
tilt index of budding cells from others; the tilt index of yeast cells and budding yeast cells ranged
from about -0.2 to 0.4 and -0.1 to 0.3, respectively. There is no clear difference between budding
or normal yeast cells regarding the tilt index. The results show that the tilt index might not be
sensitivity enough to monitor the morphology change induced by the cell budding in this work.
But it is worth mention that the electrode span of 1 um still performed better for the morphology

determination, as the distribution of tilt index was more centralized when using 1 pum electrode
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span rather than 5 pum span. The photos of yeast sample in experiments can be found in Fig.3.8,

the number of budding yeast cells is lower than normal yeast.

|:| Yeast cells |:| Budding Yeast cells D 3 ym beads

D5

Figure 3.8: The photos of yeast sample in experiments, three kinds of objects are
marked in pictures; the number of budding yeasts is lower than normal yeast cells. In
the two photos, there are about 7 budding cells and more than 80 yeast cells, the ratio

is about 1:10, scale bar: 20 um.

Fig.3.9 shows the scatter plot of electrical diameter vs tilt index, the data is same as shown in
Fig.3.7. In Fig.3.9a, the impedance detection with 5 um electrode span resulted in there were a
large overlayed area between the reference beads and yeast cells. In contrast, Fig.3.9b is the scatter
plot of impedance signals measuring from electrodes with 1 um gap, three groups of points could
be clearly distinguished, including 3 pum reference beads, yeast cells and budding yeast cells,
respectively. Here, a cluster of cells were found to have a bigger volume than other cells and
identified as the buddying cells; this is because the budding cells typically had bigger cell volume,
resulting in bigger electrical diameter in impedance detection. Besides, the microscopic images

also indicated the existence of buddying cells in the detection suspension (see Fig.3.8). As a result,
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it is easy to conclude that the sensitivity of impedance cytometry could be improved through

narrowing the electrode span.
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Figure 3.9: Scatter plot (electrical diameter vs tilt index) of single cell detection (a)
signals from electrodes with 5 um gap scatters; (b) signals from electrodes with 5 um
gap scatters.

3.3.5. Summary

In summary, a small electrode gap in impedance cytometry can enlarge the strength of electric
field and increase the current density near the channel bottom. Target objects pass through the
strengthened electrical field area, allowing to generate larger impedance pulses than normal. This
feature could facilitate the detection of small objects (e.g., ~ 1 um diameter, like bacteria or
exosome) via the impedance detection with enhanced sensitivity. The only disadvantage of this
method is the difficulty in fabrication, and in this work, the femtosecond laser was employed to
fabricate the 1 pum electrode span with high success ratio, and avoid using the expensive and
complex instruments and processes of lithography.

The high sensitivity of impedance cytometry enables the discrimination of similar objects with
small differences. For example, | employed the enhanced impedance cytometry to discriminate the

budding yeast cells from normal ones in my experiments. This work provided a new path to
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improve the detection sensitivity of the impedance cytometry and prepare for the application in

submicron and nano-scale detection.

3.4. Improve the sensitivity by viscoelastic focusing

The previous research conducted in section 3.3 aimed to enhance the sensitivity of impedance
flow cytometry by increasing the strength of the electric field, thereby improving the amplitude of
the impedance signal. The simulation results presented in section 3.3.3 and the experimental
findings discussed in section 3.3.4 both demonstrated that the height of particles or cells in the
channel has a significant impact on the amplitude of the impedance signal. When particles or cells
are closer to the electrodes, the amplitude of the signal is higher, while being farther from the
electrodes leads to a lower amplitude. This distribution in height results in a wide range of
amplitudes, which weakens the sensitivity (revolution) of impedance detection. As the position of
objects can affect the amplitude distribution, the focusing of objects can help to diminish the error
caused by the position differences. To address this issue, a similar approach used in section 2.3
can be employed, namely hydrodynamic focusing. Hydrodynamic focusing allows for the
alignment of cells or particles near the optical focal plane, which in turn helps control their vertical
distance from the bottom of the channel. In my impedance flow cytometry setup, where the
electrodes are fabricated on the bottom of the channel, implementing vertical focusing of particles
or cells can help mitigate the sensitivity problem. Given that the velocity of my impedance flow
cytometry experiments is not excessively high (less than 10 m/s), hydrodynamic focusing achieved
through a two-layer channel configuration can provide effective vertical focusing. This method
ensures that the particles or cells remain in close proximity to the electrodes, optimizing the

sensitivity of impedance detection in my experiments. Fortunately, the horizontal connecting
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structure can help to carry the viscoelastic focusing to force cells moving at a stable trajectory[136];
with the high pressure tolerance of horizontal connecting chip, the mass concentration can set very
high[63].

In this study, viscoelastic fluid is utilized to facilitate the movement of cells and create a
conductive environment for impedance detection. A relatively high mass concentration of 5,000
ppm is employed, which is often considered high for most applications involving viscoelastic
fluids. The effects of viscoelastic focusing are then investigated at different velocities ranging from

3.7 mm/s to 2.368 m/s.

3.4.1. Experiments preparation
3.4.1.1. Viscoelastic solution (PEO medium) preparation

For further use, | firstly prepare the PEO solution with mass concentration of 10,000 ppm (1
wt%). Dissolve the PEO powder (molecular weight Mw of 600 kDa, 182 028, Sigma-Aldrich, St.
Louis, MO) in 1x PBS solution. For better dissolution and avoiding PEO powder aggregates, the
tube containing the PEO solution was shaken 12 hours at 23 °C by a triple shaker (NR-80, TAITEC
Ltd., Japan) at 150 revolutions per minute (rpm).

Before experiments, the PEO solution with mass concentration of 10,000 ppm will be diluted

to 5,000 ppm with 1x PBS solution.

3.4.1.2. Microfluidic chip
As the viscoelastic solution of PEO has the higher viscosity which makes it hard to drive. The
chips for viscoelastic focusing are all fabricated with the horizontal connecting structure which is

mentioned in section 2.2.3. The microchannel was fabricated by casting mixed PDMS (SYLGARD
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184, Dow Corning, Midland, MI, USA) on SU8 (MicroChem Corp., Newton, MA) mold by
common soft lithograph. The electrodes which conclude two layers, about 70 nm thick chromium
(Cr) on glass and 70 nm thick gold (Au) on chromium, are all fabricated by photolithograph and
wet-etching. The chip is assembled with two turns of plasma treated bonding, with resin sealing
the PDMS and stainless-steel capillary connections.

