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ABSTRACT

DEVELOPMENT OF VISCOELASTIC PARTICLE
MIGRATION FOR MICROFLUIDIC FLOW
CYTOMETRY APPLICATIONS

Murat Serhathoglu
Ph.D. in Materials Science and Nanotechnology
Advisor: Caglar Elbiiken
April 2020

Advances in cell biology, quantification, and identification procedures are essential
to develop novel particle characterization tools on the diagnostics, biotechnology,
pharmaceutical industry, and material science. Flow cytometry is a pivotal tech-
nology and meets the need for almost a century. Increase in today’s demand
for fast, precise, accurate, and low-cost point-of-care diagnostic tools and cell
counting technologies necessitate further improvements for state-of-the-art flow
cytometry platforms. These improvements are achievable using novel and pre-
cise particle focusing techniques, multiple detection methods, integrated fluidic,
optical, and electronic units in the same workflow. Thanks to its indisputable ad-
vantages in such integrities, microfluidic flow cytometry platforms are attractive
and promising tool for the future of next-generation flow cytometry technologies.

In this thesis, we developed viscoelastic focusing technique compatible with
optical, impedimetric, and imaging-based microfluidic flow cytometry methods.
Elastic nature of the viscoelastic fluids induces lateral migration for suspended
particles into a single streamline and meets the requirement for central particle
focusing on flow cytometry devices. Viscoelastic focusing is a passive particle ma-
nipulation technique and eliminates the need for sheath flow or any other active
actuation mechanism. Firstly, we developed viscoelastic focusing technique for
optical microfluidic flow cytometry in a palm-sized glass capillary device. Optical
detection was performed by fiber-coupled laser source and photodetectors. We
demonstrated the detection of polystyrene (PS) cytometry calibration beads sus-
pended in three viscoelastic solutions: Polyethylene oxide (PEO), Hyaluronic acid
(HA), and Polyvinylpyrrolidone (PVP). Secondly, we investigated the viscoelastic
focusing efficiency of PEO-based viscoelastic solutions at varying ionic concentra-
tions to demonstrate their use in impedance-based microfluidic flow cytometry.
We performed cytometry measurements using PS beads and human red blood
cells (RBCs). We showed that elasto-inertial focusing of PS beads is possible
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with the combination of inertial and viscoelastic effects for high-throughput flow
cytometry applications. Additionally, non-spherical shape RBCs were aligned
along the channel centerline in parachute shape, which yielded to decrease the
non-spherical shape-based signal variations in impedance cytometry devices con-
sistent impedimetric signals. Our results showed that proposed flow cytometry
devices give similar performance to state-of-the-art systems in terms of through-
put and measurement accuracy.

Optical- and impedance-based flow cytometry applications were demonstrated
using only pressure-driven flow. Under the simultaneous use of pressure-driven
flow and DC electric field, particles inside microfluidic channels exhibit intricate
migration behavior at different particle equilibrium positions. Available experi-
mental and analytical studies fall short in giving a thorough explanation to par-
ticle equilibrium states. Also, the understanding is so far limited to the results
based on Newtonian and neutral viscoelastic fluids. Thirdly in this thesis study, a
holistic approach is taken to elaborate the interplay of governing electrophoretic
and slip-induced /elastic/shear gradient lift forces. Experimental studies were car-
ried on particle migration in Newtonian, neutral viscoelastic, and polyelectrolyte
viscoelastic media to provide a comprehensive understanding of particle migra-
tion. Our experiments with the viscoelastic media led to contradictory results
with the existing explanations. Then, we introduced the Electro-Viscoelastic Mi-
gration (EVM) theory to provide a unifying explanation for particle migration
in Newtonian and viscoelastic solutions. Additionally, we performed confocal
imaging experiments with fluorescent-labeled polymer solutions to explore the
underlying migration behavior in the EVM technique. We observed the forma-
tion of cross-sectionally non-uniform viscoelastic solution would pave the way for
undiscovered unique applications in the microfluidic community.

In summary, presented devices were demonstrated with straightforward fabri-
cation techniques on a single straight microcapillary or microchannel. It is pos-
sible to couple fluidics, optical, and impedimetric detection units into the same
workflow. Our approach in microfluidic flow cytometry applications proved that
viscoelastic fluids are good candidates for the development of integrated, portable,
and cost-efficient next-generation cytometry platforms and low resource settings.
Additionally, the unifying EVM technique has a strong potential to precisely
focusing and separating cells, polyelectrolytes, DNA fractions, and proteins ac-
cording to their charge and size with a comparable resolution and measurement
time as a replacement for gel electrophoresis or chromatography applications.
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OZET

MIKROAKISKAN AKIS SITOMETRISI
UYGULAMARINDA VISKOELASTIK PARCACIK

HIZALAMA TEKNIGININ GELISTIRILMESI

Murat Serhathoglu
Malzeme Bilimi ve Nanoteknoloji Programi, Doktora
Tez Damismani: Dr. Ogr. Uyesi Caglar Elbiiken
Nisan 2020

Hiicre biyolojisi, hiicre sayimi ve hiicre tespiti gibi alanlarda meydana gelen
gelismeler; hastalik teshisi, biyoteknoloji, ila¢ endiistrisi ve malzeme biliminde
kullanilacak yeni parcacik karakterizasyon yontem ve aracglarinin geligtirilmesini
gerekli kilmaktadir. Akig sitometri teknolojisi bu alandaki ihtiyaci neredeyse bir
asirdir kargilayan oncii teknolojidir. Giintimiizde hizl, hassas, dogru ve diigiik
maliyetli hasta-bagi teshis cihazlarina ve hiicre sayma teknolojilerine olan yogun
bir talep artigi stz konusudur. En geligmis ticari akig sitometri cihazlar1 dahi
teknolojik agidan bu talebe cevap vermekte yetersiz kalabilmektedir. Bu talep,
yenilik¢i ve hassas pargacik hizalama teknikleri, ¢oklu algilama yontemleri ve
birbirine entegre akiskan, optik ve elektronik tiniteler kullanilarak gelistirilen ye-
nilikci sitometri teknolojileri ile kargilanabilir. Bu tip 6zellikler konusunda tartig-
masiz derecede avantajlara sahip olan mikroakigkan akig sitometri platformlari,
yeni nesil akig sitometri teknolojilerinin gelecegi adina ilgi ¢ekici ve umut vericidir.

Bu tez calismasinda, optik, empedans ve goriintii tabanl mikroakigkan sit-
ometri o6l¢iim yontemleriyle uyumlu olan viskoelastik parcacik hizalama teknigi
geligtirildi. Viskoelastik akigkanlarin elastik dogasi, stispansiyon haldeki parcacik-
larin kanal akig eksenine dik diizlemde pozisyon degistirerek, tek bir akig ¢izgisi
boyunca hizalanmasini saglar. Bu sayede akig sitometri cihazlarindaki 6l¢giim has-
sasiyetini artirmak i¢in gerekli olan merkezi parcacik hizalanma saglanmis olur.
Viskoelastik parcacik hizalama teknigi pasif bir yontemdir ve kilif akigina veya
herhangi bir aktif parcacik hizalama mekanizmasina olan ihtiyaci ortadan kaldirir.
[k olarak, avuc ici biiyiikliigiinde bir cam mikrokilcal cihazda optik mikroakiskan
akig sitometrisi i¢in viskoelastik odaklama teknigi geligtirildi. Optik 6l¢iim ve al-
gilama iglemleri fiber kuplajh lazer kaynagi ve fotodedektor yardimiyla yapildi.
Polietilen oksit (PEO), Hyaliironik asit (HA) ve Polivinilpirolidon (PVP) ta-
banl ti¢ farkh viskoelastik soliisyonda stispansiyon halindeki polistren sitometri
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kalibrasyon parcaciklarinin tespiti gosterildi. Ikinci olarak, empedans tabanh
mikroakigkan akig sitometrilerinde kullanimlarini gostermek icin PEO tabanh
viskoelastik soliisyonlarin farkli iyonik konsantrasyonlardaki viskoelastik parcacik
hizalama etkinligi aragtirildi. Ardindan, polistren ve kirmiz kan hiicreleri kul-
lanarak empedans sitometri 6l¢timleri gerceklestirildi. Yiiksek verimli akig sit-
ometri uygulamalar1 i¢in ataletsel ve viskoelastik etkilerin kombinasyonu kul-
lanilarak kiiresel polistren parcaciklarimin yiiksek akig hizlarinda merkezi hiza-
lanmasinin miimkiin oldugu gosterildi. Buna ek olarak kiiresel olmayan kir-
miz1 kan hiicrelerinin tamaminin kanal merkez ¢izgisi boyunca parasit seklinde
hizalanmasi ve bu sayede empedans sitometri cihazlarinda gozlenen kiiresel ol-
mayan parcacik kaynakli ol¢iim varyasyonlarinin azaltilarak tutarli empedans
sinyalleri elde edilmesi saglandi. Elde edilen sonuclar, onerilen akis sitometri
cihazlarinin, verimlilik ve 6l¢iim hassasiyeti acisindan en geligsmis sitometri ciha-
zlariyla kiyaslanabilir performans degerleri elde ettigini gosterdi.

Optik ve empedans tabanl akig sitometri uygulamalari, yalnizca basingli hidro-
dinamik akig kullanilarak geligtirildi. Basin¢li hidrodinamik akig ve elektrik alan
kaynakli elektroforez egzamanl olarak uygulandiginda, mikroakigskan kanallarin
icindeki stispanse parcgaciklar karmagik hizalanma davraniglar1 ve birbirinden
farkli nihai denge konumlar: sergiledigi bilinmektedir. Mevcut deneysel ve anali-
tik galismalar parcaciklarin nihai denge konumlarinin neden farkli olduguna dair
ayrintili bir aciklama sunmakta yetersiz kalmaktadir. Ayrica, simdiye kadar
yapilan ¢alismalar yalnizca Newtonsal ve yiiksiiz viskoelastik sivilarla smirlidir.
Bu tez calismasinda tigiincii olarak, elektroforez, akis ve viskoelastik sivi kay-
nakli kaldirma kuvvetlerinin birbiri ile etkilesimini ayrintili olarak aciklamak
icin biitiinciil bir yaklagim benimsenmigtir. Parcacik hizalanmasinin kapsamh
bir gsekilde anlagilmasini saglamak icin Newton, yiikstiz viskoelastik ve polielek-
trolit viskoelastik ortamlarda sivi akig yoniine dik parcgacik hareketleri deneysel
olarak incelendi. Viskoelastik ortam ile yapilan deneyler neticesinde, simdiye
kadar yapilmis olan mevcut ¢aligmalardan daha farkli sonuclar elde edildi. Son-
rasinda hem Newton hem de yikli ve yiksiiz viskoelastik sivilarda gozlemle-
nen farkh parcacik hizalanma davraniglarina biitiinciil bir yaklagim ile agiklik ge-
tiren Elektro-Viskoelastik Hizalanma (EVH) teorisi gelistirildi. Buna ek olarak,
EVH tekniginde gozlenen farkh parcacik hizalanma davraniglarinin altinda yatan
sebepleri kesfetmek icin floresan etiketli viskoelastik polimer ¢ozeltileri hazirla-
narak konfokal mikroskop altinda floresan boyali polimerlerin hareketi incelendi.
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Oldukca sasirtict olarak sivi akigina dik kanal kesitinde homojen olmayan viskoe-
lastik ¢ozelti olusumu gozlemlendi. EVH teknigi ile elde edilen bu bulgularin
mikroakigkan camiasinda simdiye kadar kegfedilmemis homojen olmayan viskoe-
lastik akig gibi egsiz uygulamalara kapi acacagr diigtiniilmektedir.

Ozet olarak, sunulan sistemler tek bir diiz mikrokilcal ya da mikrokanal iiz-
erinde basit fabrikasyon teknikleri kullanilarak geligtirilmistir. Akigkan diizenegi,
optik, ve empedans tabanl algilama tiniteleri ayni akis sistemi tizerinde birbirine
kolayca entegre edilebilir ve viskoelastik hizalama teknigi kullanilarak basaril
sitometri uygulamalar1 gerceklestirilebilir. Mikroakiskan akig sitometri uygula-
malarindaki yenilik¢i yaklagimimiz viskoelastik sivilarin, gelismekte olan tlkeler
ve diigiik gelir kaynakhh ortamlar icin entegre, taginabilir ve diigitk maliyetli
yeni nesil sitometri platformlarinin geligtirilebilmesi adina iyi bir aday oldugunu
gostermektedir. Buna ek olarak, EVH teknigi, jel elektroforez veya kromatografi
uygulamalarinin yerine gegebilecek seviyede, polyelektrolitlerin DNA fraksiyon-
larinin ve proteinlerin elektriksel yiiklerine ve boyutlarina goére bir mikrokanal
boyunca hassas bir gekilde hizalanmasini ve ayristirilmasini saglayabilecek giiclii
bir potansiyele sahiptir.

Anahtar sézciikler: Mikroakigkanlar, akis sitometrisi, viskoelastik soltisyonlar,
parcacik hizalama.
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Chapter 1

Introduction

In this chapter, general background and overview of the contents, and the moti-
vation of the thesis are provided. Introduction to flow cytometry is given. Flow
cytometry methods are briefly explained with their historical background. The in-
creasing demand for flow cytometry on the market and boosted scientific interest
in microfluidic flow cytometry devices is pointed. Microfluidics and microfluidic
platforms are discussed very briefly. Fundamentals and theoretical background
of microfluidics are provided. Fluid viscoelasticity and particle migration in a
microfluidic flow cytometry device are reported. Finally, the outline of the rest

of the thesis is given.

(Part of this study was published as; M. Serhatlioglu, C. Elbuken, B. Ortag,
M. E. Solmaz, Femtosecond laser fabrication of fiber based optofluidic platform
for flow cytometry applications, Proc. SPIE 10058, Optical Fibers and Sensors
for Medical Diagnostics and Treatment Applications XVII, pp. 1005801, 2017.
Reproduced (or 'Reproduced in part’) from Ref. [8] with permission from SPIE.
https://doi.org/10.1117/12.2252092)



1.1 Flow cytometry concepts

Cytometry is a combination of two Greek words: Cyto; Kytos-hollow container,
and metry; Metria-measuring process. Flow Cytometry performs automated
measurement in a single cell level to acquire the multiple physical/chemical prop-
erties of cells and phenotype individual cells in a population to understand the

heterogeneity of the entire system under the fluid stream.

History of flow cytometry and automated particle counting starts in parallel
with the improvements in the field of microscopy in 19th century. Pioneering
developments such as UV microscopy (1904), phase contrast imaging to observe
transparent cells (1932), and antibody labeling with a fluorescent dye (1941)
lead the way through flow cytometry [9]. The first attempt for automated cell-
counting was performed by Moldovan 1934, yet Gucker demonstrated the first
successful flow cytometry in 1947 with the development of early photomultiplier
tubes [9]. Blood count was successfully demonstrated in 1953 by Crossland-
Taylor, thanks to the development of hydrodynamic cell focusing. The same year
impedance-based cell counters were discovered by Wallace H. Coulter. This dis-
covery had great importance since the coulter counter mechanism later used to
demonstrate the cell sorting system by Fulwyler (1965). 1CP 11, Pertec Com-
pany, was the first initiative to a successful commercial fluorescence-based flow
cytometry (1969). Fluorescence-activated cell sorter (FACS) system was dis-
covered by Leonard and commercialized under the Becton Dickinson Company
(1974). Early cytometry systems were aimed on extracting a single parameter.
The very first demonstration of multi-parametric two-color flow cytometry de-
veloped by Leonard Herzenberh (1977). Later, the demonstration of three-color

flow cytometry measurement provided burst attention in the field (1984).

Simultaneous multiple parameter measurements enabled the variety of appli-
cations in the clinical trials. Today’s high-end multi-color flow cytometry tech-
nologies are capable of having 3 excitation lasers, with up to 21 fluorescence
channels and 23 independent detectors (Agilent NovoCyte Avanteon). An ex-
ample of a commercially available optical flow cytometry by BD Biosciences is

given in Figure 1.1 [10]. The history of the state-of-the-art flow cytometers, their



development time-frames, and future perspectives on cell cytometry discussed in

given references [9,11-13].

©OBD Accuri” C6 I
Flow Cytomet

Figure 1.1: Examples on commercial flow cytometry. (a) An overview, (b) optical
detection unit of BD Acurri C6, (c¢) flow cell in BD FACSCanto, and (d) fluidic
units in BD FACSVerse

Flow cytometry is a well-established technique for automated multiparameter
analysis of suspended cells and particles for biomedical applications and clinical
research. The ability to identify and count the number of biological particles in-
vitro based on their size have crucial importance for diagnosing and monitoring
various diseases such as CD4 T-lymphocyte counting in HIV [14] and malignant
epithelial cell immunophenotyping [15]. Today commercially available benchtop
flow cytometers mainly use three measurement methods: optical, impedance,
and imaging. The optical measurement is a widely available method, using op-
tical detection technique that requires the interaction of a laser beam with the
sequentially aligned particles of interest in a flow cell. A generic optical flow cy-
tometer consists of four units, as shown in Figure 1.2. Flow unit; guides sheath
and sample fluid to the light interaction region and assists sheath-supported 3D

hydrodynamic focusing for the particles of interest before the light interaction
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region. Light interaction unit is responsible for particle detection and consists
of laser/lasers at a specific wavelength, free optics, lenses, filters, photodetectors
(PD), photomultiplier tubes (PMT). Signal processing unit provides real-time
data processing from the measurement with data acquisition board, amplifier cir-
cuits, and an optional sorting unit, for particle sorting as regard to the desired

specificity.

Optical flow cytometry data is processed mainly from three types of optical
signals which are scattered/collected from the particles during their passage from
the light interaction region. Light interaction with cell exterior and subcellular
contents like vesicles scatter the light in different directions. Forward scattering
light (FSC) is collected at the direct opposite side of the laser source with a small
angle rotation (0-15°) and gives the information about particle size and particle
surface area. Side scattering light (SSC) provides information about particle
granularity and has wider angle placement (30-180°). Fluorescent emitted light
(FL) is collected as side scattered light using selectively arranged band-pass filters
according to specific fluorescent labeling of individual particles. The use of laser

excitation is the most significant advantage of optical flow cytometry.

(a) ) ) (b) Forward scatter
Mirrors and filters \ Detectors Side scatter ¢! 517
FL2 -granularity

Fluorescence
Sheath L1
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Sample ¢ . antigens, proteins
mple N\ Fsc @ >
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Sheath Laser D o
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Figure 1.2: An illustration of optical flow cytometry. (a) detection units and (b)
demonstration of the scattered lights from the particle of interest

The impedance measurement is the second widely available flow cytome-
try method measures cellular biophysical properties with electrical impedance
change [16]. The early Impedance flow cytometers used Coulter principle, which

is developed by Wallace H. Coulter in 1953 and rapidly commercialized in 3 years.



Following the demonstration of electrical single-cell detection, Coulter counters
have become one of the most commonly used research tools for particle detection

and enumeration studies [17].

Implementation of the technique using microfabricated structures was first
demonstrated for the detection of latex nanoparticles [18]. Coulter counter uses
direct current (DC) to measure the resistance change during the displacement
of particles through a narrow orifice. The orifice is the sensing region and has
a relatively similar size in comparison to the particles suspended in ionic buffers
(e.g., PBS) or electrolyte solutions. Polymeric particles or cell membrane behaves
as an insulation layer under DC electric field; thus, the resistance of the orifice
changes due to the replacement of the conductive liquid. The variation in DC
resistance is in accordance with the particle size and geometry. Counted events
are recorded while the particles are passing through the orifice. The number of
counted events gives information about the particle population, and the ampli-
tude of the signal corresponds to the particle volume. It is possible to differentiate
the individual type of cells in heterogeneous media by defining threshold over a
signal amplitude [19]. Early Coulter counter measurements were blood cell analy-

sis, microorganism, and nanometer-size particles like viruses and vesicles [20,21].

Coulter counters used direct current on the sensing region; later, low-frequency
signal was integrated into the system to require more information on cell na-
ture [22]. Various designs have been recommended to increase the performance
of microfluidic Coulter counters [23-26]. Impedance flow cytometry was intro-
duced as an improved version of Coulter counter that employs AC electric field
instead of a DC signal. Frequency of AC signal gives characteristic information
about the particles of interest. While conventional Coulter counters only classify
cells based on their size, impedance flow cytometers provide a detailed analysis
of single cells [27-29] at multiple frequencies. Impedance flow cytometry is used
in some commercial clinical analysis devices for full blood count, white blood
cell differentiation, nucleated red blood cell count, and reticulocyte count [30].
Further improvements were possible for impedance cytometers using microfabri-
cation technologies in microfluidic applications. Instead of using a small orifice to

intensify the electric field in a small region, microfluidic impedance cytometers use
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metal electrodes integrated into the microchannel. The electric field applied from
the integrated electrodes which defines the electrical sensing region for particles
to be detected.

Impedance flow cytometers consist of three units: Flow unit, electric field in-
teraction region, and signal processing unit. Flow unit where particles are flushed
through the channel, as a similar principle to the optical flow cytometers. Elec-
tric field interaction region consists of metal electrodes configured either copla-
nar or top-bottom configuration. Signal processing and amplification unit which
provides real-time data processing from the measurement using data acquisition
board, lock-in amplifier circuits analog-digital converters, and custom electron-
ics. Microfluidic impedance cytometers mostly use coplanar electrodes, causing
measurement variations due to non-homogeneous electric field. The impedance
measurement signal is position-dependent for coplanar electrode configuration
since each particle has a different trajectory and interacts with different intensity
of the electric field. Therefore, particle focusing techniques (discussed in sec-
tion 1.3) are mostly required to reach a single train of particles and improve the

measurement accuracy.

The first single-cell detection in microfluidic impedance cytometry was carried
out by Ayliffe and his colleagues [31]. Gawad and Renaud are pioneers in the field,
and they demonstrated early microfluidic impedance cytometry applications by
differentiating micron-sized polystyrene beads [28] and blood cells [32]. They
demonstrated measurement in both coplanar and top-bottom electrode configu-

rations integrated with the microfluidic channel (illustrated in Figure 1.3).

The impedance measurements are based on sensing differential change Z 40 —
Zpc on the electrical signal when particles are passing over the electrodes and
interacting with the electric field. Two electrode segments (sensing and reference
segments) are used to measure the cell properties directly against the surrounding
media to prevent errors by any uneven change in the electrode properties [28].
The particle transition time (#.) is defined by the time difference between the
signal maximum and minimum points and gives information about the speed

of the particle. The information on voltage signal amplitude depends on the
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Figure 1.3: Illustration of impedance flow cytometry. (a) Side view schematics
of microfluidic based flow cytometry system, (b) coplanar electrode configuration
and top-bottom electrode configuration. Z 40 — Zpc differential impedance sig-
nal is measured while particle passing over electrodes. Transit time is the time
difference between two peak amplitudes.

excitation frequency. At low frequencies, cell membrane behaves like an insulator
and stands as a barrier. Current flows through outer region of the cell. Thus the
measured amplitude is corresponds to the cell size. It is the reason why in Coulter
counters, cells with the same size but different interiors can not be differentiated.
Mid-range frequencies give information about the cell membrane properties. At
high frequencies cell membrane does not stand as a barrier and current goes
through cell interior. Thus the amplitude of the signal gives information about

dielectric properties of the cell cytoplasm.

Opacity is the ratio of high frequency to low frequency impedance magnitude
and provides normalized data for cell size and position [32]. This also helps to
identify cells with the same geometrical size but different interior content [22].
Opacity measurement can provide cellular biomarkers to classify different cell

types such as tumor, stem, and blood cells [13].

Impedance cytometry is advantageous for label-free applications and mainly



suitable for enumeration and morphology measurements. The significant advan-
tage of impedance cytometers is making measurements with optics-free configu-
ration. Thus the systems are free of high-end optical laser sources/detectors and
laser alignment procedures. Today’s commercial benchtop impedance analyzers
(Coulter counters and flow cytometers) are mostly targeted for multiple particle
enumeration and whole blood analysis. Tandem use with optical flow cytome-
try units is also a common application for impedance analyzers to improve the

accuracy and capability of the system.

Imaging flow cytometry is the third cytometry method and has become popu-
lar for the last decade due to improvements in digital imaging systems and real-
time image analysis algorithms. The auto focusing technique provides fast image
tracking for flowing cells in real-time, and it is combined with machine learning
algorithms to acquire clinically accurate and intelligent data [33]. Imaging flow
cytometry systems are advantageous compared to optical and impedance-based
alternatives since the measurement data can be provided from high-resolution
images with an affordable price camera without the need of fluorescent label-
ing, high-end optical detectors, and microelectrode fabrication. An imaging flow
cytometry is capable of cell counting and enumeration. It is used to narrate
morphological changes even for challenging samples for optical or impedimetric

systems.

Optical flow cytometers do not process and store the real image of the par-
ticle of interest. The cytometry data is mostly provided from interpreted data
(voltage response of scattered optical light on photodetector). In imaging-based
systems, the real image of the particle of interest is stored and processed. Thus,
it provides a clear advantage to detect very similar morphological changes. It is
also possible to equip the image-based cytometers with fluorescence or confocal
microscopy configuration to generate information from fluorescent data on single
events of a heterogeneous population. One of the major challenges in optical and
impedance flow cytometers is the requirement of flow focusing unit and sample
dilution to guarantee only one particle is passing through the sensing region.
However, image flow cytometry systems can handle multiple particles (hundreds

of thousands) with a single frame image at single-cell resolution using less diluted
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samples. Besides, it is possible to make multiple sample flow channels to increase
the throughput of the system [34]. Modern image flow cytometers are equipped
with optical cytometry units in a tandem configuration to use the mutual ben-
efits of each method. Imaging flow cytometers are not less capable than optical
or impedance-based systems for single-cell detection applications; however, high
computation load, fast image processing in real-time, and large raw data size are

the challenges in the market.

1.2 Microfluidics

1.2.1 Overview

Microfluidics is a multidisciplinary field. Microfluidic platforms are a meet up
of four main subjects: physics, mechanics, medicine, and chemistry. Microflu-
idics processes small fraction of sample from nL to fL. volumes, in the micron
to nanometer size fluidic channels to acquire physical information from a sample
of interest using a detection method. Technological developments in microfabri-
cation techniques and microchip technologies lead the way to high capable mi-
crofluidic systems [35,36]. First microfluidic application appeared in 1992 [37, 38|
in capillary format for the efforts of miniaturization of chromatography tubes;
then, they took great attention in the industrial and scientific community. A
widely used term in microfluidics, Micro Total Analysis Sytems (nTAS), was in-
troduced during the same period [39]. The primary motivation in pTAS is mostly
fueled by one or more of the following features: fast, accurate and precise mea-
surement, low sample requirement, small and light-weight dimensions, and low
power consumption. Microfluidics is considered to be the root of today’s lab-
on-a-chip (LOC) and point-of-care (POC) devices. The global market share of
Microfluidic devices is evaluated as $13.5 billion at the end of 2019 [40]. The
driving engine of the market is currently POC devices. Increasing demand in
high throughput, fast and accurate measurements with minimal errors, low sam-
ple requirement, and in-vitro diagnosis tools are shaping the future direction of
Microfluidics industry. One of the market leader company, Abbott, has recently
announced a breakthrough achievement that they developed a POC device that



detects the novel coronavirus, COVID-19, (globally spread coronavirus pandemic

in 2019-2020) positive results in only five minutes [41].

1.2.2 Miniaturization in flow cytometry

The last century was dominated by the trend of miniaturization in manufacturing
smaller size optics, electronics, and mechanics. Miniaturization is also essential
for the future-generation flow cytometry platforms. State of the art flow cytom-
etry systems use bulk optics that have alignment issues, require large sample
volumes, are expensive to buy and maintain, and require a qualified user for uti-
lization and maintenance. The demand for the use of flow cytometry is increasing
globally. The global market share of flow cytometry systems is estimated to reach
$6.5 billion by the end of 2025 [42].

In the last two decades, there has been considerable interest in microfluidic lab-
on-a-chip systems towards fast bio-analysis and examination feaures while using a
vastly smaller sample volume. Microfluidic based flow cytometers have attracted
a great deal of interest since they are advantageous for miniaturization aspects,
low-cost fabrication and production, a small amount of sample requirement, high
throughput and measurement precision and operating without a need for a qual-
ified operator. It also enables the integration capability of optical elements or
impedance detection units into a single chip. The majority of the miniaturization
efforts are made in the microfabrication of fluidic parts in flow cytometers. Ad-
ditionally, the optical excitation/detection region, and impedance measurement

parts (microelectrodes) are integrated into microfluidic chips [43,44].

Microfluidic integration made it possible to produce portable and low-cost flow
cytometers [16], widely available for emerging countries and hard environmental
settings. For instance, NASA tested Microflow Flow Cytometry in International
Space Station (ISS) in 2014 [45]. Microflow accurately responded to the measure-
ments in a microgravity environment and measured a wide variety of specimens.
It was also successfully used to track the physical blood properties of astronauts

in ISS on daily basis.

10



—_
N

T T T T T T T T T T T T T
]|l Flow Cytometry (141k)
I Microfluidics (24k)
Il Vicrofluidic Flow Cytometry (1k)

N
o
1

(o]
1

% in total number of publications

2001 2004 2007 2010 2013 2016 2019
Years

Figure 1.4: The increasing trend of publications in three topics: Flow cytometry,
Microfluidics, and Microfluidic Flow Cytometry obtained from Web of Science.

The interest in the microfluidic low cytometry studies is increasing in the
academic community as well as industry. Figure 1.4 shows the increase in the
number of scientific publications published for the last 20 years in Web of Science
database by the keywords of "Flow Cytometry", "Microfluidics', and "Microfluidic
Flow Cytometry". The x-axis of the graph shows the number of publications by
year, and the y-axis shows the percentage of the publications in total (141k for
Flow Cytometry, 24k for microfluidics, and 1k for Microfluidic Flow Cytometry).
The continuously increasing trend line is a clear evidence of the demand for

microfluidic flow cytometry studies.

1.2.3 Microfluidic platforms

Microfluidic devices are fabricated using four types of materials: paper, poly-

mers, silicon, and glass. Paper has a complex environment and lack of accuracy
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for longer test duration; however, one of the most successful and globally avail-
able test kit, pregnancy test, is based on paper microfluidics. Polymers are cost-
effective and easy to fabricate. They suffer from chemical stability for a long du-
ration or multiple-use applications; however, they are good candidates for single-
use applications. Polymer microfluidics is compatible with mass-production for
industrial applications using hot embossing and injection molding. Silicon and
glass show better chemical and mechanical stability. Silicon is the milestone for
the microfabrication industry. However, the material is opaque to visible light.
Thus it does not give the desired performance for visualization and hence not pre-
ferred for optical or imaging flow cytometry applications in visible range. Glass
surfaces are chemically inert, mechanically stable, and optically transparent to
a broad spectrum of light. Glass-based microfluidic fabrication with well-known
microfabrication techniques are generally considered costly and time consuming
compared to paper or polymer-based chip fabrication. Laser fabrication tech-
niques open the doors of cost and time reduced fabrication for complex structures
with glass-based transparent microfluidic devices [46-51]. Examples of different

microfluidic platforms are given in Figure 1.5.

Figure 1.5: Examples of different type of microfluidic chips. (a) Glass micro-
capillary, (b) fused silica all-glass microfluidic chip, (c) glass/PDMS microfluidic
chip with metal electrodes, (d) scanning electron microscope (SEM) image of
glass/PDMS microchannel, and (e) Kapton tape sealed flexible PDMS serpen-
tine microchannel.

PDMS devices are widely used in microfluidic studies. Fabrication steps for
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a generic PDMS microfluidic device is illustrated in Figure 1.6 (more details
are available in the following chapters). Initially, a master mold is prepared to
replicate the structures (Figure 1.6.a). Then, PDMS and curing agent are mixed
at 10:1 ratio (the most common recipe), degassed in a vacuum chamber and
poured onto the mold (Figure 1.6.b). Later PDMS layer is cured on a hot plate
(Figure 1.6.c). Finally, cured PDMS is peeled off from the mold (Figure 1.6.d).