The width and height of microchannel is 30 um and 15 um, respectively. And the length of
microchannel for focusing is just 3 mm. Fig.3.10 shows the electrode and microfluidic chip, the
horizontal connecting structure allows chip minimization, electrodes and chip can both designed

in a quite small area.

Figure 3.10: The electrodes and microfluidic chip; left: glass with electrodes; right
top: the microfluidic chip with the size of 15 mm x 19 mm; the detail of electrodes,
scale bar: 60 pm.

3.4.2. The viscoelastic focusing of particle

The inertial focusing is considered as the most simply way to make cell moving in a stable
trajectory; however, the efficiency of inertial focusing is low due to the number of equilibrium
positions and invalidation under high Re. To improve the focusing effect, replace the Newtonian

fluid with viscoelastic fluid can help to decrease the equilibrium positions. Like shown in Fig.3.11a,
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there are four equilibrium positions in inertial focusing while only one in viscoelastic focusing for
square cross-section[137], which is always mentioned in section 1.2.1; and two equilibrium
positions in channel with rectangle cross-section for both focusing. As impedance flow cytometry
with coplanar electrodes can achieve better sensitivity and accuracy when cells or particles have
the same distance to the electrodes, the viscoelastic focusing can be applied on the channel with
cross-section of rectangle. Fig.3.11b shows the viscoelastic focusing effect in channel 40 um of
height and width, the particles with diameter of 10 um are moving along the same trajectory in the
top view. However, as the side view of microchannel is hard to observe, the evaluation of vertical

focusing will be carried by impedance flow cytometry.

Inertial viscoelastic

Figure 3.11: Viscoelastic focusing; (a) the difference between inertial focusing and
viscoelastic focusing, the blue rectangles and red circles represent the cross-section of
channel and the equilibrium positions, respectively; (b) Particles with diameter of 10
pm under viscoelastic focusing in channel, the cross-section of channel is square with

40 um side, scale bar 40 pum.

3.4.3. The impedance detection of particle with viscoelastic focusing

The viscoelastic focusing technique can theoretically maintain particles at a stable height
within a microchannel, with a specific amplitude corresponding to their diameter. In the
experiment, a channel with a width of 30 um and a height of 15 um is used. This channel geometry
allows for the existence of two equilibrium positions located at half the height of the channel, near

the two side walls. In this particular experiment, polystyrene (PS) beads with diameters of 6 um
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and 10 um are mixed in a viscoelastic solution consisting of 1xPBS and 5,000 ppm of polyethylene

oxide (PEO).
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Figure 3.12: Electrical diameter of PS beads with the flow rates of 0.1 pL/min and 0.5
puL/min, respectively.

In Figure 3.12, the impedance detection of particles is illustrated at different flow rates: 0.1
pL/min (velocity of 3.7 mm/s), 0.5 pL/min (velocity of 18.5 mm/s), 2 uL/min (velocity of 7.4
cm/s), and 8 pL/min. At the lowest flow rate of 0.1 uL/min, the majority of the signals correspond
to the 6 um beads, and the distribution of electrical diameter is quite wide, ranging from 4 um to
8 um. As the flow rate is increased to 2 uL/min, the distribution of the 10 um beads becomes more
apparent in Figure 3.13. Additionally, the probability distribution of the 6 um beads becomes more
concentrated at this flow rate. At a flow rate of 8 pL/min, the distribution of the 10 um beads is
even more prominent, as shown in Figure 3.13. However, the distribution of the 6 um beads
becomes wide again. These observations highlight the influence of flow rate on the distribution
and detection of different bead sizes in impedance flow cytometry. Comparing the distribution
with 2 pL/min and 8 pL/min, the distributions of the two beads are similar in general; but the
distribution of 10 um beads is more concentrated at 8 puL/min which can be clear observed by the

probability distribution.
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Figure 3.13: Electrical diameter of PS beads with the flow rates of 2 uL/min and 8
pL/min, respectively

As the flow rate continues to increase, some new phenomena emerge in the distribution of
electrical diameter. On the left side of the 6 um beads distribution, there are more signals with
small amplitude compared to lower flow rates. When comparing the results in Figure 3.13 and
Figure 3.14, the amplitude distribution and probability are quite similar, indicating that the
viscoelastic focusing technique does not show improvement under high flow rates or velocities.
This observation suggests that at higher flow rates, the performance of viscoelastic focusing may
be limited, and other factors or mechanisms may come into play that affect the distribution of
electrical diameter in impedance flow cytometry, like channel deformation at high velocity which

can make more equilibrium positions.
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Figure 3.14: Electrical diameter of PS beads with the flow rates of 32 uL/min and 64
pL/min, respectively.

However, the small difference in the low amplitude area indicates that there may be more beads
moving far from the electrodes. Considering the high velocity of the flow, the most likely reason
for this phenomenon is the deformation of the channel under such high velocities. The deformation
causes the originally rectangular cross-section to transform into a more complex shape with an

arched top, which introduces an additional equilibrium position for the beads[138].

3.4.4. Summary

In this section, my main focus was on studying the influence of velocity on viscoelastic
focusing. | observed that viscoelastic focusing only occurs at sufficiently high flow rates. However,
| also encountered the issue of unexpected channel deformation at high flow rates, which disrupts

the trajectory of particles. Based on current data, the flow rate ranging from 2 pL/min and 8 uL/min
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can divide the distributions of two beads which achieve the purpose to decrease the error from
position. Further research is needed to explore the effects of other factors, such as the mass
concentration of the viscoelastic fluid, as well as the trajectory of particles in channels of different
lengths. By conducting more in-depth investigations, | can gain a better understanding of

viscoelastic focusing and optimize its application in microfluidic systems.

3.5. The droplet measurement by impedance flow cytometry

The impedance detection of droplets follows a similar principle to that of single cells. The
width of the impedance signal on a timescale can provide information about the length and volume
of the droplet[139], [140], Additionally, variations in the waveform can indicate the presence of
cells within the droplet[141], [142]. In most cases, droplets are generated in a long-slug shape,
while the electrodes used for impedance detection are relatively short compared to the droplet. In
this scenario, the commonly used differential signal of impedance cytometry will produce two
opposing peaks with a distance that is related to the length of the slug-shaped droplet. To achieve
accurate droplet measurement, adjustments to the electrode layouts and the droplet generation

process are necessary.