(a) (c)

Figure 1.6: Fabrication steps to prepare a PDMS microfluidic device. (a) Mold,
(b) PDMS pouring, (c¢) curing on a hot plate, and (d) peeling PDMS layer form
mold.

1.2.4 Physics of microfluidics

The Navier-Stokes equation, one of the unsolved millennium prize problems, de-
scribes the motion of fluids (Fig. 1.7). The equation, in general, is nothing but
Newton’s second law, force equals to mass by acceleration, and the conservation

of mass. Yet, the full-theoretical solution of the equation is incomplete.

The left-hand side of the equation explains how the velocity of the fluid is
changing over time. The first and second terms on the right-hand side are internal

forces: the first term is the pressure gradient, and the second term is the stress
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Figure 1.7: Navier-Stokes equation with captions for variables.

within the fluid. The third component on the right is the external forces applied
to the system, such as gravitational forces, electrostatic forces, electromagnetic
force, and any other. The variables in the equation p, ¢, u, P, u, and F' are the
density of the fluid, time, velocity, pressure in the system, viscosity, and force,
respectively. According to Navier-Stokes equation momentum is conserved, mass
is conserved, and fluid is effected by three forces, pressure gradient, viscous forces,

and gravity [35].

Ideally for the solution of Navier-Stokes, we consider the steady-state condi-
tions; thus, the left-hand side of the equation, acceleration by time, is equal to
zero. If there is no pressure gradient and no external force applied, the equation

simplifies to equation 1.1, which gives the fluid behavior in cuvette flow.

0=puVu (1.1)

In most of the microfluidic systems, a pressure source is available to generate
the fluid flow. If a pressure gradient is generated in a Poiseuille flow, then the
pressure is not equal to zero. Flow is steady-state and unidirectional. Therefore,
the Navier-Stokes equation simplifies to equation 1.2 for tubular or rectangular

cross-section fluidic channels.

VP = uVu (1.2)

Integrating both sides of the equation and solving with boundary conditions in
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Figure 1.8 (maximum velocity at y =0 and zero velocity at y = +h and y = —h),
we find the mean velocity equation 1.3 dependent on viscosity, position in the

y-axis, and pressure change in the x-axis.

Figure 1.8: Poiseuille flow profile in two boundary system.

1 dP

Umean == 3777£<_ 2)

(1.3)

The volumetric flow rate (Q) is equal to the velocity by cross-section. Thus,
2

)

if we iterate the equation 1.3 to mean velocity into for cylindrical duct A = mr
we find one of the fundamental physical laws of fluids, Hagen-Poiseuille law,
which gives the pressure drop for the streaming fluid in a laminar flow across a

cylindrical duct.

8nL
AP=Q—— 1.4
Q1 (14)
8nL
R, = = 1.5
L — (1.5)

In Equation 1.5 hydrodynamic resistance Rp, is defined for the cylindrical
duct. hydrodynamic resistance is the proportionality factor and varies with the
microchannel geometry. It is a necessary constant to calculate before designing

and characterizing different microchannel geometries.

The rectangular cross section is the most common geometry in microchannels,
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and hydrodynamic resistance for rectangular cross section channels is calculated

with an asymptotic approximation as the following [52];

12nL [ h[192 1 2n—1 -
= -2 (22— tanh 1.
B wh? [ w <7T5 ;::1(271—1)5 o ( 2h 7rw>>] (1.6)

_12pL 1
~ wh3 1-0.63(h/w)

Ry, (1.7)

The Equation 1.6 simplifies to equation 1.7. When w >> h we reach the

minimum error rate which is around 1-2%.

Hagen-Poiseuille law AP = () x Ry, represents the hydrodynamic analogy to
electronic circuits with Ohm’s law AV = I x R. The analogy allows us to model
complex microfluidic channel geometries with electrical resistors, pressure pump

as a voltage source, and a syringe pump as a current source.

Various physical phenomena cooperate within the microfluidic system. Di-
mensionless numbers give the ratio of these competing phenomena and provide
a sense of simple comparison for different systems. We will discuss about flow

behavior and dimensionless numbers in the following section.

1.2.5 Flow behavior and viscoelasticity

Rheology studies the flow behavior of viscous and solid samples under applied
shear. In our study, experiments performed with ideally viscous DI water and
viscoelastic fluids like dilute polymer solutions. Therefore it is essential to un-
derstand the physical background of the flow behavior of fluids. Rheometers
measure the rheological properties of the materials. Rheometers are equipped
with different measurement systems such as concentric cylinder, parallel plate,

cone-and-plate, Money/Ewart and some special measuring devices [53].

In rheological measurement using two parallel plates system is illustrated in

Figure 1.9.a. Sample fluid moves in between two, rotary top and stationary
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bottom, plates 1.9.b. Top plate applies the shear while its surface area A is
in contact with the sample. Then applied shear generates a set of motion by
force (F) and results with velocity (V) difference varying from the maximum at
the boundary of rotating plate and minimum (v=0) at the boundary of bottom
plate. Shear is observed as shear stress 7 = F//A. We define a gap between two
plates as shear gap, h. Shear rate,y =v/h , is the consequences of shear stress due
to the viscosity of the sample. Flow is generated under laminar flow conditions.
Laminar flow can be understood as a flow of planar fluid layers (Figure 1.9.c).
For an ideally viscous flow behavior in laminar flow, velocity change in between

two plates is linear; thus, the shear rate is constant.

(a) ©) v F

top plate

| bottomplats

Figure 1.9: Illustration of (a) parallel plate system, (b) two parallel plates model
represents shear and velocity change, and (¢) Laminar flow distribution.

Viscosity is defined as the resistance of flow to the applied shear and it is a
distinct property for the materials. The ratio of shear stress to the shear rate
gives the shear viscosity (n=7/%). Ideally viscous flow is modeled with a dashpot
model (Figure 1.10.a). Sample continuously deforms under a constant force. If
the applied force is removed, deformation is permanent and shape does not recover

to the initial state.

Ideally elastic behavior is explained using spring model (Figure 1.10.b). When
stress or load applied to an ideal spring, it deforms temporarily to an extent.
Immediately after releasing the force, spring recovers back to its original shape.
This kind of deformation is called elastic deformation. The deformation energy is
stored as elastic deformation. When stress released material returns back to initial
shape (if the deformation is in the elastic range), energy recovered without any
loss. If applied force causes deformation exceeding the elastic range, permanent
deformation is observed with brittle fracture [53]. In the case of ideal viscous

behavior, deformation is not recovered even after releasing the stress due to energy
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loss. Viscoelastic materials show both elastic and viscous behavior at the same
time. A good example of solid viscoelastic behavior is bouncy putty. When it
is exposed to immediate stress, it bounces from the flat surfaces like an elastic
ball; however, if putty rest on a flat surface while exposed to prolonged and time-
dependent stress like gravity, it starts to show viscous behavior and turn into a

flat uniform disc.

According to the Maxwell model, viscoelastic behavior is modeled using a
dashpot connected to a spring (Figure 1.10.c). Viscoelastic materials show time-
dependent response when stress applied or released. When loading the force
as applied stress to the viscoelastic material, we observe immediate elastic de-
formation from the spring while the dashpot deforms in time. As a result, we
observe time-dependent response on the deformation when stress applied. When
stress released spring recoils to initial state completely with no delay; however,

deformation in dashpot is unchanged.

(a) (b) (c)

Figure 1.10: Illustration of models. (a) Ideally viscous behavior with dashpot
model, (b) ideally elastic behavior with spring model, and (c) viscoelastic model
with spring and dashpot Maxwell model.

Viscoelastic fluids are prepared by dissolving biological or synthetic poly-
meric substances in Newtonian solvents. Viscoelastic fluids show different non-
Newtonian effects in practice. Die swelling effect, Weissenberg effect, and tack
and stringiness. When viscoelastic solution extruded from the opening of an ex-
truder it swells out from the exit. Such behavior is not observed in Newtonian
solutions. It is due to the stress difference between inside and outside of the
extruder. Viscoelastic polymers in solution align along the stress in extruder;
however, the stress is lower at the exit of extruder. Therefore viscoelastic so-
lution turns to initial conditions and swells. Weissenberg effect is also called

rod-climbing effect. If viscoelastic solution stirred, solution starts to accumulate
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on the stirring rod. This effect is observed mostly in highly concentrated poly-
meric solutions. Tack and stinginess is observed during coating processes, as the

formation of long filaments under applied shear.

Polymeric solutions show a shear-thinning behavior and their viscosity de-
creases by increasing shear rate (increasing load) due to polymeric rearrange-
ments. Imagine, polymers dissolved in solution similar size to high aspect ratio
human hairs. One hair has a thickness of 100 pm and length of 200 mm, and a roll
of hairs can easily entangle with each other at the state of rest (zero shear). They
form a spherical shape coil structure so called entangled. It would be impossible
to disentangle the hairs without a hair comb. Under an applied shear, molecules
(hairs in our example) are oriented along the shear and disentangle to an extent
(fully for dilute solutions). Such alignment reduces the coil structure to a more
planar shape and decreases the resistance, means viscosity. Shear viscosity of
shear-thinning solutions shows three regions: zero-shear viscosity (1), shear-rate
dependent viscosity (n = f(7¥)) and infinite-shear viscosity (1) as given in Fig-
ure 1.11.a. Zero- and infinite-shear viscosity regions show plateau formations.
Such formations are dependent on the dissolved polymer concentration ¢ in so-
lution (Figure 1.11.b). To see entanglement behaviour ¢ should be higher than
overlapping (in some terminology critical concentration) concentration (¢*). ¢/c*
defines the dilute to semi-dilute crossover regime of polymer solutions. In dilute
solutions, ¢ is substantially lower than ¢*, (¢/c* < 1) and the solution shows no
effective entanglement with ideal viscous flow behavior. The viscoelastic solution
is considered to be semi-dilute if ¢* > ¢*, where polymer coils start to overlap, and
entanglement behavior occurs [53,54]. If ¢/c¢* > 1, high entanglement behavior;
thus zero shear viscosity appears in low shear rate. Very similar to concentration
dependence, entanglement and shear-thinning behavior is also dependent on av-
erage molecular weight (M) of polymers (Figure 1.11.c). High molecular weight
means large molecules are apparent in the solutions and entanglement may occur
due to high molecular weight. Low molecular weight solutions show almost ideal

viscous behavior.

Shear-thickening is another form of shear dependent viscosity change observed

in polymeric solutions. Viscosity of shear thickening material increases in parallel
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with the increasing shear rate. Shear thickening is dependent on the volume of
free space between molecules. When shear stress applied to highly condensed
suspensions, particles may come to closer contact each others which results with
increased flow resistance. It is important to note that flow induced instabilities
due to turbulent flow at high shear rates may generate false shear thickening flow
behavior and mislead the shear viscosity measurement. This should be taken into
consideration for low viscous solutions.

(a)
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Figure 1.11: Illustration of shear thinning profiles. (a) Viscosity change for dense
polymeric solution, (b) dependence of polymer concentration, and (c¢) molecular
weight on shear viscosity.

Rheometers are used to study fluid behavior with measuring rheological data
of the sample. Rheological properties are measured either on rotational or oscil-
latory measurement. Rotational rheometers use a rotary head, which is equiped
with optical encoder to detect the torque, rotational speed, and deflection angle.
Sample to be measured placed in between rotary up and fixed bottom plates.

Then continuous shear is applied to the sample with a fixed or variable torque
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and speed. Immediately after rotary plate starts to rotate, sample applies re-
sistance to the shear due to its viscosity. Then the deflection angle is detected
by the encoder which is an indication of rheological parameters. Rheometers
work on two modes to detect different rheological parameters: Controlled shear
stress (CSS) and controlled shear rate (CSR). As the name indicates, on CSR
mode shear rate is preset by the rheometer and shear stress is measured. For the
CSS mode, shear stress, and torque are predefined and shear rate is measured.
Rotational tests are not useful for the gel-like samples since measurements have
to be performed without permanent material change. In this case oscillatory
measurements are preferred. In oscillatory test, rotary head applies a sinusoidal

oscillation to the sample and measurement performed.

Time-dependent shear rate ramp response of ideally viscous, shear thinning,

and shear thickening fluids is illustrated in Figure 1.12.

(a) (b) (c)
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Figure 1.12: Flow profiles for different type of materials. (a) Time dependent
shear rate ramping, (b) flow curves, and (c) viscosity functions of ideally viscous
(1), shear thinning (2) and thickening (3) behavior.

1.2.5.1 Normal stresses

Normal stresses is clearly one of the most important phenomena in viscoelastic
solutions and it is the main driving physics in viscoelastic particle migration
concept. Normal stress is applied normal to the surface area. For non-Newtonian
solutions the stresses on moving fluid are not isotropic. In Newtonian solutions
deformation is the consequence of one dimensional stresses. In fact, deformation is

always three dimensional with a 3x3 stress tensor for x direction (shear direction),
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y direction (shear gradient direction) and z direction (neutral direction) (Figure
1.13) [53].
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Figure 1.13: Illustration of stress tensor and stress components in x, y, and z
directions.

Diagonal components in stress tensor are normal stresses which represent the
direction of the stress and the deformation are perpendicular to the stress-applied
surface. If stress is applied in x-axis direction, (7, ) it is the highest normal stress
tensor due to related deformation in that direction. Off-diagonal components are
shear stresses and reduces to one (7, ) for a flow in x direction. It is expected to
observe deformation with the stresses perpendicular to the shear plane. In this

case two normal stress difference is defined as,

No = Tyy — T2z (1.9)

Since (7;) is greater compared to two other normal stresses Nj gives higher
result compared to Na. Nj is also considered for some studies and it is defined as
Tex — Tz». For ideal viscous Newtonian solutions normal stress differences are zero.
However, viscoelastic solutions show elastic behavior induced from microscopic
polymeric interaction which is the primary reason for normal stress differences.
Normal stress differences attributed to molecular conformal changes observed

under moderate shear settings [55].
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1.2.5.2 Dimensionless numbers

Various physical phenomena cooperate within the microfluidic system. Dimen-
sionless numbers give the ratio of these competing phenomena and provide simpler
comparison for different systems. Here we note the dimensionless numbers only
related to this thesis. Reynolds number (Re), characterizes the flow condition

and is defined as the ratio of inertial to viscous force in flow:

_ pvDy
n

Re

(1.10)

where p is the fluid density, v is the fluid velocity, and Dj, is the hydraulic
diameter, Dy = (2wh)/(h+w) where h and w are the height and width of the

channel, respectively.

The polymeric suspension in viscoelastic solutions, introduces an elastic behav-
ior to the viscoelastic fluid. Dimensionless Weissenberg number (13) describes

the relation of elastic and viscous forces:

22Q
hw?

where, A is the relaxation time of the fluid, 4 is the characteristic shear rate,

Wi= M\ = (1.11)

and () is the volumetric flow rate. The fluid elasticity is characterized by the

competition between Re and Wi. The elasticity number, Fl, is defined as,

_ Re

Bl =—
Wi

(1.12)

To calculate flow parameters in microfluidic channels together with the di-
mensionless numbers hydrodynamic resistance Ry, (equation 1.7), shear viscosity
71 should be known or calculated. Then volumetric flow rate is calculated using
Hagen-Poiseuille equation. Estimation of the shear rate is possible using the wall

shear rate relation;
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Y
Average flow and particle velocity are calculated with Up = Q/(wh) equation

after finding the volumetric flow rate.

1.3 Particle focusing in microfluidic low cytom-

etry applications

Precise particle focusing is critical for a variety of biological and chemical mi-
crofluidic applications. In the field of low cytometry, suspended particles aligned
along the centerline of a conduit is necessary to achieve high signal repeatability

and low coefficient of variation (CV).