3.5.1. The theory of droplet impedance measurement

In impedance flow cytometry, | use two pairs of positive and negative electrodes, with the
positive electrode serving as the shared electrode. The signals from the two negative electrodes are
detected. When a droplet passes through the two electrode gaps at different times, there will be a

time difference between the two droplet signals. In cell impedance analysis, the signal of interest
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is the differential signal, where one cell produces two peaks with inverse amplitudes. Each peak
reflects cell information such as volume or shape, and the time difference between the signals from
the two electrode gaps is usually ignored. However, in the case of droplets, their larger size
compared to cells and even the electrodes make the time difference non-negligible. As shown in
Fig.3.15, droplet 1 and droplet 2 pass through the electrodes one after the other with a constant
interval, and the peaks of the two signals (V1 and V-) also have the same interval. However, in the
differential signal (V1-V2), if the time difference and the interval are set appropriately so that the
peaks in V2 align with the interval range in V1, the inverse peaks of a droplet in the differential
signal will remain intact and can be analyzed in a similar manner to cells. Theoretically, only one
pair of electrodes will have no need to concern about the situations of different size of electrodes
and droplets, but the differential signal by two pair of electrodes can which eliminate the system

error and output the more accurate relative signal.
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Figure 3.15: Droplets and the relative signals

Obviously, the length of the droplet and the length of the middle electrode (Vac in my
experiments) directly influence and determine the resulting signals, leading to four distinct
situations. These situations are depicted in Fig.3.16 and are determined by two conditions: the
relationship between the length of the droplet (Lp) and the length of the middle electrode (Lg), and
the relationship between the interval of the droplets (Ip) and the length of the middle electrode

(LE). Regardless of the specific waveform details, the parameters of droplet generation such as Lp
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and Ip can still be measured based on the waveforms observed in all four situations. These

parameters are indicated on the graphs for reference.
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Figure 3.16: The signals of V1, V2, and the differential signal (V1-V2) correspond to
different conditions involving the length of droplet (Lb), length of middle electrode
(Le), and the interval of droplets (Ip); resulting in four situations: (a) Lo<LEg, Io>LE;
(b) Lo>LEg, Io>Le; (c) Lo<Le, Ip<LeE; (d) Lo>LEg, Io<Le.

3.5.2. Simulation of droplet impedance detections

The droplet in simulation of impedance detection is defined as an undeformed material, not
fluid. The displacement of droplet is realized by integrate the results at different position. Fig.
3.17 shows the two methods to describe the droplet, the first is to define the droplet by a function

of the material in all field (3.17b); the other is to draw the geometry of droplet (3.17a).
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Figure 3.17: The two methods to describe droplet in simulation of impedance detection, (a)

the geometry definition, the color represents the current density but no specific meaning in

this graph; (b) the material function definition, the red means the water material while the
blue means the oil.

The simulation results by these two droplets describe methods are quite similar, only a small
difference in details. Fig.3.18 shows the simulation results with the two kinds of droplet
descriptions, the three electrodes are all 30 pm wide while the gaps are 10 um wide. The geometric
droplet is clearly displayed on the results; but as the boundary of droplet and the wall of electrodes
may be overlapped in one moment, the electrodes in geometric droplet simulation should be define
in volume, not boundary. On the other hand, as the interference of function defined droplet should
have a thickness to keep continuity in FEM, the simulation results will be a little inaccurate than
geometric droplet; as the Fig.3.18b shows, the impedance signal from geometric droplet model

can reflect more details.
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Figure 3.18: The simulation results with two droplet descriptions, (a) electric field
distribution, left is geometric droplet while right is function droplet, the color
represents the voltage distribution with red and blue means the high voltage and low
voltage, respectively; (b) the impedance signal of droplet, left is geometric droplet
while right is function droplet.

Based on the geometric droplet methods, the simulations of the four situations are carried:

3.5.2.1. Case one: Lp<Lg, Ip>Le

In this situation, the middle electrode is wider than the length of droplet (Le >Lp), while the
interval is longer than the droplet (Io>Lg). As Fig.3.19 shows, V1 and V> are the voltage signals
from the two ground electrodes, Diff is the differential signals means V1-V2; in this situation, as
the middle electrode is longer than the droplet (Le>Lp), the two waveforms of the same droplet
will have no overlap area on time scale; as the interval is wider enough to cover the droplet signal,
there will be no overlap are between two different droplets. Then, the differential signal can
directly reflect the intact waveform of every droplet.

In this situation, the width of every peak in the differential signals can directly reflect the length
of droplet, and the shape of waveform can also reflect the shape of droplet. No information is
missing on the waveforms of droplet, and this is the only way to realize nondestructive detecting

of droplet.
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Figure 3.19: Numerical result of impedance signals in situation of Lpo<LE, Ip>LE.

3.5.2.2. Case two: Lp>LE, Ip>Le

This situation is the most common situation, small electrodes detect large droplet; As Fig.3.20
shows, the middle electrode is shorter than the droplet (Le<Lp), and the long interval has no effect
to separate the waveforms of V1 and V2 in this situation. The yellow marked area is the overlapped
part of V1 and V2, which can hide some information of droplet.

In this situation, as the peaks of droplet are partly dissolved by differential amplifier, the width

of every peak cannot reflect the size of droplet.
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Figure 3.20: Numerical result of impedance signals in situation of Lo>LEg, Ip>LEg; the
yellow marked area represents the signal overlapped part.

3.5.2.3. Case three: Lp<LE, Ip<Le

Once if the interval of two droplets is too small, the distance between peaks will be smaller,
causing the differential signal partly dissolved. On contrary with the second situation that the
overlap part results by the signals of the same droplet; in this situation, the dissolve part of
differential signal is generated by the different droplets; the previous droplet has not totally passed
the rear electrode but the following droplet enter the detection area of front electrode.

The short interval makes the signal hard to distinguish which peaks are from the same droplet.
But if the interval is smaller than the length of droplet, the results will be similar to situation one,

just consider the interval as the droplet.
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Figure 3.21: Numerical result of impedance signals in situation of small droplet, short
interval and long electrode; the yellow marked area represents the signal overlapped
part.

3.5.2.4. Case four: Lp>LE, Ip<Le
In this situation, when the interval is the smallest size, like shown in Fig.3.22; this situation

can be considered as the contrary situation of situation one; just consider the interval as the droplet
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and the droplet as the interval. This situation can be analysis like situation one, but as the part of

waveform of droplet is still overlapped, there will still be some information lost.
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Figure 3.22: Numerical result of impedance signals in situation of large droplet, short
interval and short electrode; the yellow marked area represents the signal overlapped
part.