Sheath flow supported hydrodynamic particle focusing [6,47,56-58], is the
most common method due to the ability to focus the particles at wide size varia-
tion. Sheath flow is injected together with the sample flow to the channel. Sheath
flow is injected with a slightly higher pressure than the sample flow. Thus, the
particles in the sample solution are hydrodynamically aligned to a single file. The
drawback of such systems is the use of high volume of sheath fluid, two or more
ports for fluid injections (one for sample the other for sheath fluid), size limita-
tions (minimum detectable particle size >500 nm), and precise fabrication steps
to enable perfect symmetric center alignment. Some methods perform particle
focusing by an external force (-phoresis). Dielectrophoresis [59,60], is based on
the electrophoretic force with an applied electric field (AC or DC) using micro-
fabricated electrodes. Magnetophoresis [61] technique based on an interaction
of particles with the magnetic field. In the acoustophoresis technique, standing
acoustic waves are generated using piezotransducers (PZTs). When particles in-
teract with standing acoustic waves, they intend to move nodal points and focus
to a single file [62-64]. The use and implementation of external force into flow

cytometers increase the complexity of fabrication and operation.

Inertial and viscoelastic focusing techniques are sheathless and passive methods
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with a single inlet/outlet chip. They generate flow-induced lift forces to provide
passive manipulation of particles with less effort and are advantageous by far
over externally applied forces in terms of cost and simplicity. Therefore as one
the motivation in this thesis to support particle migration using a passive particle

focusing technique.

Initially when we explain Navier-Stokes equation, we ignore the inertia of the
fluid thus we considered Re = 0 in Stokes flow regime with Laminar flow. How-
ever, when we increase Re to the values enough to support Laminar flow but
contributes significant inertia (1 < Re < 100), we observe nonlinear and time-
irreversible motions for fluid and suspended particles [65]. In a microchannel
a Poiseuille flow distribution generates a quadratic velocity profile. Suspended
particle is under the influence of this velocity profile in laminar flow conditions
Figure 1.14. However, at significant flow velocities we start to observe deter-
ministic lateral migration perpendicular to the main flow produced by the lift

forces.

In 1962, Segre and Silberbeg observed lateral migration of millimeter size
spherical beads in a flow introduced to centimeter sized pipe. It is understood
that, particles are under influence of two or more opposing lift forces since the
particle equilibrium positions were stable somewhere in the mid of the cross sec-
tion, 0.6 times the radius of lcm diameter pipe. More studies show that, there
are two dominating and opposing forces shear gradient lift and wall lift forces.
These forces gave rise to a new field, inertial microfluidics. If a neutrally buoyant
arbitrarily positioned particle is considered to be stationary relative to the fluid
velocity, it experiences different velocity magnitudes due to the shear gradient in
the channel (Figure 1.14). The velocity difference around the particle generates
shear gradient lift force, which pushes the particle to low velocity, high shear rate
regions (channel walls). The interaction between the particle and adjacent walls
gives rise the another dominant force, wall lift force which pushes the particles
away from walls when particles get proximity to the channel walls. Inertial lift

scales with equation 1.14 and has a strong dependence of particle size.
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Fr~ (1.14)

where Fp, p, U, a, and H is the dimensionless lift coefficient, fluid density,
flow velocity, particle diameter and channel dimensions, respectively. Net inertial
lift force is found to be equation 1.15 near the channel center and equation 1.15

near the channel wall

U2 3

Fi ~ H“ (1.15)
U?ab

Fp ~ pH4 (1.16)

holds for particle size ratio 0.05 < a/H < 0.2 and 20 < Re < 80 [65].

In addition to dominant lift forces, weak lift forces are available in Poiseuille
flow as well. In 1965 Saffman described slip-shear lift (Saffman lift) as a conse-
quence of velocity change at the existence of bounded flow. If the particle velocity
magnitude is different than the fluid velocity, either faster or slower than the fluid,
particle tends to migrate towards the channel center or walls [66]. Saffman lift is
a weak inertial effect; however, if an extra force is introduced to the flow (elec-
trical, gravitational or magnetic), it can become dominating lift force effecting
the equilibrium position of the particles [65]. Slip-spin is another form of weak
inertial lift force explains induced lift force to a rotating sphere in an unbounded
flow [67,68]. Slip-shear lift requires velocity difference and slip-spin requires ro-
tation differences between spherical particle and flow. In Poiseuille rotation-slip

lift directs the particle towards the channel center.

Inertial focusing is achieved in various shaped geometry channels (rectangular
[69-71], square [72], circular [73], and 3D spiral [74,75]. However, single train
of particles is only possible with additional forces either by dean-drag force in
curved channels [76, 77] and sheath flow or externally applied forces. Inertial

focusing systems require high flow rates and complex microchannel geometries
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[78] to obtain a single train of particles, which is considered as a bottleneck
for cytometry implementations due to faster signal processing requirements and
fabrication difficulties [79].
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Figure 1.14: Particle migration in Newtonian and viscoelastic solution. (a)
Poiseuille flow distribution, (b) Newtonian solution, and (c) viscoelastic solution

Viscoelastic focusing method uses rheological properties of the sample solu-
tions. Thus, the particle focusing is more dependent on fluid properties rather
than the flow conditions and channel geometries. Some recent review articles
cover the viscoelastic focusing theory, device implementations, application fields,
and future aspects [80,81]. In viscoelastic solutions, elastic lift force is exerted on
the suspended particles due to non-uniform normal stress differences [68] (7, Tyy,
and 7, are different from each others) the elastic behavior of dissolved synthetic
or biological polymers in Newtonian solutions. In a Poiseuille flow, dissolved vis-
coelastic polymers are stretched along with the applied shear. The shear gradient
in the channel causes a non-uniform stretching of polymers, which increases at
a high shear rate (Figure 1.14). Non-uniform polymer stretching due to non-
uniform normal stress differences (N7 and Na) generates an elastic lift force on
the suspended particles directing from high shear rate to low shear rate regions,
from the channel walls to the center [82]. At low Re, shear gradient lift force
is negligible compared to elastic lift force. Thus, the particle is attracted to the
channel center under the pressure-only condition (Figure 1.14). For dilute poly-
meric solutions Ny is mostly neglected (7, almost equal to 7,,) and elastic lift

force Fp shows direct dependence on Nj in equation 1.17.

Fg~a*V Ny = a3 (Ve — V1) (1.17)
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Particles equilibrium positions depend on rheological properties of the fluid (di-
lute or highly shear thinning/thickening), Reynolds number, Elasticity number,
and particle to channel size ration (a/H). By tuning the rheological properties
of the non-Newtonian fluids and flow conditions, it is possible to reach a single
train of particles [83-87] at the channel center. Unlike inertial microfluidics, vis-
coelastic fluids can manipulate particles even at low flow rates (on the order of
nl/h). When elastic lift force is accompanied by inertial lift force, referred to
elasto-inertial or inertio-elastic focusing [88], it supports focusing at high flow
rates up to ml/s [71,74,79,89-91].
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Figure 1.15: Illustration of dominant force gradient, force arrow-field, and equi-
librium particle positions for both inertial and viscoelastic focusing in circular
and square cross section channel profiles

Viscoelastic and elasto-inertial focusing have been investigated for different
synthetic and biological particles such as polystyrene beads (PS), blood cells
[88,92-96], MCF-7 cells [97], sperm cells [98], Jurkat cells [99], and bacteria
[79,97,100,101]. Equilibrium positions of particles in different channel geometries

28



given in Figure 1.15 for inertial focusing, viscoelastic focusing and elasto-inertial

focusing.

1.4 Thesis Outline

The motivation of this thesis can be grouped into two sections.

o Development of a viscoelastic focusing technique for microfluidic flow cy-
tometry applications to provide integrated, portable, and cost-efficient flow

cytometry systems available for low resource settings.

The aim is to integrate a recently trending viscoelastic particle migration tech-
nique to microfluidic flow cytometry systems. The significance of this study is
using the benefits of microfluidics and viscoelastic focusing in terms of passive par-
ticle migration and 3D flow focusing by only controlling the flow conditions and
rheological properties of the biocompatible carrier fluid to provide integrated flow
cytometry systems. The innovation in this study is that there is, to date, no study
that fully demonstrates a characterized viscoelastic solutions with the optimized
flow conditions to be able to work with optical-, impedance- and imaging-based

flow cytometry applications.

e Develop a unifying explanation for viscoelastic particle migration under
pressure-driven flow and electric field for Newtonian and non-Newtonian

solutions.

The aim is to create a fundamental understanding of how and why the sus-
pended particles migrate in Newtonian, neutral viscoelastic, and polyelectrolyte
fluids under the influence of both pressure-driven-flow and DC electric field in
a microchannel. We developed a unifying theory, Electro-Viscoelastic Migra-
tion (EVM), which addresses the studies in microfluidic particle focusing and
electrophoresis communities to understand the reason of anomalous particle mi-
gration behavior in viscoelastic solutions under various flow conditions. The
significance of this study shows that EVM theory is highly capable of creating

different particle equilibrium states and non-uniform concentration gradient in
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charged viscoelastic solutions by only tuning the rheological properties and elec-
trical charge of the particles or fluids. Our main hypothesis is that mutual applica-
tion of pressure-driven flow and DC electric filed generates non-uniform polymer
concentration at the microchannel cross section for polyelectrolytes due to poly-
mer charge; however, polymer concentration stays uniform for neutral polymers.
The innovation in this study is multifold. There is no study, to date, reporting
non-uniform concentration gradient in viscoelastic solutions at the lateral cross
section of the microchannel. It is possible to control the particle equilibrium po-
sitions by changing the direction of the electric field. EVM opens the way to a
new phenomenon, 3D electrophoresis, such as fractionate and align the polymers
at the channel center or walls based on their electrical charge and size. EVM
provides better 3D viscoelastic focusing at a shorter distance in comparison to
use of only pressure-driven-flow for flow cytometry applications using viscoelastic

carrier fluids.
The organization of the rest of the chapters is given as the following:

In Chapter 2, we developed a fiber-based optical microflow cytometry system.
We introduced viscoelastic flow focusing as a 3D particle focusing method in a
flow cytometry application. We presented a novel fabrication method for flow
cytometry with a glass capillary microchannel, and optical fibers are fixed on
a palm-sized holder without any complex microfabrication necessity. We com-
pared the particle focusing performance of the three most common viscoelastic
solutions and demonstrated flow cytometry measurements with polystyrene cali-

bration beads.

In Chapter 3, we developed an impedance-based three-electrode flow cytometry
system on a PDMS microchannel on a glass substrate. We tuned the rheological
and ionic properties of viscoelastic solutions to achieve elasto-inertial particle fo-
cusing for polystyrene beads and human red blood cells. We presented a reusable
technique by replacing the PDMS layer for each measurement and protecting the
glass electrode substrate to allow multiple uses. We showed that by tuning the
flow conditions, it is possible to align non-spherical red blood cells to a single

orientation, parachute shape, at the channel center to improve the cytometry
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measurement performance.

In Chapter 4, we introduced a unification theory on electro-viscoelastic parti-
cle migration (EVM) in Newtonian, neutral and polyelectrolyte viscoelastic so-
lutions under simultaneously used pressure-driven-flow and DC electric field in a
microchannel. We observed bi-directional particle equilibrium states depending
on the charge of the particle, rheological and electrical properties of the fluid, and
magnitude and the direction of the electric field. We present that it is possible
to generate non-uniform concentration gradient radially varying from center to
the walls at the channel cross section using polyelectrolyte viscoelastic solutions.
We also showed that simultaneous use pressure-driven-flow and DC electric field
improves the performance of viscoelastic particle focusing at a shorter distance

compared to the use of only pressure-driven-flow.

In Chapter 5, Concluding remarks about the thesis and discussion for the

future directions are given.
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Chapter 2

Optical-based microfluidic flow

cytometry using viscoelastic
fluids

(Part of this study was published as "Sheathless Microflow Cytometry Using
Viscoelastic Fluids" Mohammad Asghari, Murat Serhatlioglu, Biilend Ortag,
Mehmet E Solmaz, and Caglar Elbuken, Scientific Reports, September 27, 2017,
Reproduced (or 'Reproduced in part’) from Ref. [102] with permission from Na-
ture Publishing Group. https://doi.org/10.1038/s41598-017-12558-2)
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2.1 Introduction

Optical flow cytometers have been around since the 1960s [103], and yet tradi-
tional flow cytometers are bulky, expensive, and require technical labor for main-
tenance and operation. Fortunately, microfluidics has addressed these challenges.
Microfluidic optic flow cytometers mostly focus on miniaturization and advance-
ments in flow cell design by integrating the optical components, thus lowering the

required sample volume and cost while achieving portability.

Various strategies have been used for flow cytometers to achieve better opti-
cal interaction of the laser beam with the particles of interest. Aligned optical
fibers [1,6,8,104-106], inscribed optical waveguides [47,107,108], and microfabri-
cated customized lenses [109-113], were used in the optical interrogation region to
obtain better light interaction with focused particles without using any free-space
optics. Inscribing waveguides is a complicated fabrication process and brings fur-
ther challenges such as alignment issues during the coupling of fiber optics, laser
and detector sources. Instead, direct assembly of already coupled optical fibers
provides mechanical stability, ease of alignment, and efficient light interaction
with individual particles on an integrated chip. There are several examples of

microfluidic optical flow cytometry, some of which are reprinted in Figure 2.1.

In this study we combine a fiber-based microfluidic cytometer device with a
viscoelastic particle focusing technique to achieve a new sheathless microflow cy-
tometer as schematically shown in Figure 2.2. To best of our knowledge, this is the
first study presenting viscoelastic focusing in a microfluidic cytometry environ-
ment. We numerically compared the efficiency of particle focusing of three most
commonly used viscoelastic solutions: Polyvinylpyrrolidone (PVP), Polyethylene
Oxide (PEO), and hyaluronic acid (HA) and compared our results. Then, the
optical detection system was developed by assembling a 15 cm-long capillary as
the flow channel and three optical fibers to incorporate the laser light and to col-
lect forward scatter (FSC), and side scatter (SSC) signals. Capillary and optical
fibers are assembled and fixed on a palm-sized holder without any complex micro-
fabrication necessity. Our results provide a comparison between three viscoelastic

solutions on cytometry measurements of 6 nm diameter polystyrene calibration
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Figure 2.1: Schematic illustration of examples in the literatures for optical mi-
crofluidic flow cytometry studies. (a) Reproduced from Ref. [1] with permission
from the American Chemical Society, (b) reproduced from Ref. [2] with permis-
sion from the American Institute of Physics, (c) reproduced from Ref. [3] with
permission from the Elsevier, (d) reproduced from Ref. [4] with permission from
the Wiley Online Library, (e) reproduced from Ref. [5] with permission from
IEEE, and (f) reproduced from Ref. [6] with permission from American Institute
of Physics.
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beads. Our HA- and PEO-based cytometers are good candidates for using in
optical cytometers with throughput yield over 750 events/s and 5.8% CV value.

(a) Pressure
Pump

Capillary Device

Figure 2.2: Schematic illustration of sheathless microfluidic flow cytometry setup.
(a) Consisting of the assembled chip, a 635 nm laser diode, a laser driver, a
pressure pump, an oscilloscope, and Si photodetectors. (b) Schematic illustration
of assembled components (not to scale).

2.2 Materials and methods

2.2.1 Sample preparation

0.05% (w/v) PEOsMDa; 8% (W/v) PVPyokpa, and 0.5% (w/v) HAjgempa Vis-
coelastic solutions were prepared in DI Water, and their shear viscosity was

measured in rheometer (Anton Paar, MCR 301). 6 pm polystyrene (PS) beads
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suspended in viscoelastic solutions at the concentration of 4 x 10% particles/ml.

2.2.2 Device fabrication

The microfluidic cytometry device consists of three parts: (I) Preparation of 15
cm long glass capillary tube, (II) a laser-cut polymethyl methacrylate (PMMA)
holder, and (III) upright alignment and fixation of optical fibers to the capillary
tube on PMMA holder.

Figure 2.3: Preparation of capillary tube. (a) 160 pm O.D., 60 pm [.D. capillary
tube with 10 pm polyamide coating. (b) Polyamide coating was removed in sul-
furic acid. (c) Ball lens protection cap to isolate the inner channel. (d) Capillary
tube after 20 minutes of HF etching.