3.5.3. Experiments preparation
3.5.3.1. The preparation of continuous phase

The continuous phase in my experiments is the mineral oil (M5904) mixed with the surfactant
(Span80, Sigma-Aldrich). The mass concentration is 3 % v/v; as the viscosity of surfactant of
Span80 is quite high, there will be a lot of bubbles generated during mixing, the mixed mineral oil

should be vacuumed for 30 minutes.

3.5.3.2. Chip fabrication
The microfluidic chip is fabricated with the methods mentioned in section 2.2.3, the horizontal
connecting chip for high pressure tolerance; firstly, bonding the channel which is fabricated by

casting mixed PDMS (SYLGARD 184, Dow Corning, Midland, MI, USA) on SU8 (MicroChem
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Corp., Newton, MA), on the glass with electrodes and then bonding the other surface with glass to
seal chamber. The electrodes are fabricated by lift-off technology, which conclude two layers,
about 70 nm thick chromium (Cr) on glass and 70 nm thick gold (Au) on chromium.

Comparing to cell detection, droplet has the larger size and the measurement is based on the
distance on time scale, so the amplitude of signals of droplet measurement is not as important as
cell detection. For the electrodes, two types of electrode groups are designed; the first is the wide
middle electrode which is 180 um wide while the other is 30 um wide; the gaps of electrodes are
both set as 10 um. As the gap realize the impedance detection in practice, the two side electrodes
have no demand in design.

Fig.3.23 shows the microfluidic chip and the electrodes, the main channel is 80 um wide and
30 um high, include the droplet generation junction (T-junction) and the impedance detection, the
curves of channel is used to maintain the pressure near T-junction for stable droplet generation. In
bonding process, the electrodes should set near the outlet where the pressure is low; the low

pressure can avoid the potential leakage in channel and prevent the invalid due to the leakage.
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Microchannel

Figure 3.23: The microfluidic chip of impedance flow cytometry with coplanar
electrodes for droplet measurement; two kinds of electrodes are fabricated, Le=180
pm and Le=30 pum, the gaps are both 10 pm.

3.5.4. Droplet measurement with impedance cytometry

Based on the four previously discussed situations, the measurement of droplets can be
accomplished regardless of the specific situation by adjusting the calculation method. For example,
the length of the droplet can be measured by calculating the distance between the front of two
relative peaks, as shown in Figure 3.16. However, it's important to note that real signals may differ
from simulations because the droplet in the actual situation may not completely fill the cross-
section of the channel. Due to factors such as surface tension and velocity distribution, the droplet
often exhibits a hemisphere head, slug body, and narrowing tail, particularly in the case of long

droplets. To demonstrate this, | present measurements of two different situations in Figure 3.24:
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one with Lp<Lg, Ip>Le (Lpb=122 pm, 1p=415 pum) and the other with Lp>LEg, Ip<Le (Lp=235 pum,
Ip=204 pum). The middle electrode has a width of 180 um, and the gaps are 10 um wide. The length
and interval of the droplets are controlled by adjusting the flow rates of the separation phase and
continuous phase. The results of the simulation and detection shown in Figure 3.24a exhibit minor
differences, mainly in the details of the waveform. As mentioned earlier, these differences arise
from the complexity of the real droplet behavior, which includes factors such as surface tension.
However, the general waveforms of the simulation and detection are similar. In both situations,
the length of the droplet (Lp) can be obtained by calculating different parts of the waveform. For
example, the width of a single peak can reveal the length of the droplet in the Lp<Lg, Ip>Le
condition. In the Lpo>LE, Io<Le condition, the length can be indirectly measured by subtracting the
length of the electrodes from the length between the two opposing and contacting peaks. Based on
the measurements, the distribution of amplitude and the measured length of the droplets are shown
in Figure 3.24. Due to the surface tension which is shown in Fig.3.24c, the surface tension tends
to make the curved edge of the droplet, it is difficult for small droplets to completely occupy the
channel, resulting in a thicker oil layer surrounding the droplet; while large droplet with slug shape
can make more volume and interface connecting with the coplanar electrodes on bottom of channel.
This higher resistance and lower amplitude are observed for small droplets. Additionally, the
distribution of peak amplitude shows that the smaller droplets are more concentrated compared to

the longer droplets.
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Figure 3.24: Results of simulation and experiments in conditions of Lo<LE, Io>Le
(left) and Lo>LEe, Ip<Le (right). (a) Signals of simulation and detection; (b) probability
density function ((PDF)) of peak amplitude and the length of droplet (Lp); (c)
Droplets with different size will have different distribution in cross-section.

The length of the droplets in the recorded signals is determined by the width of a single peak
in time. By calculating the total flow rates and the cross-section of the channel, the practical length
of the droplet can be obtained. If the length of the droplet (one peak) is smaller than 180 pum, it is
considered as the length of the droplet. Otherwise, the real size is calculated using the length of
the electrodes and gaps. Figure 3.25 illustrates the measurements of droplets with a constant flow
rate of the continuous phase (Qc=20 uL/h) and different flow rates of the separation phase (Qs=4
pL/h, 10 pL/h, and 20 pL/h). In the original impedance signals shown in Figure 3.25a (the red
dotted box represents the waveform of each individual droplet), it is evident that the small droplet
(Qs=4 pL/h) exhibits two opposite and intact peaks, while the droplets in the Qs=10 pL/h and
Qs=20 pL/h conditions have a direct slope between the two peaks. This indicates that only the
droplet with Qs=4 pL/h is smaller than the 180 um wide middle electrodes. Furthermore, the data
reveals that the small droplet has the lowest amplitude of the peak. Additionally, the signal noise
of the small droplet is more pronounced due to the thicker oil layer, which worsens the signal-to-
noise ratio (SNR). The poor SNR can hinder the measurement of small droplets, especially those

smaller than the channel width. The probability density function (PDF) of the peak amplitude
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shown in Figure 3.25b indicates that some peak amplitudes of the small droplet can even
approximate zero, making it challenging to detect the small droplet. Since no reference is added in
the detection, the peak amplitude can only reflect the distribution of droplets in the cross-section
of the channel and does not reveal any physical parameters, such as cell size in cell impedance
analysis. The probability density function of the droplet length (Lp) in Figure 3.25b demonstrates
that the lengths of droplets for Qs=4 pL/h, 10 pL/h, and 20 pL/h are approximately 95 um, 230

pum, and 350 pum, respectively.
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Figure 3.25: Results of droplet measurement with different flow rates of separation
phase (Qs=4 pL/h, 10 pL/h and 20 pL/h) by 180 um wide middle electrodes and 10 pm
gaps; (a) Original signals of droplet impedance, dotted boxes mark the signal of single

droplet; (b) Probability density function (PDF) of peak amplitude (left) and
probability density function (PDF) of the length of droplet (right).