(I) Figure 2.3 shows the fabrication steps capillary diameter adjustment.
We used a capillary glass tube (Polymicro Technologies) with 180 pm (10 pm
polyamide coating) outer diameter (O.D.), 60 pm inner diameter (I.D.) (Figure
2.3.a) and optical fibers with 125 pm of O.D. in flow cytometry setup. The di-
ameter of the capillary tube was reduced to 122 pm in hydrofluoric acid solution
(HF) to match the diameter of the optical fibers since 122 pm O.D. was unavail-
able. Initially, 10 pm polyamide coating of the capillary tube was stripped out in
a 95% sulfuric acid solution at 90 °C for 2 min (Figure 2.3.b). Then, both ends
of the capillary tube were melted to form a ball lens shape in a fusion splicer
(Fujikura, FSM-100P) to protect the inside of the capillary during HF etching
(Figure 2.3.c). 15 c¢m long capillary tube was placed in a 40% HF solution for
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20 min, and O.D. was reduced to 122 pm (Figure 2.3.d). Later on, the ball lens
ends of the capillary tube were clipped away. Finally, capillary tube ends were

connected to Tygon tubing and sealed with PDMS.

(IT) We carved guided grooves on a flat PMMA slab using COq laser (Epilog
Zing, 30W) for upright alignment and fixation the optical fibers and capillary

microchannel (Figure 2.4.a).

(III) The cytometry device was finalized by assembling the capillary tube and
the fibers and fixing them onto the PMMA holder using adhesive tape (Figure
2.4.b-d). The input fiber was placed perpendicularly at one side of the capillary
tube to guide the light through the capillary tube. On the opposite side, two
detection fibers were placed at an angle of 13° and 30° to the incident light to
collect the FSC and SSC signals, respectively. FSC fiber was oriented at a small

angle to avoid direct beam coupling from the light source [110].

2.2.3 Experimental setup

[lustrative drawing and the working principle of the experimental setup are given
in Figure 2.2. We used a 635 nm laser source (Thorlabs, SIFC635) coupled to a
single-mode optical fiber (core diameter 4.3 nm, cladding diameter 125 pm, Thor-
labs, S405-XP). FSC and SSC collecting multi-mode optical fibers (core diameter
62.5 nm, cladding diameter 125 pm, Thorlabs, M421.01) were connected to two
high-speed fiber-coupled photodetectors (Thorlabs, DET02AFC). Voltage signals
from photodetectors were measured using an oscilloscope (Tektronix, MDO3104)
at 500 kHz sampling rate. The signal was post-processed with MATLAB to
acquire peak values and apply gating if necessary. Gating designates a homoge-
neous population with common specific properties and is a standard process in

commercial flow cytometers.

Elveflow pressure pump was used to pump the particle suspensions through
the capillary microchannel. We observed suspension flow under an inverted mi-
croscope (Omano, OMFL600) with a high-speed camera (Phantom Miro M310)

to observe whether the particles are aligned to the capillary center (Figure 2.4.e).
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Figure 2.4: Viscoelastic microfluidic cytometry setup. (a) Capillary channel and
PMMA holders (holders 1, 2, and 3) to assemble the capillary tube and optical
fibers. (b) Overview of the experimental setup; capillary device, laser driver,
oscilloscope, pressure pump, and photodetectors. (c¢) Closer look-up of viscoelas-
tic microfluidic cytometry. An image during the experiment (d) showing the
optical interrogation region (laser-on) and (e) particles inside the capillary tube

(laser-off).
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2.3 Results and discussion

2.3.1 Numerical results

Non-Newtonian viscoelastic solutions generate 3D particle focusing due to the
elastic properties of the solutions. We explained the details of visoelastic focusing
in Chapter 1. Here we briefly summarized for circular cross section microchannel.
Under the Poiseuille flow, viscoelastic solutions generate normal stress difference
N; and Nj. For dilute solutions (Boger fluids), Ny is negligible. Thus the elastic
lift force is dependent on particle radius and the gradient of first normal stress
difference (equation 1.17). Pressure flow in the capillary generates shear gradient
varying from the capillary walls to the center. Polymers are highly stretched near
the capillary walls due to higher shear stress compared to the center. This stores
higher elastic stress and generates elastic lift force varying from the capillary
walls (high) to the center (low). Thus, due to the perfect symmetry of circular
geometry, the suspended particles are formed a single train along the capillary

center to reduce the elastic stress.

Rheological properties are crucially important for viscoelastic focusing. We
analytically calculated the rheological parameters of the viscoelastic solutions.
We defined a rheological term (Reo), empirically shows which solution can gen-
erate more efficient viscoelastic focusing. The rheological term (equation 2.1)
relates the radial migration velocity of the suspended particles with the channel
geometry and rheological properties of the solution [114,115]. The summary of

the calculations and rheological parameters are given in 2.1.

The rheological term is given in equation 2.1.

0.77%

Reo—= —+ter
T 1ro07T<

(2.1)

where ¢ is the polymeric concentration, ¢* is the overlapping polymer con-
centration, and A is the relaxation time. Relaxation time is predicted using the

Zimm relaxation theory for dilute solutions (equation 2.2).
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)\zimm = kBiT (22)

where 1, Ry, kp, T is the solvent viscosity ( 8.90 x 10~ mPa.s), radius of
gyration, Boltzmann constant, and temperature (298 °K). Here the radius of

gyration for each polymer is found from the literature [116-118] as given in Table
2.1.

Overlapping polymer concentrations are calculated using Graessley’s modified
equation [119] (equation 2.3). The intrinsic viscosity of each solution is calculated
using the references in the literature [117,120,121]. (equation 2.4-2.6).

= 0[777]7 (2.3)
[nlpvp = 0.039 M, (2.4)
nlpeo = 0.072 MP-% (2.5)

nlga = 0.032 0078 2.6
w

According to the calculated Reo parameters, it is expected to observe efficient
device performance for PEO and HA-based viscoelastic solutions, while poor effi-
ciency for PVP based viscoelastic solution. To validate our results, we performed

experiments in the following section for microfluidic cytometry device.

2.3.2 Experimental results on cytometry performance

Our numerical results show that PEO- and HA-based viscoelastic solutions can
support efficient viscoelastic focusing. We performed optical cytometry measure-

ments with our palm-sized optical cytometry device. We measure forward and
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Table 2.1: Rheological parameters for viscoelastic solutions.

Sample ] c c* Ry Xy Reo
(MDa) ~ (ml/g) (mg/ml) (mg/ml) (nm) (ms)  (ms)
PVPg 04aMDa 20 80 38 14.4  0.009 0.0056
PEOs onDa 1628 0.5 047 155 11.38 5.11
HA 1 o6MDa 1676 5 0.46 126 6.08 5.43

Table 2.2: Calculation of dimensionless numbers and experimental parameters

for flow cytometry experiments.
H Sample P (mbar) Q (pl/h) Re Wi El H

PVP 300 115 0.24 0.0034 0.014
PEO 200 205 0.45 7.63 16.9
HA 1000 127 0.11 2.5 23.2

side scattered light (FSC and SSC) signals and studied our results for three vis-

coelastic solutions in terms of %CV values.

We calculated the dimensionless numbers to define the experimental conditions
for each viscoelastic solution, as provided in Table 2.2. Experiments performed
at Re < 1 thus inertial effects are negligible. Particles are only under the effect

of the elastic lift force.

Within the cytometry device, the distance between the illumination fiber and
the capillary tube (30 pm) were adjusted to achieve 6 pm beam diameter to match
the size of the focused particles at the capillary center. FSC and SSC collecting
fibers were 405 pm and 330 pm away from the capillary tube. The distance from
the capillary inlet to the optical interrogation point was set as 6 cm, which is
obtained after observing the best particle focusing development distance under
the microscope. The collected light was converted into a voltage signal using two
Si photodetectors. FSC signal collects some portion of the incident light, which

leads to a non-zero base value for each sample.

Figure 2.5 shows the collected data for 200 ms measurement duration together

with the close-up views of 3 particle events in a 3 ms measurement window for
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HA viscoelastic solution. The acquired signal for both FSC and SSC, correspond-
ing to 750 events/s of throughput (throughput values are given in Table 2.3). In
closer look-up to an arbitrary 3 ms region, we observe that the particles are well
separated and have 1 ms of periodicity. The FSC and SSC signals are accu-
mulated at a specific voltage level. Only nine events in the entire 200 ms time
duration had signal values greater than the voltage level of highly focused parti-
cles. These events include aggregates, doublets, or triplets, yielding an increase in
the measured signal. Similar data views also acquired for PEO and PVP results

(long duration data is not represented here).
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Figure 2.5: Viscoelastic microfluidic cytometry results of FSC and SSC signals in
HA-based viscoelastic solution for 6 pm diameter polystyrene beads (a) 200 ms
and (b) 3 ms closer look-up.

Figure 2.6, 2.7, and 2.8 represent 1 s FSC and SSC signals obtained from HA-
, PEO-, and PVP-based viscoelastic cytometry measurements. Scatter plots of
FSC vs SSC are given in Figure 2.6.a, 2.7.a, and 2.8.a using FSC signal baseline
reduction. Histograms, together with the CV values, are plotted in Figure 2.6.b
and 2.7.b with rectangular gating, and Figure 2.8.b without gating for HA, PEO,
and PVP samples, respectively. The results of the signal mean, standard devia-

tion (S.D.), and %CV are summarized in Table 2.3 for cytometry measurements.

Figure 2.6.a depicts the scatter plot of events collected for 1 s time duration
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Figure 2.6: HA-based viscoelastic flow cytometry results for 6 pm diameter
polystyrene beads. (a) Scatter plot of FSC vs. SSC events and (b) Histograms
of FSC and SSC signals.

for the HA experiment. Most of these counts are populated into a small region.
A rectangular gating window removes the statistical outliers and includes more
than 80% of the events, was used to isolate doublets, triplets, and clumps. Figure
2.6.b shows the histogram plots of the signal peaks within the gating region, and
the CV values were calculated as 5.8% and 10.06% for FSC and SSC signals,

respectively.

Figure 2.7.a represents the signals obtained using the PEO solution. The peaks
are accumulated at 4.8 V for FSC and 0.016 V for SSC. Most of these counted
events are populated into a small region; however, clumps are widely spread
compared to the HA solution, as seen in Figure 2.7.b. The standard deviation,
mean, and CV values of 6.33% and 10.17% intensity events were obtained for

FSC and SSC, respectively. The throughput was obtained as 780 events/s.

For PVP solution, throughput was obtained as 200 events/s since we used
a lower flow rate compared to other measurements. In Figure 2.8.a, FSC vs
SSC plot has mainly three accumulated regions. Weak 3D focusing performance

of PVP causes fleeing particles, passing through the focused region without or
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Figure 2.7: PEO based viscoelastic flow cytometry results. (a) Scatter plot of
FSC to SSC events and (b) Histograms of FSC and SSC signals.
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Figure 2.8: PVP based viscoelastic flow cytometry results (a) Scatter plot of FSC
to SSC events and (b) Histograms of FSC and SSC signals without gating.
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Table 2.3: Flow cytometry results: mean value, standard deviation, and coeffi-
cient of variation (%CV).

Mean (V) S.D. (V) %CV
Sample | FSC ‘ SSC | FSC ‘ SSC | FSC | SSC

HA 0.340 | 0.012 | 0.020 | 0.001 | 5.80 | 10.06
PEO | 0.620 | 0.017 | 0.039 | 0.002 | 6.33 | 10.17
PVP | 1.322 ] 0.054 | 0.638 | 0.021 | 48.24 | 40.10

Table 2.4: Comparison of HA-based sheathless microfluidic cytometry (HA-MFC)
and commercial BD Accuri D6 flow cytometry for 6 pm particles.
| Definitions BD Accuri D6 HA-MFC |

Throughput 240 (events/s) 780 (events/s)
Gating 88% 80%
%CV FSC 3.5% 5.8%
%CV SSC 13% 10%

weakly encountering with the illumination laser light. Detected beads show sig-
nificant signal variation and disrupted periodicity. There is no distinct boundary
on counts for the PVP sample. The low FSC signal region is due to fleeing par-
ticles and corresponds to most of the events. The rest of the events are widely
spread in the scatter plot. Compared to the results obtained using PEO and
HA solutions that are densely populated in the region of 0.3-0.7V FSC and 0.01-
0.02V SSC, PVP events are very scarce in this region. Therefore, we conclude
that the focusing of the particles is unsuccessful using the PVP solution due to

low rheological properties. This argument coincides with our numerical results.

In the comparison of flow cytometry device performances, HA- and PEO-
based flow cytometry devices were successful by far compared to PVP-based flow
cytometry. Compared to PEO, we measured slightly lower %CV values for HA-

based flow cytometry.

We compared our HA microfluidic cytometry results with commercial flow cy-
tometry, BD Accuri C6. The manufacturer data for 6 pm polystyrene calibration
beads are given as 2% CV. BD Accuri C6 was calibrated before the experiment
and gave a result of 3.5% CV for the FSC signal and 13% CV for the SSC signal
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with similar gating using 6 pm polystyrene particles suspended in DI water. Our
HA-based flow cytometry gives 5.8% CV for FSC signal and 10.06% CV for SSC
signal for the same particles. A detailed comparison between the two systems is
given in Table 2.4. It can be seen that similar results are obtained from the two
systems. A figure of merit for comparison of flow cytometers is the CV values,
which are mostly obtained using PS calibration particles. Despite the variation in
the size of test particles, or the measurement modes (forward scatter, side scatter
or fluorescent detection), CV values provide a common ground for a comparison
of different measurement systems. For the evaluation of our viscoelastic cytom-
etry device (HA-MFC), a comparison of the CV values reported for previously

demonstrated microfluidic cytometers is given in Figure 2.9.
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Figure 2.9: Comparison of the reported cytometers reported in the literature
based on the particle focusing method. The CV values reported here are from
either forward scatter (FSC), side scatter (SSC) or fluorescence (FL) measure-
ments. If multiple values were reported in the same study, the lower CV value
(i.e., best performance) was reflected in the chart. For some studies, experiments
were performed with the different sizes of particles, which is also reflected in the
chart. The HA-based sheathless microfluidic cytometry yields a CV value of 5.8%
for FSC measurement.
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The three most common methods for particle focusing in flow cytometry ap-
plications are sheath flow supported hydrodynamic focusing [4,8,56-58,110,111,
122-126], acoustic [64,127,128] wave assisted focusing, and passive inertial fo-
cusing [69,76,77,128]. Few studies have used more than one method to support
particle focusing in two lateral dimensions [2,6,105]. For the studies listed in
Figure 2.9, we used the results obtained from polymeric test particles. We have
plotted the best-reported CV value if multiple results are given in the study. As
seen, there is a dispersion of CV values obtained using different focusing tech-
niques. Most studies were able to obtain values below 10%. It is important to
note that we have not credited the monodispersity of the test beads since it was
not reported in most of the cases. Therefore, Figure 2.9 only gives an overview of
the landscape for microfluidic cytometers rather than a strict comparison based
on the CV values.

Our HA-MFC is the first reported study, to the best of our knowledge, inte-
grating the viscoelastic particle focusing technique with optical flow cytometry
in a microfluidic environment. The 5.8% CV level with our HA-MFC device is a

promising result to use for the future of next-generation flow cytometry devices.

2.4 Concluding remarks

We demonstrated viscoelastic based optical microfluidic flow cytometry. We per-
formed both in numerical and experimental studies and showed that 3D particle
focusing is highly dependent on the rheological properties of viscoelastic solu-
tions. Among the three most popular viscoelastic solutions (based on the re-
ported studies in the microfluidic community), PEO- and HA-based MFCs give

excellent performance in terms of %CV values.