Although the condition of Lp<Lg, Ip>Le can support intact waveform detection of droplets,

the more common condition is Lo>LE, Ip>Lg, where the droplet and interval are both longer than
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the electrodes. Figure 3.26 illustrates the results of droplet measurement with Q.=20 uL/h and
Qs=8 pL/h and 20 pL/h using 30 um wide middle electrodes. When compared with the results
obtained from 180 pm wide electrodes, both the peak amplitude and length of the droplet exhibit
wider distributions. The measured lengths of the droplets are approximately 220 pum with Qs=8
pL/h and 350 pm with Qs=20 uL/h. Although the measurement results from both types of
electrodes appear similar, the results from the wider middle electrodes are more accurate due to
the concentrated distribution. This is primarily attributed to the shape of the droplet. As mentioned
earlier, a slug-like droplet has a hemisphere head, which means the signal from the head of the
droplet has lower amplitude and higher noise. If the length of the head is longer than the middle
electrodes, the two detected signals will overlap with poor signal-to-noise ratio, which can affect
signal analysis. Therefore, the length of the electrodes can be designed to be longer based on the

droplet under measurement.
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Figure 3.26: Results of droplet measurement with Qs=8 pL/h and 20 pL/h by 30 um
wide middle electrodes and 10 um gaps; left: Probability density function of peak
amplitude, right: probability density function of the length of droplet.

3.5.5. Droplet impedance by one pair of electrodes
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For most cell and droplet impedance detection, differential signal is the most popular way to
get the expect signals for analysis of cell or droplet. However, as cells are smaller than electrodes,
the waveform of cell is always intact, while droplet is on the contrary; except situation of Lp<LE,
some information of droplet will be lost with the differential signal. For example, Fig.3.27 shows
the original signals of a droplets with strange shape, which is directly detected by one pair of
electrodes. This waveform is quite hard to be observed by differential signals. This signal can well
reveal the shape of droplet, as the strange droplet includes the head, body, tail and the end; the
waveform shows the amplitude of head raising rapidly and turn plat on body period, for the

dwindling tail the amplitude decrease slowly and drop in the end.

Irregular droplet head _bod tail

Figure 3.27: The irregular droplet and the related signal.

In addition, this kind of signal also has the potential to reflect the cell or particle in droplets.
Like shown in Fig.3.28, the particle in droplet can increase the local resistance in droplet, and there
will be a plummet on the waveform of droplet. However, this detection of particle or cell in droplet
only works when the droplet is long or big enough to fulfil the cross-section of channel which
bring a good SNR; or the signal of particle will be covered by noise or the waveforms of head or

end of small droplet.

85



Impedance of droplet with particle

O --------- -
|i_"\7| m Waveform of particle

Simulation
Y A 1
| l \ r S (1 :
I a i i
Experiment : Lo | :
s hmw M

Figure 3.28: The simulation and experiment results of particle in droplet.

3.5.6. Summary

In this section, | conducted simulations to analyze the different scenarios of droplet detection.
Based on my estimations of the relationships between three key sizes - the size of the middle
electrode (Lg), the size of the droplet (Lp), and the interval between droplets (Ip) - | were able to
categorize the findings into four distinct situations. Among these situations, I found that only when
Lo is smaller than Le and Ip is greater than Lg, the waveform of the droplet remains intact without
any overlapping areas. This implies that only in this specific situation can the waveform of the
droplet be used for further analysis, such as shape characterization or other properties. Furthermore,
through simulations and experiments, | discovered that longer middle electrodes offer improved
detection accuracy due to the increased space available for distinguishing the signals from the two
pairs of electrodes. This enhanced accuracy allows for direct observation of shape changes and the
presence of particles or cells within the droplet. If there is a need to preserve these properties during

impedance cytometry, a design incorporating long middle electrodes and the utilization of sheath
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flow to increase the interval between droplets can satisfy the requirements of nondestructive testing.
Additionally, the signal quality relates to the level of cross-section filling with conductive droplet,
large droplet will have better SNR, which requires longer distance between two gaps and the
droplets.

In summary, this section provides insights into the different scenarios of droplet detection
through simulations and concludes that specific conditions, such as Lp<Le and Ip>Lg, yield intact
waveform signals that are suitable for analyzing the shape and other characteristics of the droplets.
Additionally, the use of longer middle electrodes enhances detection accuracy, enabling the direct
observation of shape changes and the presence of particles or cells within droplets, based on the

resistance difference solution and beads or cells.
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4. The size-based passive sorting of droplets

4.1. The droplet-based cell sorting system

For cell sorting, methods are always classified into two kinds, passive methods and active
methods. The passive methods always sort cells by physical properties like size[143]-[145],
shape[146], [147] and density, which means the sorting efficiency relies on the uniformity of cells.
Active sorting always needs much information to identify cells to trigger the sorting system to
manipulate the target cells[148], [149], which means the active sorting will be quite complex and
inefficient, and sometimes even need to mark cells. Moreover, it will be more changeable when
sort small cells, due to the small tolerance for precious activation of acting force[150]. To realize
precious sorting of small cells, researchers use large droplet to carry cells and manipulate the
droplet, instead direct cell manipulation[151]-[153]. In active droplet manipulation, the
dielectrophoretic (DEP) force is the most popular method[154]. Additionally, droplet can supply
a closed culture environment which means cell sorting can be carried after grow cell for a
time[155]. However, similar with cell active sorting system, the throughput will be limit by the
active manipulate system. Therefore, combine the advantages of the passive and active sorting
system could help to realize a high-throughput active droplet-based cell sorting.

Fig.4.1 shows the principle of my active droplet-burst and passive droplet-sorting system. This
system contains four parts: droplet generation, cell detection, droplet burst and passive droplet

separation.
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Figure 4.1: The basic construction of droplet-based cell sorting system.