Commercial flow cytometers require periodic maintenance, which involves op-
tical alignment and routine calibration by a technician. Our system eliminates
the need for tedious alignment by convinient assembly. With more improvements
in the signal detection unit, the presented HA-MFC device can reach higher
throughput and be used as a benchtop cytometer in clinics and research facili-

ties.
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Chapter 3

Impedance-based microfluidic

flow cytometry using viscoelastic
fluids

(Part of this study was published as 'Impedance-based Viscoelastic Flow Cy-
tometry" Murat Serhatlioglu, Mohammad Asghari, Mustafa Tahsin Guler,
and Caglar Elbuken, FElectrophoresis, December 19, 2018, Reproduced (or
'‘Reproduced in part’) from Ref. [7] with permission from WILEY-VCH.
https://doi.org/10.1002/elps.201800365)

48



3.1 Introduction

In impedance-based cytometry, particles are dispensed in ionic buffers (e.g., PBS)
or electrolyte solutions. Then, impedance signals are acquired at the electrical
detection region from individual particles/cells aligned in a single stream. Thus,
the ionic concentration of the solution is critical and has to be adjusted to generate
a contrast between the impedance of the particles and the suspending medium to
ensure selectivity and high signal to noise ratio [129,130]. Viscoelastic focusing

used in optical cytometry applications in a straightforward manner [79,102,131].

Viscoelastic fluids have been prepared by dissolving polymeric (polyethylene
oxide [79,93,95,101], polyacrylamide [115], and polyvinylpyrrolidone [92,94, 132]
or biological (hyaluronic acid [74,88,99] and A-DNA [115] substances in Newtonian
fluids. Viscoelastic solutions are mostly biocompatible but may require further
attention to ensure cell viability. Typically, 1X PBS is added to the viscoelastic
solution to increase cell viability. However, the addition of a salt buffer solution
may cause undesired changes in the rheological properties of viscoelastic solutions.
For example, Giudice et al. reported that the addition of PBS to hyaluronic
acid (HA) solution results in polymer shrinkage and impedes the shear-thinning

properties of the viscoelastic solution [99].

Therefore, the implementation of viscoelastic solutions in impedance-based
systems requires the analysis of the ionic buffer concentration and its effect on
viscoelastic focusing due to the potential coupling of rheological and electrical
properties of the carrier solution. In this study, we presented an impedance-based
microfluidic flow cytometry device using polyethylene oxide (PEO) viscoelastic
solutions. First, the dynamic viscosity of different molecular weight (M) and
concentration of PEO polymer solutions were characterized to obtain constant
viscosity over a wide range of shear rates to support stable particle focusing.
Then, the effect of varying ionic concentrations of PBS (1X, 3X, 10X) on the
rheological properties of PEO solutions was assessed. Later, particle focusing
efficiency was observed in different ionic concentration viscoelastic solutions inside
square cross section microchannels. Focusing of 6 pm diameter PS beads was

observed in a range of Reynolds (Re) and Weissenberg (W4i) numbers (0.04 <
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Re < 32) and (3.9 < Wi < 2968), respectively. Next, human RBCs were used
in 1X-PBS/PEO solution to observe the focusing and orientation of cells in the
0.002<Re<0.44 range. Finally, impedance flow cytometry measurements were
demonstrated for PS beads and RBCs suspended in 1X-PBS/PEO viscoelastic

solutions, and the device performance was analyzed.

3.2 Materials and methods

3.2.1 Sample preparation

Three sets of viscoelastic solutions were prepared for the characterization of rhe-
ological properties (Anton Paar, MCR 301): i) Four different molecular weights
of PEO polymer (M, = 0.1, 0.6, 0.9, and 5 MDa, Sigma-Aldrich) were dis-
solved in DI water to a concentration of 1000 ppm. ii) PEOs\p, was dissolved
in DI water at five different concentrations (500, 1000, 2500, 5000, and 10000
ppm). iii) PEOs\p, was dissolved in three PBS solutions (1X, 3X, and 10X) to
a concentration of 1000 ppm. Spherical polystyrene particles of 6.0 pm diame-
ter (Polysciences, Inc.) were suspended in viscoelastic solutions of 1X-PBS/PEO,
3X-PBS/PEO, and 10X-PBS/PEO at a concentration of 103 particles/ml. During
the experiments, particles at the inlet were continuously mixed with a magnetic
stirrer to keep the particle concentration uniform. 50 pl whole blood was finger
pricked from a volunteer and immediately mixed with 10 pl EDTA (1.5 mg/ml)
in an anticoagulant tube. Later, blood samples were added to a 1 mL 1X-PBS
solution and centrifuged at 5000 rpm for 3 min. Finally, 5 nl of precipitated
RBCs were dispensed in 5 mL 1X-PBS/PEO viscoelastic solution to a dilution
of 1:1000 ratio.

3.2.2 Device fabrication

Fabrication steps are illustrated in Fig. 3.1.The fabricated microfluidic device
consists of three parts: (I) 6 cm long 30 x 30 m? square cross-sectional PDMS
microchannel, (II) three Cr/Au (10 pm wide, and 10 pm gap) coplanar micro-
electrodes on 25 x 75 mm? glass slide, and (III) a laser-cut PMMA clamp.
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Figure 3.1: Ilustration of the fabrication steps for impedance cytometry device.

(I) First, we prepared our optical lithography mask design and laser-printed on
a b inch Cr/fused silica transparency photo-mask. Then, SU-8 2050 photoresist
(PR) was spin-coated (acceleration: 500 rpm/s, speed: 500 rpm/s, time: 40 s)
on a 4 inch diameter silicon wafer and prebaked (1 min, 65 °C / 3 min, 95 °C /
1 min, 65 °C). Next, PR was exposed to UV light under a mask aligner (EVG
620) at 60 mJ/cm? intensity and post-baked (1 min, 65 °C / 3 min, 95 °C / 1
min, 65 °C). The mold fabrication was finalized after developing the unexposed
PR in the developer. For casting, a mixture of PDMS to curing agent at 15:1
was prepared and poured onto the mold, and cured on a hot plate (5 h, 80 °C).
Finally, the cured PDMS was peeled off from the mold and inlet/outlet holes (1

mm diameter) were punched using a biopsy punch.

(IT) Electrodes were fabricated using a lift-off procedure. First, a transpar-

2 was cleaned in a sonicator (5 min) with acetone and

ent glass slide 25x75 mm
isopropyl alcohol (IPA). Then, it was rinsed in DI water and dried. The glass
substrate was dehydrated in an oven (20 min, 110 °C). For the optical lithography

process, AZ5214 positive PR was spin-coated (acceleration: 4000 rpm/s, speed:
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2000 rpm/s, time: 45 s) onto the glass substrate and prebaked (1 min, 110 °C).
Then, the spin-coated glass substrate was exposed to UV light (at 50 mJ/cm?)
under the transparency mask for electrode design in a mask aligner. Unexposed
PR was developed in the mixture of AZ400K:DI water (1:4) developer solution for
1 min. Then, the substrate was treated by oxygen plasma (50 s, O2: 30 sccm, No:
5 sccm) to clean the PR residues from the developed surface for an efficient lift-off
process. Then, Cr/Au layers (10 nm/50 nm thick) were deposited in a thermal
evaporator (VAKSIS). Finally, the substrate was dipped into acetone flask for 3

h and sonicated for 1 min for lift-off.

b)

Figure 3.2: Microscope images of the fabricated device. (a) 10 pm electrodes on
glass, (b) PDMS channel and glass substrate aligned on top of each other, (c)
cross section, and (d) top view of PDMS channel.

(IIT) To complete the device fabrication, we used two different methods. For
the initial particle focusing experiments, the PDMS channel layer was irreversibly
plasma bonded to a clean glass slide (25x75 mm?). We followed another approach

for the impedance cytometry device to be able to reuse the electrode-deposited
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glass substrate. We aligned the PDMS channel layer to the glass substrate and
brought both in contact without any plasma treatment. Then, we sandwiched
them in between two PMMA plates, which are prepared using a COs laser cutter
(Epilog COq laser, in vector mode at 1000 DPI, 10 W laser power, 5 kHz fre-
quency, and 5 mm/s translation speed). Thus, if the PDMS channel clogs, it is
possible to open the sandwich by loosening the screws, clean the glass substrate,

and replace the PDMS layer. Microscopy images of the complete device are given
in Fig. 3.2.

3.2.3 Experimental setup and working principle

The schematic of the impedance-based cytometry device is shown in Fig. 3.3.
Photography of experimental setup and microfluidic impedance cytometry de-
vice are shown in Fig. 3.4. It consists of a single inlet/outlet PDMS channel and
three coplanar electrodes. Particles suspended in viscoelastic solutions are sent
through the inlet and collected at the outlet. At specific flow conditions, due
to the elastic lift or combination of both elastic and inertial lift forces, particles
migrate to the center of the channel, and a single train of particles is reached
upstream of the impedance sensing region. Electrodes are used in a differen-
tial configuration for electrical impedance measurements. The center electrode
is stimulated with 1 V_, bias voltage at 2.5 MHz AC signal, which is gener-
ated using the internal signal generator of the HF2LI Lock-in Amplifier (Zurich
Instruments). Currents are collected from two side electrodes and converted to
voltage using the HF2TA transimpedance amplifier (Zurich Instruments). The
voltage signal is fed back to the input of the lock-in amplifier and demodulated.
Fourth-order 1 kHz bandwidth, low-pass filter is selected for demodulation at 100
kSa/s sampling rate. To inspect the performance of the device, PS beads and
RBCs are pumped through the inlet of the channel at varying pressures from
50 to 200 mbar for PS beads and 50 to 400 mbar for RBCs. Resulting signals
are exported to a PC and post-processed with a Matlab script to acquire peak
amplitude (peak-to-peak-voltage/2) and transition time of particles. Finally, the

CV values for each inlet pressure value are examined.
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Figure 3.3: Hlustration of the impedance-based viscoelastic flow cytometer.

Figure 3.4: A photography of experimental setup and fabricated viscoelastic
impedance cytometry device. Pogo pins are used to make connections between
electrodes and lock-in amplifier units via SMA connectors on the FR2 circuit
board.
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3.3 Results and discussion

3.3.1 Solution characterization

The rheological properties of a viscoelastic fluid are essential for the performance
of viscoelastic focusing and equilibrium position of particles in the fluidic channel
[133]. We characterized the viscoelastic solutions for varying polymer length
(My), polymer concentration, and ionic salt concentration to understand the
rheological changes. The results of these rheology measurements are given in
Fig. 3.5. We used a cone and plate (CP) measurement fixture CP50-1 (50 mm
diameter, 1° cone angle) to provide homogeneous shear conditions thanks to the

constant shear rate with the conical gap of the fixture.

Shear viscosity measurements of four different My, PEO solutions of the same
concentration (0.1% w/v) are given in Fig. 3.5.a. High My, viscoelastic solutions
have higher elasticity since they exhibit longer relaxation time and higher vis-
cosity. PEOsympa solution exhibits higher shear viscosity compared to low My,

solutions. The following characterizations were performed with PEOgsyvpa.-

Figure 3.5.b shows shear viscosity measurements of PEOsyp, for five different
concentrations. It is essential to keep the solution at constant shear viscosity
range since particles in shear-thinning liquids show a tendency to migrate away
from the center to the walls of the channel [82,99]. The low concentration solution,
0.05% of PEOsypa, shows almost shear constant viscosity that is desired for
efficient particle focusing. On the other hand, the high concentration solutions
(> 0.1% w/v) yield a shear-thinning profile. Thus, 0.05% w/v PEOsnp, is chosen

for the flow focusing experiments.

Yu et al. performed a series of rheometer measurements to show the effect of
NaCl added into a PEO solution and demonstrated that the rheological properties
are insensitive to the addition of NaCl up to 2% w/w in 10% w/w concentration
PEOonpa solution [134]. PBS includes various salts, and its behavior in PEO
based viscoelastic solutions needs to be characterized before impedance cytom-

etry measurements. PEQO based viscoelastic solutions were prepared in three
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varying concentrations of PBS with constant polymeric concentration. We ob-

served negligible change in viscosity for varying ionic buffer concentrations in Fig.
3.5.c.

a) b)
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Figure 3.6: Shear rate and ionic concentration dependence of viscosity of HA
solutions for different polymer concentrations: (a) 0.1% w/v and (b) 0.5% w/v.

Similar to the salt addition experiments with PEO solutions, the viscosity
dependency on ionic concentration was also studied for HA-based viscoelastic
solutions. Figure 3.6 shows how ionic concentration varies the shear viscosity of
0.1% and 0.5% w/v concentration 1.6 MDa HA viscoelastic solutions. 1X PBS-
HA solution has almost four times lower viscosity compared to no salt addition
HA. Increasing the concentration of PBS buffer to 10X has no marginal change
to 1X PBS buffer in HA viscoelastic solution. These results clearly show the
distinction between the behaviors of HA and PEO solutions and reveal that the
ionic buffer concentration in PEO based viscoelastic solutions has a negligible
effect on viscosity. Therefore the rheological and the impedimetric properties of

the solution can be adjusted independently.

3.3.2 Flow focusing vs ionic buffer concentration for par-

ticles

Rheometer measurements in the previous section give an insight into the effect
of PBS in the viscoelastic PEO solution. It is still required to observe parti-

cle migration and focusing dynamics (elastic or elasto-inertial) for different PBS
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Table 3.1: Dimensionless numbers and experimental parameters for the bead

experiment.
HQ(pl/h) o (1/s)  Re Wi EIl H

10 1564.6  0.042 39 928
20 309 0.08 7.8 92.8
40 618 0.17 156 928
100 1546 042 39 928
200 3092 084 78 928
950 14690 40 371 928
1900 29370 8.0 742 928
7600 117500 32 2968 92.8

Table 3.2: Dimensionless numbers and experimental parameters for the RBC
experiment.

H P (mbar) Q (nl/h) Re Wi  El H

) 0.58 0.002 0.23 928
23 2.66 0.011 1.04 928
48 2.59 0.023 2.17 928
117 13.5 0.057 5.27 928
225 26 0.11 10.15 92.8
410 474 0.2 18,5 92.8
540 62.4 026 244 928
900 104 0.44 40.6 92.8

o8



concentrations in microchannels. 500 ppm PEOs\p, viscoelastic solutions were
prepared in three different PBS concentrations (1X, 3X, and 10X). Then, 6 pm
PS beads were pipetted (10% particles/ml) to the prepared solutions and were
pumped through the microchannels using a syringe pump (KDS 100). Particle
focusing at varying flow rates was observed and recorded at 5000 fps under an
inverted optical microscope (Zeiss) equipped with a high-speed camera (Phantom
Miro e2), as given in Fig. 3.7.a and 3.7.b. Recorded videos were split to single
frames and image-stacked to form a single picture. The relaxation time for 500
ppm PEOsypa (A=25.27 ms) and dimensionless numbers for PS bead and RBC
focusing experiments (Table 3.1 and 3.2) are calculated using the equations given
in Chapter 1 and 2.

EYIL 500 ppm PEQ in J1X S JERAr Q b) CEB c) CEB
Q: 10 ul/h Q: 200 pl/h : Q40u/h Q: 40 pl/h
_ =
o |« H
© © '
Re: 0.042, Wi: 3.9 Re:084,Wi:78 Re:0.17,Wir156 | Re:0.17,Wi156
Q:20 pl/h Q: 950 ul/h : Q: 100 pl/h : Q: 100 pl/h
Re: 0.085, Wi: 7.8 Re: 4.0, Wiz 371 5 Re: 0.42, Wi: 39 5 Re: 0.42, Wi: 39
Q: 40 pl/h Q: 1900 pl/h Q: 200 pl/h Q: 200 pl/h
Re:0.17,Wi: 15.6 Re:8O,Wi742 Re:0.84,Wi:78 |  Re:084,Wi:78
Q: 100 pl/h Q7600 pl/h : Q: 1900 pl/h : Q: 1900 pl/h
E<_- : 3 ._
Re: 0.42, Wi: 39 © Re:32.0,Wi:2968 | Re:80,Wi:742  :  Re:8.0,Wi742

Figure 3.7: Image stacks of focusing of 6 pm diameter PS beads (a) PS beads
suspended in 500 ppm, PEOs\mp, dissolved in 1X PBS solution and (b) PS beads
suspended in 500 ppm, PEOs\p, dissolved in 3X and 10X PBS solutions.