The droplet generation is quite developed[156], the common passive structure will cross
junction[157], [158] and T-junction[159]-[161] can all generate droplets efficiently. The detection
of cell in droplet can use the impedance signal[162] or optical signal[153], these detection methods
are well applied for triggering the active manipulation. The droplet burst process is mainly
expected to break the droplet without target into small droplet for passive separation; femtosecond
laser was verified feasible to evaporate water and generate bubble[150], [163], which can be
applied to burst the droplet. As droplet can be burst to small size, the passive droplet sorting

structure only need to separate droplet by size. The passive sorting structure can relate to the size-
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based cell passive sorting structure like deterministic lateral displacement (DLD)[164]-[166] or
pinched flow fractionation[167], [168].
To make the sorting system more feasible, it will be better if the passive droplet sorting can

separate two droplets will small difference in size.

4.2. Theory and methods

4.2.1. Principle of pinched flow fractionation (PFF)

The principle of pinched flow fractionation is based on the properties of laminar flow. In
laminar flow, streamlines move in the same direction and maintain their position within the cross-
section of the channel. When particles of different sizes enter an extended channel after being
arranged along the sidewall of a narrow channel, they become separated in the wider channel[169].
Since larger particles occupy a greater width within the channel, laminar flow causes them to move
towards the centerline of the channel, while smaller particles follow the sidewall[170].

The principle can also be applied to size-based droplet sorting. Although droplets lack the
stiffness to prevent deformation under the compression of the sheath flow, the surface tension
within the droplets helps them regain their spherical or circular shape when not subjected to
acceleration. Even if the droplets do not maintain a perfect circular shape during flow, they can
still be separated based on differences in the distances from their barycenter to the channel wall.

The key factor in droplet separation is to amplify the difference in barycenter position between
droplets. Figure 4.2b illustrates how the location of a droplet in a wide channel is influenced by its
size and initial position in a narrow channel. In the narrow channel, two crucial sizes are the
distance from the barycenter to the wall (Dn) and the channel width (Wh). Similarly, in the wide

channel, the corresponding sizes are the distance from the barycenter to the wall (Dw) and the
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channel width (W). It is observed that the ratio of Dn/wn is related to the ratio of Dw/Ww[171];
indicating that particles or fluid that are close to the wall in the narrow channel will also tend to be
close to the wall in the wide channel. For particles or droplets with a circular shape, the values of
Dn and Dw correspond to the radii. However, for particles or droplets with non-circular shapes, the
barycenter becomes the reference point. As depicted in Figure 4.2b, even if a large droplet has a
unique shape but the same distance from the barycenter to the wall as a small droplet, it can still

reach the same Dy in the wide channel.
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Figure 4.2: The principle of droplet pinched flow fractionation; (a) The related
parameters of droplet pinched flow fractionation; (b) The initial position of different
droplets and their separated locations.

4.2.2. Theoretical model

The droplet advection in microchannel can be considered as a two-phase flow with the
commercial finite element software, COMSOL Multiphysics 6.0 (COMSOL Inc., Burlington, MA,
USA). The two-phase flow is governed by coupling system of Navier—Stokes equations and the

Cahn—Hilliard equations[121]:

P (?9_: +u-Vu) = V- [-pl+ u(Vu + Vu")] + pvg (Eq.4.1)
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where t denotes time; p is the fluid density; W is the dynamic viscosity of the fluid; u is the fluid

velocity; p is the pressure; | is the unitary tensor; 4 is the mixing energy density, determined

according to the relation between the mixing energy density and surface tension o = %E% e is the

capillary width, chosen based on the element size; M is the mobility or Onsager coefficient; ¢ is
the phase-field variable, with ¢ = £1 in the two bulk phases and ¢ = 0 on the two-phase interface;
y is the chemical potential; wVé is the capillary force[172]. The density and dynamic viscosity are

functions of the phase-field variable:

e (50 (59 a2

where p1 and p2 are the densities of the two fluids, respectively; p1 and p2 are the dynamic
viscosities of the two fluids, respectively. In my simulation, the densities of water (p1) and oil (p2)

are set as 1000 kg/m? and 820 kg/m?, while the viscosities of water (U1) and oil (pi2) are 0.001 Pa-s

and 0.05 Pa:s.

4.2.3. Chip fabrication
The chip fabrication is based on the new method mentioned in section 2.2.3, the horizontal
connecting structure. The fabrication is similar as distribution in section 3.5.3.2. Fig.4.3a shows

the microfluidic chip for droplet sorting.
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Fig.4.3b shows the layout of the channel, the channel includes two main parts, the droplet
generation and the droplet separation. The droplet generation use the T-junction to generate the
slug like droplet. When droplet move into the separation channel, it will be firstly pressed to wall
by the sheath. After flowing through a narrow channel, droplet will move in to a wider channel,
and the separation will happen here. The droplet moving along one side of the narrow channel will
generate the different distance between the barycenters of droplets to the wall, and the distance

will be extended in the wider wall, leading to the separation.
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Figure 4.3: The microfluidic device for droplet sorting; (a) the microfluidic chip, scale
bar: 1 cm; (b) the layout of microfluidic channel; Qc, Qs and Qsh represent the flow
rate of continuous phase (oil), separation phase (water) and the sheath (oil),
repectively.
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4.3. Results and discussion

4.3.1. Simulation of droplet pinched flow fractionation

The simulation mainly investigates the effects of two parameters, the size of droplet and the
location of droplet in narrow channel. Like Fig.4.4 shows, the droplet moving along the center line
of channel (offset = 0), will keep along the center line of wide channel regardless of the size of
droplet; but when the initial position of droplet in narrow channel is not in the center of channel,
but have an offset, the droplet will move far from center as moving to wide channel. Fig.4.4 shows
droplets with radius of 60 um and 40 um and 5 um from the wall in the narrow channel, as moving
into wide channel, droplet will also drift to wall; as large droplet is closer to center, the final

location in wide channel will also closer to center too.

R=60 pm
Middle

R=40 pum
Middle

R=60 pm
5 um from wall

R=40 um
5 um from wall

Figure 4.4: The droplet trajectories with different radius (R) or position, the two
graphs in the bottom are the droplets start in the location with 5 um from wall.

Based on the property of laminar flow, the distribution of streamline in narrow channel will be
similar to the streamline in the wide channel; the bias mass of droplet in narrow channel can also

result in bias mass in wide channel. For example, Fig.4.5 shows the trajectories of droplet with
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radius of 60 um at different initial positions in narrow channel, the initial position is the location
of droplet’s barycenter, y=0 represent the middle line of channel. With the same radius, the effect
of the initial position directly determines the final position in wide channel, and the relationship is
direct ratio. The function of PFF is to enlarge the barycenter distance of different droplet from

narrow channel to wide channel.
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Figure 4.5: The droplet trajectories of droplets with radius of 60 um at different
initial position in narrow channel, (distance between barycenter to middle line
ranging from 5 pm to 30 um).