In Figure 3.7.a, at low flow rates (<20 ul/h), PS particles migrate both to the
center and corners of the channel, which corresponds to low first normal stress
difference regions [71], when inertial lift force is negligible (Re<0.1). When the
flow rate is increased until 40 pl/h, corner-aligned particles migrate to the center
of the channel due to the contribution of inertial lift forces. Particles closer to
the walls are under the influence of wall-induced lift force and migrate to the

center of the channel by increasing the flow rate. For flow rates between 40
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ul/h (Re: 0.17) to 950 ul/h (Re: 4.0), the particles are aligned at the centerline
thanks to the contribution of inertial lift force. Central particle trajectory starts
to deteriorate at higher flow rates above 950 pl/h due to the conquering of the
inertial lift forces over elastic forces. We observed a disturbed particle train at the
flow rates above 1900 pul/h (Re: 8.0) to 7600 ul/h (Re: 32.0). At high flow rates,
due to image blurriness, we present snapshot images (instead of image-stack).
Recently, Kim et al. successfully achieved elasto-inertial focusing at higher flow
rates (1300 pul/h) using a A-DNA solution [115]. Lim et al. showed elasto-inertial
focusing at extremely high flow rates (50 ml/min) using hyaluronic acid (HA)
based solution [88]. However, these biological solutions use polymers that carry
ionic side chains. In such a case addition of ionic buffer changes the rheological
properties of solutions that lead to deterioration of particle focusing efficiency
[33].

We observed almost identical focusing profiles for two other PBS-based (3X
and 10X) viscoelastic solutions in Fig. 3.7.b that verifies the potential of PEO to
be used in impedance-based viscoelastic flow cytometry. Particles are aligned at
the center of the channel at 40 nl/h and maintained at their central trajectories
at 200 pl/h. At the flow rate of 1900 pl/h, particles are dislocated from their
central position due to the strong influence of inertial lift force similar to the
1X PBS experiment. Based on these results, we conclude that the amount of
ionic concentration has no apparent influence on the rheological properties of the
viscoelastic solution or the particle focusing performance. Thus, the synthetic
polymer PEO is a good candidate for viscoelastic based particle focusing for

impedance cytometry applications.

Next, we investigated the viscoelastic focusing behavior for human RBCs that
will potentially pave the way to numerous applications for non-spherical parti-
cle alignment and impedance-based measurements. We suspended the RBCs in
1X-PBS/PEO solution and observed the particle focusing efficiency for increas-
ing flow rates. The suspension was pumped through the channel with a pressure
pump (Elveflow OB1). Snapshots from the recorded videos at specific flow rates
are given in Fig. 3.8, which depicts the trajectory of RBCs along the microchan-

nel. Elastic force is weak at meager flow rates ( 0.6 nl/h). When the flow rate is
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Figure 3.8: Image-stacking images of the focusing RBCs. RBCs suspended in 500
ppm, PEOs\p, dissolved in 1X PBS solution.

increased to 2.6 ul/h, RBCs are partially aligned to a single trace. At 5.5 pl/h
(Re: 0.02), a fully aligned single trace of RBCs is achieved at the centerline of
the channel. The focused RBCs form a parachute shape when the flow rate is
between 15 nl/h to 30 pl/h (0.07<Re<0.15). At higher flow rates, 40 ul/h (Re:
0.2), we observed deterioration of focusing trajectory. At such flow rates, the high
elastic force causes excessive stretching on deformable RBCs, which corresponds
to a decrease in the hydrodynamic diameter [21]. Since the lateral particle mi-
gration in viscoelastic flow depends on the ratio of particle size to the channel

height, viscoelastic focusing is not achieved at such an extreme size reduction.

In summary, PS beads were aligned at the four corners together with the
centerline at 10 pl/h (Re: 0.017). Centerline alignment was achieved in the range
of 0.17<Re<4.0. However, RBCs are focused only at the centerline in the range
of 0.02<Re<0.2. This difference originates from the highly deformable structure
of RBCs, which are exposed to both elastic and deformation-induced wall lift
force. The wall lift force is induced by the asymmetrical deformation of particles

when they are very close to the channel wall. Eventually, deformable particles
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are pushed away from the corners to the center of the channel [94].
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Figure 3.9: Impedance cytometry results for (a) PS beads and (b) RBCs at 50
mbar inlet pressure (left). Close-up images of single-particle events showing the
characteristic differential impedance signal profile (middle). Histogram plots of
transit time and peak amplitudes corresponding to all events (right).

3.3.3 Impedance-based cytometry measurements

The impedance measurements are based on sensing of the differential change on
the electrical signal when particles pass over the electrodes and interact with the
electric field. The particle transition time (Transit Time) was defined by the time
difference between the signal maximum and minimum points. The voltage signal
amplitude is related to the size of the particle since the cell membrane behaves
as a barrier and current flows from the outer region of the cell at low excitation
frequencies (< 2 MHz). Therefore, peak-to-peak amplitude of the signal (PP

Amplitude) is a characteristic of cell size.

Differential impedance measurements have been performed using 6 pm diam-
eter PS beads and human RBCs in 1X-PBS/PEO based viscoelastic solutions.
The solutions were introduced to the channel using a pressure pump set at 50
mbar. Figure 3.9 gives read-out signals, close-up views for single-particle events,
and histogram plots of transit time and peak amplitude. For PS beads, 60 events

were collected in 1 min of measurement. The close-up of a single event shows
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the differential measurement waveform. The transit time for the focused beads
is accumulated around 10-12 ms; two events occurred at 16 and 22 ms. Unlike
time measurements, voltage signal amplitude shows narrower distribution and is
accumulated at 0.02 mV level. Higher amplitude events rarely occurred. Higher
transit time variation is the evidence of insufficient particle focusing at the center
of the channel. 50 mbar pressure corresponds to a 5-6 pl/h flow rate at which
particles are under the influence of viscoelastic focusing (corners and center equi-
librium positions for suspended rigid particles) far from the elasto-inertial regime.
The more significant variation in the signal amplitude is a clue of particle clusters
(doublets, triplets, and more). Obtaining integer multiples of signal levels, such
as two (0.04 mV), three (0.06 mV), and four (0.08 mV) folds of the main signal
(0.02 mV), confirms the aggregation of particles.
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Figure 3.10: Viscoelastic impedance cytometry results for 6 pm diameter PS
beads at 50 mbar inlet pressure. 10 s time window data using 500 ppm PEOsypa
viscoelastic solutions with varying PBS concentrations: (a) 1X PBS, (b) 3X PBS,
(c) 10X PBS, and (d) histogram plots and statistical results of peak amplitudes
for 1 min.

It is well-known that the signal amplitude is a strong function of solution

conductivity, which depends on PBS concentration in our case. We performed

63



viscoelastic particle focusing experiments with 6 pm PS beads suspended in
PEOsympa 500 ppm viscoelastic solutions using 1X, 3X, and 10X PBS buffers.
Figure 3.10.a~-c shows the output signals for 10 s and Fig. 3.10.d gives the peak
amplitude histograms for three different conductivity solutions for 1 min. Mean
values of the peak amplitude increase with increasing solution conductivity, since
stronger impedance contrast is obtained between the particle and the carrying
medium. Thus, we obtained a higher signal to noise ratio with increasing PBS
concentration. However, for the case of impedimetric detection of living cells
(RBCs), high ionic concentration in the solution causes cell damage. In Fig. 3.11
RBCs only suspended in 1X-PBS, or 1X-PBS/PEO solution can preserve their
shape. Therefore 1X-PBS/PEO solution is the optimum solution for impedance

cytometry measurements.

DI Water

1X-PBS/PEO 1X-PBS/PEO

soum N 3X-PBS soum B 10X-PBS

Figure 3.11: Optical microscope images for RBC suspension in (a) DI Water, (b)
PEOsyipa, (c-d) 1X-PBS/PEO, () 1X-PBS, (f) 3X-PBS, and (g) 10X-PBS.
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Measurements at higher flow rates were performed to understand the behavior
of viscoelastic focusing and the corresponding signal change. The inlet pressure
was varied between 50, 100, 150, and 200 mbar for PS beads; and 50, 100, 150,
200, 250, 300, and 410 mbar for RBCs. The statistical comparison of transit
time and signal amplitude for all pressure levels are summarized as mean value,
standard deviation, and %CV in Fig. 3.12.a and 3.12.b. To isolate doublets,
triplets, and clumps, a gated window was selected for %CV calculations, which
removes the statistical outliers while including more than 90% of the events. The
mean values of transit time for both PS beads and RBCs decrease with increasing
pressure rates. Corresponding %CV values are approximately 10-15% for both
particles. The signal amplitude for PS beads is similar for increasing flow rates
showing that viscoelastic focusing is stably maintained. However, %CV for the
peak amplitude of RBCs shows a more significant change at the two points: 20%

increase from 100 to 150 mbar and 30% increase from 250 to 300 mbar.

We have previously shown in Fig. 3.8.c that RBCs start to deform into a
parachute shape above 100 mbar. When the inlet pressure reaches 250 mbar, all
the RBCs get to the same shape. The results are given in Fig. 3.12.b show that
aligning RBCs into a single orientation leads to more position sensitive and precise
measurements. Moreover, when the pressure is above 400 mbar, flow focusing is
disturbed due to excessive size stretching of cells and corresponding hydraulic
diameter reduction. This behavior leads to discontinuity of single-particle train

viscoelastic focusing and gives higher measurement variation and %CV values.

Figure 3.13 shows transit time versus peak amplitude scatter plots for RBCs at
selected pressure values. The throughput is 600, 1800, 3600, and 5700 RBCs/min
for 100, 150, 250, and 410 mbar, respectively. At all pressure rates except 410
mbar, peak amplitudes are populated at 0.044+0.01 mV; there is a side population
at 0.06 mV with the same transition time range. At 410 mbar, 0.06 mV peak
amplitude reaches to the highest number of population. These results are in line
with our previous observations that beyond 410 mbar RBCs are unable to cope

with elastic force and lose their trajectory at the center of the channel.
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Figure 3.12: Bar chart representation of transit time, peak amplitude, and %
CV of (a) PS beads and (b) RBCs detected at varying inlet pressures. For each
bar graph, the square represents the mean value, the box represents the standard
deviation, and the whisker lines represent the 99% and 1% population of the

counted events.

66

L=

Red Blood Cells (RBCs)

12 T T
- 10
é I 1o
q) 8
£
; 6 o | e
) 10,53
S 4 317k e ]
~ 2' ’_T_‘ ‘T * 12.56 1',':'25'
E’l—_!cn—’r—. X
0 AT sl — - — )
50 100 150 200 250 300 410
0.14 r T T T r T T
4244
~ 0.12 3339 459 44.66
E 01095620550 3452
S 008 ,
S o.
- N —1
£ 006
S A P A
£ 004
S e | ey | O
0.02 % *
0 T T T T T T T
50 100 150 200 250 300 410

Pressure (mbar)



35 T T T 4.5

10 100 mbar a0l A 150 mbar | |
600 RBCs/min 35 b s ._ ° 1800 RBCs/min| |

25F
o as 30 b
20 ‘.
25 F

20 F

Transit Time (ms)

03 0 o.;)a 0.:)6 04:)9 0.;2 0.15 b 0 0.03 0.06 0.09 0.12 0.15
25 - r 20 r : . .

Transit Time (ms)

08 F

0.5 L = - - 0.5

Amplitude (mV) Amplitude (mV)

Figure 3.13: Scatter plots of transit times vs peak amplitudes at four inlet pres-
sures for RBC impedance measurements.

3.4 Concluding remarks

Herein, we have assessed the effect of ionic buffer concentration in viscoelastic
focusing using both rheometer measurements and focusing trajectories in square
cross-sectional microfluidic channels at varying flow rates. Ionic concentration
rate is critical for cell viability and impedance measurements. We concluded that
shear viscosities and focused particle trajectories showed no observable depen-
dency on the concentration of PBS from 1X to 10X. These results verify that
PEO viscoelastic solutions are good candidates for impedance based measure-
ment applications as opposed to polyelectrolyte viscoelastic solutions, such as
HA, which have a high rheological dependency on ionic concentration of the solu-
tion. We optimized the PEOgsnp, Viscoelastic solution at 500 ppm concentration
for efficient particle focusing. Elasto-inertial particle focusing at high Reynolds
number (Re: 4.0) was successfully achieved for PS beads. The focusing of RBCs
was possible at a considerably low Reynolds number (Re<0.2). Additionally,
parachute shape single RBC orientation is achieved at Re: 0.1. Achieving fixed
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particle orientation for non-spherical objects is very critical in cytometry appli-
cations to get low signal variations. By tuning the properties of the viscoelastic
solution, we were able to achieve this property for a range of flow rates. Finally,
we performed impedance cytometry measurements for PS beads and RBCs. For
the first time in the literature, we combined the viscoelastic particle focusing tech-
nique with an impedance-based microfluidic cytometry device. We achieved 3600
cells/min throughput for RBC characterization. Viscoelastic focusing addresses
the need for a single train of particle trajectory required for planar electrode
configuration impedance based cytometry systems. Obtaining a single stable ori-
entation for non-spherical particles differentiates viscoelastic focusing from other
focusing techniques. The simplicity of viscoelastic focusing with the combina-
tion of impedance measurement results in a powerful tool for cell counting and
sizing applications. This method is specifically useful for the morphology-based

characterization of disease-infected cells.
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Chapter 4

A unifying study on
electro-viscoelastic migration
(EVM) under simultaneously
applied pressure-driven flow and

electric field

(Part of this study was published as "Electro-viscoelastic migration (EVM) un-
der simultaneously applied microfluidic pressure-driven flow and electric field"
Murat Serhatlioglu, Ziya Isiksacan, Melis Ozkan, Donus Tuncel, and Caglar
Elbuken, Analytical Chemistry, April 16, 2020, Reproduced (or 'Reproduced
in part’) from Ref. [135] with permission from American Chemical Society.
https://doi.org/10.1021/acs.analchem.9b05620)
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4.1 Introduction

Microfluidic devices enable precise control on particle migration in Newtonian
and viscoelastic media under pressure-driven flow, which leads to a rich spectrum
of applications including counting [7,88,102,115,131], focusing [79,136,137], and
sorting [99, 100, 132, 138, 139] of particles. Simultaneously applying DC electric
field with pressure-driven flow brings a new modality to tune particle equilib-
rium positions. The electric field induces a lateral electrophoretic force on the
charged particles, thereby generating particle motion relative to the direction
of the flow. However, the observations of particle migration under simultane-
ous pressure-driven flow and DC electric field yielded anomalous cross-sectional
particle migration [140]. DNA molecules migrated towards the capillary center
when electrophoretic force is in the same direction as the pressure-flow (concur-
rent) and towards the capillary wall when the pressure-flow direction was reversed
(countercurrent). Analytical and experimental studies have been conducted to
understand the physics underlying the cross-sectional migration under simulta-
neous pressure-driven flow and DC electric field. We categorize these studies
into four groups, as shown in Figure 4.1: (I) polyelectrolyte migration in Newto-
nian medium, (II) particle migration in Newtonian medium, (III) polyelectrolyte
migration in viscoelastic medium, and (IV) particle migration in a viscoelastic

medium.