4.3.2. The droplet PFF experiments and the results
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Figure 4.6: The droplet trajectories in experiments; (a) the parameters which affect
the trajectories; (b) situations when droplets move to middle outlet, scale bar: 200
pum; (c) situations when droplets move to bottom outlet, scale bar: 200 pum.

In my droplet pinched flow fractionation experiments, | have three controllable parameters:
the flow rates of the separation phase (Qs) and continuous phase (Qc), which determine the droplet
generation, and the flow rate of the sheath flow (Qsn), which controls the interval between droplets.
However, these parameters are not directly responsible for determining the sorting result. The

droplet pinched flow fractionation process consists of two steps: first, enlarging the distance
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between the barycenters of droplets, and then guiding the droplets to different outlets based on
their respective positions. These two steps are crucial for achieving successful droplet sorting.

To evaluate the position of droplets, I utilize two reference lines in my analysis. Firstly, | define
the distance between the barycenter of the droplet and the middle line of the channel (green dotted
line in Figure 4.6a) as Dm. In the case of a sufficiently large droplet moving as a slug in the narrow
channel, the barycenter aligns with the middle line, resulting in Dm = 0. Larger values of Dn
indicate that the droplet is positioned further away from the middle line. Additionally, I introduce
the side wall of the middle channel as another significant reference (blue dotted line in Figure 4.6a),
referred to as the sorting baseline. If the barycenter of the droplet is located between the middle
line and the sorting baseline, the droplet will be directed towards the middle channel. Conversely,
if the barycenter of the droplet is positioned on one side of the sorting baseline, closer to the wall,
the droplet will be guided towards the side channel. The distance between the droplet and the
sorting baseline is defined as Ds.

Figure 4.6b (i-iv) depicts the behavior of droplets with different radius (120 um, 100 pm, 72
pum, and 60 um) in the sorting channel, under the same sheath flow rate of 4 puL/min. All droplets
move towards the middle channel, and it is evident that the barycenters of these droplets are
positioned along the side of the sorting baseline, closer to the middle channel. However, for the
droplet with a radius of 50 um (Fig. 4.6¢), its barycenter is located on the opposite side of the
sorting baseline, resulting in the droplet being guided towards the side outlet. Based on the
observations from Figure 4.6b (i-v), where the interval between droplets is wide enough to
accommodate additional droplets, | reduced the sheath flow rate to 3 pL/min and 2 pL/min (total
flow rate changes from 3.9 pL/min to 2.9 pL/min) in order to increase the droplet concentration

within the sorting channel. This change in flow rate is demonstrated in Figure 4.6b (vi-vii).
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In most researches on PFF, the ratio of droplet radius and channel width is used as the
evaluation parameters[171], [173]; but as droplet is easily deformed, I just use the diameter of
droplet in wide channel as the parameter. Table 5.1 shows the experiment results, the flow rates of
the three inlets (Qs, Qc and Qsn) cause the various droplet radius (R) and interval (Ip); but the
trajectory of droplet is only determined by the radius (R) and width of narrow channel, as when
the radius of droplet is larger than half of the width of narrow channel, the droplet directly move
along the middle line, then the distance of droplet barycenter to middle line (Dm) is zero, and the
distance of barycenter to sorting baseline (Ds) is 100 um, half width of outlet in my experiments.
The key parameter for sorting is Ds, droplet move to middle outlet when Ds>0 and move to down
outlet when Ds<0; to achieve the expected Ds, the radius of droplet should be adjusted based on
the width of narrow channel and the outlet channel; like droplet with radius of 50 pm in 200 um
wide narrow channel move to wide channel with 125 um from middle line (Dm) and 215 pum from
wall, but as the outlet channel is also 200 um wide, the Dn is large than half of the width of outlet

channel.

Table 4.1: Experiment results

Qs Qe Qsn R lo Drm Ds  outlet
(UL/min) (pL/min) (pL/min) (pm) (pm) (um) (Um)
0.4 0.1 4 150 400 0 100 middle
0.2 0.1 4 120 660 0 100  middle
0.2 0.2 4 100 480 40 60  middle
0.1 0.2 4 72 450 70 30  middle
0.1 0.4 4 60 520 85 15  middle
0.1 0.8 4 50 600 125 -25 down
0.1 0.8 3 50 150 125 -25  down
0.1 0.8 2 50 40 125 -25  invalid
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However, the small interval can lead the interaction or collision between droplets, like shown
in Fig.4.6b(vii); before the outlets, the droplets contact disturbs the trajectory and some droplet

may run off, making the PFF unstable. This will be investigated in the next section.

4.3.3. The invalidation of droplet PFF

The droplet PFF works when droplets are moving along a trajectory; however, if droplets can
be to closed when moving, the stable trajectory of droplet will be disturbed and lead invalid
situations. To keep PFF working, the interference between droplets should be avoided.

When droplet enter the wide channel, the flow velocity will decrease here due to the larger
cross-section. The following droplet will catch the front one and causing the interference, the near
droplets can disturb the location with each other. Like Fig.4.7a shows, the droplets will generate
two trajectories, when the sheath flow is just 1 or 2 pL/min while separation phase and continuous
phase are 1 uL/min and 2 puL/min, respectively; in this situation, droplets will move to two outlets
along the two trajectories. When increase the sheath to 4 uL/min, the two trajectories combine to
one, but the small interval between droplets still disturb the trajectory, causing droplet breaking to
two parts and flowing to two outlets. The invalid situations for PFF are mainly caused by low flow
rates of sheath.

As the sheath increasing to 16 pL/min, the droplets are divided with interval of 220 um, like
shown in Fig.4.7b; droplet with diameter of 110 um will flow to the middle outlet in this situation.
When increase the continuous phase to 4 puL/min, the diameter of droplets decreases to 90 um and

droplet flow toward to the bottom outlet. Then, the separation of droplets is achieved.
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Enough interval of droplets is one of the key points for droplet PFF, as the width of channel
for droplet separation is much smaller than the wide separation channel, the interval of droplets is
mainly controlled by the sheath flow. Therefore, the flow rate of sheath should be high enough for
effective separation.

a Invalid situations

separation phase : 1 pL/min
continuous phase : 2 pyL/min
sheath : 2 pL/min

separation phase : 1 pL/min
continuous phase : 2 pL/min
sheath : 4 pL/min

Low sheath

separation phase : 1 pL/min
continuous phase : 2 pyL/min
sheath : 8 pL/min

b Effective separation

separation phase : 1 pL/min
continuous phase : 2 pL/min
sheath : 16 pL/min

separation phase : 1 pL/min’
continuous phase : 4 pL/min
sheath : 16 pL/min

Suitable sheath

Figure 4.7: Conditions of invalid and working; (a) invalid situations with flow rates
ranging from 2 pL/min to 8 uL/min, scale bar: 200 um; (b) effective separation
realized when sheath flow raising to 16 pL/min, droplets with 110 um and 90 pum can
be separated successfully, scale bar: 200 pum.

4.4, Summary
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In conclusion, the passive droplet pinched flow fractionation (PFF) method, as a part of my
droplet-based cell sorting system, offers an effective and accurate sorting technique for droplets of
different sizes. Numerical models were developed to investigate the trajectory of droplets,
particularly focusing on the process of enlarging the initial distance between the droplet and the
channel wall as it transitions from a narrow channel to a wider channel. Through experimental
validation, | discovered that the relative position between the droplet and the sorting baseline
directly determines the final sorting outcome. Additionally, it was found that maintaining a
sufficiently high sheath flow rate is crucial to ensure proper interval spacing between droplets,
preventing interactions that may disrupt trajectory stability and sorting accuracy. By optimizing
the sheath flow rate, the device successfully sorts droplets with diameters larger than 110 um and
smaller than 100 um into separate outlets, which shows the high accuracy toward droplets with
small difference. With the theory and principle in my research, droplet separation with all sizes
can be designed, more experiments on mixed sample and channel design will be carried in the
future.

Importantly, the principles and findings of my research can also be applied to the sorting of
particles with various sizes or even shapes. By adjusting the relative position between the
barycenter and the sorting baseline, the pinched flow fractionation technique can be easily

implemented for efficient sorting of particles in different applications.
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5. Conclusion

This dissertation primarily focuses on enhancing the throughput and sensitivity of flow
cytometry through the utilization of microfluidic devices. To improve the throughput, | developed
a novel structure for a PDMS-based microfluidic chip. This involved horizontally connecting the
microfluidic channels and sealing the chip with two glass layers bonded together and resin sealing.
This innovative microfluidic chip design, specifically tailored for OTS microscopy, allows for a
velocity of 40 m/s, setting a new world record in terms of imaging flow cytometry. The throughput
was significantly increased to a minimum of 2,700,000 cells/s. Importantly, this structural concept
can be extended to other microfluidic applications, such as impedance flow cytometry, droplet-
based assays, and cell hydroporation, providing improved performance across a wide range of

techniques.

As very few microfluidic studies have reached such high velocities, certain phenomena in
traditional microfluidics may exhibit notable differences. For instance, in my research, | designed
a two-layer channel to achieve vertical focusing of cells, thereby enhancing both the throughput
and sensitivity of OTS microscopy. Interestingly, | observed distinct focusing effects depending
on the flow velocity. At low velocities (<5 m/s), horizontal focusing (focusing to middle) was
predominant. However, at high velocities (>20 m/s), vertical focusing (focusing to bottom) became
more prominent. Moreover, the effects of high velocity in microfluidic will be developed

continuously, shedding light on the intricate behavior of microfluidics at extreme velocities.

In order to enhance the sensitivity of impedance flow cytometry, several optimizations were
conducted. These optimizations included minimizing the span of electrodes to increase the
amplitude of the signal, implementing viscoelastic focusing for stable particle trajectories and

concentrated distributions, and adjusting the electrode configuration for specific objects like
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droplets. To achieve a higher amplitude of the signal, femtosecond laser ablation was employed to
create 1 um gaps in the electrodes. This narrower span enhanced the electric field strength,
resulting in higher differential voltages and amplitude. As a result, budding yeast cells were
successfully recognized in the yeast sample. Similar to the sensitivity improvements in imaging
flow cytometry, the position or trajectory of particles or cells has a significant impact on impedance
detection accuracy. By developing a horizontal connecting chip capable of withstanding high
pressures and driving fluids at high velocities or viscosities, viscoelastic focusing was applied in
impedance cytometry. The flow rates ranged from 0.1 pL/min to 64 pL/min, with the focusing
effect becoming apparent at flow rates of 2 uL/min. It was also observed that higher velocities
could weaken the focusing effect by introducing equilibrium positions. While impedance flow
cytometry allows for the detection of cells, it can also be utilized for droplet analysis. However, in
many cases, droplet impedance measurements simply utilize the same electrodes used for cell
detection, leading to the loss of valuable information in the final differential signal. To address
this, numerical investigations of droplet impedance detection were conducted, resulting in the
identification of four distinct situations. Through experimental and simulation analyses, it was
determined that the optimal configuration for accurate droplet measurement occurs when the slug-
shaped droplet is smaller than the middle electrode and the interval between droplets is greater
than the middle electrode. The signals recorded by these specific electrode configurations provide

concentrated and accurate results for droplet analysis.

The last work is to develop a droplet-based cell sorting system that utilizes a pulse laser to
burst selected droplets and employs a passive mechanism for separating droplets based on their
size. To achieve effective droplet separation with a smaller difference in diameter, a passive droplet

sorting structure was designed. To accomplish this, pinched flow fractionation, a well-researched
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technique for cell sorting, was explored for droplet sorting. Simulations and experiments were
conducted on pinched flow fractionation, leading to the observation that droplets behave
differently compared to cells or particles, as they tend to maintain a consistent shape. This insight
served as the basis for the design of the sorting structure, which took into account the location of
the droplet's barycenter. Through experimental validation, it was confirmed that droplets with
diameters smaller than 100 um and larger than 110 pum could be successfully separated using the

proposed sorting structure.

During my research, | feel the importance of the theorical research on the basic principle.
Experiments or simulations can also supply the direct results by failed to reveal some unobvious
points which may have some effects beyond thought. In the development of high-throughput
microfluidic chip, | spend a lot of time to optimize the channel design to minimize the flow
resistance; since | think the question, why the channel should be designed with such long size, the
solution flash out that there is no need for the quite long channel. Then, the purpose turns from
minish the flow resistance to how to avoid the interference of microfluidic chip with optical
components. Finally, with the quite simple design, the high throughput and velocity can be
achieved and even become the best. Moreover, with this strong structure, my researches on
impedance flow cytometry and droplet application all adopted the horizontal connecting structure
for the good leakage-proof and high-pressure tolerance. And | believe, there will be more

researches on high inertial effects can be carried with this chip.
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