The principles of particle migration behavior observed in the first four cat-
egories (I-IV) have been investigated in the literature. (I) Polyelectrolyte -
DNA migrated towards the center (wall) in the concurrent (countercurrent) case
in the Newtonian buffer solution. This migration was attributed to the weak
electro-hydrodynamic interactions and dipolar flow fields between the DNA seg-
ments [141-144]. (II) Charged particles (polystyrene beads, human cells) mi-
grated towards the wall (center) in the concurrent (countercurrent) case in the
Newtonian buffer solution. This migration was attributed to slip velocity, which
is the velocity difference between the particle and the fluid. Slip velocity interacts
with the local shear field and causes a net cross-stream migration [145-149]. (I1I)
Polyelectrolyte DNA samples migrated towards the center (wall) in the concurrent

(countercurrent) in PVP-based viscoelastic solutions [150, 151]. The amplitude
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and the direction of the electric field modulate the shear around the DNA, which
consequently affects the elastic lift force. Thus, the direction of the lift force
flips according to the modulated shear. (IV) Charged Polystyrene (PS) particles
suspended in Polyethylene Oxide (PEO)-based viscoelastic solution migrated to-
wards the center (wall) in the concurrent (countercurrent) case. The results were
attributed to the electrophoretic motion-induced extra lift force, originated from
the nonlinear coupling of an external force-driven particle and the local viscoelas-
tic shear flow, in the viscoelastic fluid [147]. An in-depth theoretical discussion of
particle migration in viscoelastic flow under the external electric field was recently

given [152].
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Figure 4.1: Schematic illustration of the reported studies in the literature for
migration under simultaneously applied pressure-driven flow and electric field
configuration. (a) Studies are categorized according to the medium (outer ring)
and the particles of interest (the inner circle) as a pie chart. (b) Schematic of the
particle equilibrium states at the outlet cross sections in a microfluidic channel
according to the electric field direction, medium, and suspended particles. The
first four groups (I-IV) are cited from the literature, and the fifth group (V)
represents our study of particle migration in polyelectrolyte viscoelastic solution.
Fgp: electrophoretic force, PDF: Pressure-driven flow.

Here, we introduce a new group, the fifth group (V), particle migration in a
polyelectrolyte viscoelastic medium, and introduce Electro-Viscoelastic Migration

(EVM) to explain the migration behaviors in groups III, IV, and V. Consequently,
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we propose a unifying hypothesis to explain the underlying mechanism of cross-

sectional particle migration in microchannels.

In our study, we performed particle migration experiments with PS particles
suspended in (IT) deionized (DI) water as well as (IV) PEO-based neutral and (V)
Hyaluronic acid (HA-based polyelectrolyte viscoelastic solutions in a microfluidic
channel under simultaneous use of pressure-driven flow and DC electric field as
illustrated in Fig. 4.2. We observed particle equilibrium positions at the mi-
crochannel, 1 cm away from the outlet, under an optical microscope. In DI
Water, particles migrated towards the channel wall in the concurrent case and
the channel center in the countercurrent case. The same results were obtained
for HA-based viscoelastic solutions, whereas particle equilibrium positions were
reversed for PEO-based solutions. Although both PEO and HA have viscoelas-
tic properties, the steady-state migration profile surprisingly exhibited opposite

migration results.
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Figure 4.2: Illustration of the microfluidic test setup and summary of particle
equilibrium states at the microchannel outlet cross sections. (a) Photo of the
fabricated microfluidic chip. (b) Schematic representation of the experimental
system. (c) Ilustration of the electric field, electrophoretic force, and Poiseuille
flow distribution in the microchannel. (d) Illustration of particle equilibrium
positions at the outlet cross section.
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We believe that the reason for the anomalous cross-stream migration differ-
ence between PEO- and HA-based solutions is due to the polyelectrolyte nature
of HA [153]. We showed that electrophoretic force affects the HA polyelectrolyte,
unlike PEO neutral polymers. This difference generates a net cross-stream mi-
gration for both HA polymers and PS particles that is the opposite of usual
particle migration behavior in neutral viscoelastic solutions, as demonstrated by
our confocal microscopy experiments. To explain this particle migration behavior
in viscoelastic solutions, we propose the Electro-Viscoelastic Migration (EVM)

theory.

4.2 Materials and methods

4.2.1 Sample preparation

Viscoelastic solutions were prepared by dissolving polymer (PEO, HA) powder
in DI Water at the given concentration. Three different particle suspensions were
prepared for the particle migration experiments: DI Water, 500 ppm PEOsypa-
(Sigma Aldrich), and 1000 ppm HAj smpa-based (NewDirections) viscoelastic
solutions. Ten different particle suspensions were prepared: 2000 ppm, 1000 ppm,
500 ppm, 100 ppm, 50 ppm of PEOsy\p,- and 5000 ppm, 2000 ppm, 1000 ppm,
200 ppm, 100 ppm of HA4 sypa-based viscoelastic solutions. Shear-dependent
viscosity of solutions was measured using a rotational rheometer (Anton Paar,
MCR 301). 6 pm diameter spherical polystyrene particles (Polysciences, Inc.)
were suspended with the same concentrations (10® particles/ml) in each solution.
During the experiments, particles at the inlet vial were continuously mixed with

a magnetic stirrer to keep the particle concentration uniform.

Figure 4.2 shows the shear-dependent viscosity of the sample solutions mea-

sured using a rotary rheometer with a 50 mm diameter CP-50 cone plate fixture.

Particle zeta potentials in suspensions were measured in Malvern Nano ZS
ZEN3600 zeta sizer as -60 mV in DI Water, -80 mV in PEO, and -110 mV in HA.

Fluorescent solutions were prepared using two different dyes. Fluorescent dyes
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Figure 4.3: Shear viscosity measurement as a function of shear rate.

(green-Coumarin 343 and blue-DAPI), N-(3-Dimethylaminopropyl)-N’-ethyl car-
bodiimide hydrochloride (EDC) and 4-(Dimethylamino) Pyridine (DMAP) were
purchased from Sigma Aldrich. PEO and HA were labeled with Coumarin 343
and DAPI, respectively, using a similar procedure through an EDC coupling re-
action. For a typical labeling procedure: Polymer (PEO or HA) (50 mg) was
dissolved in water (5 mL) in a round bottom flask (RBF). Subsequently EDC
(3.0 mg, 0.016 mmol) and DMAP (3.0 mg, 0.025 mmol) were added, and the
resulting solution was stirred at room temperature for 20 min. Finally, the aque-
ous solution of dye (Coumarin 343; 4.0 mg, 0.015 mmol or DAPI; 5.0 mg, 0.014
mmol) in 5 mL was added dropwise to the above RBF. The reaction mixture was
stirred overnight at the room temperature, then dialyzed using a cellulose dialysis
tube (with 14 kDa cut-off molecular weight) against distilled water (appx. 2 L)

overnight to remove the unreacted dye molecules.

4.2.2 Device fabrication

Microchannel fabrication was carried out using conventional soft lithography tech-
niques. Firstly, the silicon mold was fabricated. 50 pm thick SU-8 2050 photore-
sist (Microchem) was spin-coated onto a 4-inch silicon wafer with two steps of
spinning: 55 s, 500 rpm, and 40 s, 3500 rpm followed by soft bake (2 min at 65
°C, 7 min at 95 °C, 1 min at 65 °C), UV exposure (180 mJ/cm?), post bake (3
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min at 65 °C, 7 min at 95 °C, 1 min at 65 °C), and development (5 min). Then,
PDMS (Dow-corning Sylgard 184) was mixed with the curing agent at a 10:1
ratio. The mixture was degassed in a vacuum chamber, poured onto the mold,
and cured on a hot plate for 5 h at 90 °C. Cured PDMS was peeled off from the
mold, and 1 mm holes were punched for inlet and outlet connections. Finally,
the PDMS layer (microchannel dimensions: 50 mm length, 60 pm width, 50 pm

height) was plasma-bonded to a glass slide to form the microchannel.

4.2.3 Experimental Setup

Gauge 20 syringe tips (Jensen Global) were used for tubing connections.
Polypropylene hubs were peeled-off from the metal tips, and the remaining stain-
less steel cannula was connected to 10-mm long Tygon tubing (ID: 0.796 mm),
one for the inlet and another one for the outlet. High voltage DC power sup-
ply (LabSmith HVS4448-3000V) was connected to stainless steel metal tips using
hook connectors. The sample flow was pumped from the inlet with a pressure
pump (Elveflow OB1).

Particle migration in the microchannel was monitored with a high-speed cam-
era (Phantom Miro e2) at 3000 fps under an inverted microscope (ZEISS Axio
Vert.Al). Recorded videos were split to single frames and image-stacked to form

a single photo with a MATLAB script to show the trajectory of the particles.

A Leica spectral inverted SP8 lightening confocal microscope with an auto-
matic stage control was used for confocal microscopy imaging of the fluorescent
dye-labeled PEO and HA viscoelastic solutions. For confocal imaging, 488 nm
and 405 nm wavelength excitation laser was used for PEO and HA, respectively.
Leica HCX PL FILUOTAR L 20X/0.40 NA dry microscope objective was used
for imaging. A galvo-resonant scanner was used for the imaging where the image
scanning frequency was 200 Hz per frame, whereas the frame size or the imaging
area was 512 pixels (129.0 pm; x) x 512 pixels (129.0 pm; y). The total number
of 40 frames is z-stacked. The slice thickness along z was 1.56 pm, while the
scanning pixel size in x and y was 0.253 pm each. The rest of the setup and

experimental conditions were the same as the particle migration experiments.
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4.3 Results and discussion

We studied particle migration in a microfluidic channel with the simultaneously
applied pressure-driven flow and DC electric field. We suspended PS particles in
three different solutions: DI water, 500 ppm PEOsypa-based viscoelastic solu-
tion, and 1000 ppm HA{ 5vpa-based viscoelastic solution. Solutions were pumped
through the PDMS microchannel while DC electric field was applied simultane-
ously. The electric field generates electrophoretic motion due to the non-zero zeta

potential of the suspended particles in each solution.

Initially, particle migration was studied for only pressure-driven flow without
applying DC electric field. Then, the electric field was simultaneously applied
with the pressure-driven flow; two different tests were performed by changing
the direction of the electrophoretic motion of the PS particles: concurrent where
the pressure-driven flow is in the same direction as the electrophoretic force and
countercurrent where pressure-driven flow is in the opposite direction to the elec-
trophoretic force. Volumetric flow rate (Q), Reynolds number (Re), and Weis-
senberg number (Wi) were analytically calculated from the equations given in
Chapter 1. Relaxation time () for dilute viscoelastic solutions was calculated
using Zimm relaxation theory considering the molecular weight of the viscoelastic

solutions. Molecular weight dependent Zimm relaxation time is predicted as [120],

(1] Myns

Azimm = F'

(4.1)

where, F', n My, ns, Na, kg, and T are front factor, intrinsic viscosity, molec-
ular weight, solvent viscosity, Avogadro number, Boltzmann constant, and tem-

perature, respectively.

Effective relaxation time is estimated as the following equation 4.2 [120],
c \0.65
/\eff = 18)\zimm (C*) (42)
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where ¢ and ¢* are the polymer and polymer overlap concentration, respec-

tively.

1
F= Z; E (4.3)
1=

where F' = 0.463 can be can be estimated from the Remann Zeta function for
PEO using solvent quality exponent v = 0.552 and overlapping polymer concen-
tration (¢*) and intrinsic viscosity ([n]) for PEOsypa are calculated using equa-
tions 2.3 and 2.5. The calculations are different for HA{ sypa solutions where
F =0.383 using solvent quality exponent v = 0.5 [154]. Intrinsic viscosity ([n])
and overlapping polymer concentration (¢*) for are calculated using equations 4.4
and 4.5 [155],

[N zr.4 = 0.029 ML (4.4)
¢t = ?n? (4.5)

Relaxation time and shear-dependent properties of prepared solutions are tab-
ulated in Table 4.1 and 4.2 for varying concentration of PEO and HA viscoelastic

solutions.

Our experimental outputs are summarized in Fig. 4.2 to display the particle
equilibrium positions at the cross section of the observation window. Under
the pressure-only case, particles in DI Water show no cross-stream migration.
However, particles in PEO- and HA-based viscoelastic solutions migrate to the
channel center due to the elastic lift force, which pushes the particles to low
shear rate regions [82,94,156]. In the concurrent test, particles in DI water and
HA-based viscoelastic solution migrate towards the walls. However, particles in
the PEO-based viscoelastic solution migrate towards the channel center. In the

countercurrent test, the migration results are the opposite.
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Table 4.1: Rheological properties for PEOsyp, at different concentrations.
H Fluid properties 50 100 500 1000 2000 H

1o 0.88  0.92 1.55 2.7 7.2
c* (ppm) 0.473 0473 0473 0473 0.473
c/cx 0.106 0.211 1.057 2.114  4.229

Moimm (ms)  1.354 1354 1.354 1354 1.354
Mef (ms)  5.654 8872 25255 39.629 62.185

Table 4.2: Rheological properties for HA1 smpa at different concentrations.
H Fluid properties 100 200 1000 2000 5000 H

10 4.5 7.9 48 96 430
c* (ppm) 0.983 0.988 0.988 0.983  0.988
c/cx 0.101 0.202 1.012 2.025 5.062

Noimm (ms) 0522 0522 0522 0522  0.522
Nep (ms) 2122 3.33 9478 14.873 26.982

It was reported earlier that particle migration in DI and viscoelastic solutions
are opposite to each other under the same experimental conditions [147]. How-
ever, our results with HA-based viscoelastic solutions are controversial. Particle
equilibrium positions in the HA-based viscoelastic solution are similar to DI.
We are hypothesizing that the polyelectrolyte nature of HA is the main reason
for the difference observed with PEO- and HA-based viscoelastic solutions in
Electro-Viscoelastic Migration (EVM). Experimental evidence for our hypothesis

is presented in the following sections.

4.3.1 Particle migration experiments

4.3.1.1 Viscoelastic flow focusing optimization in only pressure-driven

flow

It is essential to observe the viscoelastic behavior of prepared viscoelastic solutions
before Electro-Viscoelastic Migration (EVM) experiments to understand whether
they exhibit enough elastic lift (EL) force for particle focusing under the pressure-
driven flow without the electric field. Therefore pressure-only experiments are
performed to find the optimal pressure for central viscoelastic focusing for both

PEO and HA viscoelastic solutions in Fig. 4.4. At 50 mbar, a well-oriented single
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train of particles is achieved at the center of the channel, and the viscoelastic
focusing is achieved for both solutions. During our experiments in Fig. 4.4, we
did not observe corner migration, and the particles only focused to the center of
the channel. Dimensionless numbers and flow parameters defining the experiment
are tabulated in Table 4.3 and 4.4.

Pressure-only
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Figure 4.4: Top-view image stacked photos for viscoelastic focusing experiments
with PEO- and HA-based viscoelastic solutions for varying inlet pressures. The
single stream of particles in the middle of the channel indicates migration to the
channel center.

4.3.1.2 Particle migration under only pressure-driven flow, concur-

rent, and countercurrent experiments

Figure 4.5 shows the image stacked photos from the top-view video recordings at
the channel outlet for simultaneously applied pressure-driven flow and DC elec-
tric field for increasing the electric field magnitude (0-500 V/cm). In all cases,
the particles are arbitrarily distributed at the channel inlet. The single stream of

particles in the middle of the channel indicates migration to the channel center,
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Table 4.3: Dimensionless numbers of 500 ppm PEOsnDa
H P (mbar) Q (ul/h) 4w Up (mm/s) n (mPas) Re Wi El H

25 28 309 2.55 1.55 0.09 2.17 239
20 56 626 2.2 1.53 0.18 4.39 23.6
100 114 1270 10.6 1.51 038 89 233
150 173 1918 16 1.50 0.58 134 231
200 230 2557 21.3 1.50 0.77 179 23.1
300 345 3836 32 1.50 1.16 26.9 23.1

Table 4.4: Dimensionless numbers of 1000 ppm HA{ syipa
H P (mbar) Q (pul/h) 4w Up (mm/s) n (mPas) Re Wi El H

25 1 12 0.1 42 0.0001 0.03 243
50 2 27 0.25 35 0.0004 0.07 202
100 6 64 0.53 30 0.001 0.17 174
150 10 115 0.96 25 0.002 0.30 145
200 23 255 2.13 15 0.008 0.67 87
300 65 719 2.98 8 0.041 1.89 46

while the two streams at the channel edge indicate migration to the channel cor-
ners as schematically shown in Fig. 4.2. Pressure difference (P) is kept constant
at 30 mbar for DI Water (Q: 58 pl/h, Re: 0.33, Wi: 0), 50 mbar for PEO (Q: 56
nl/h, Re: 0.18, Wi: 4.39, El: 23.6), and 50 mbar for HA (Q: 2 ul/h, Re: 0.0004,
Wi: 0.07, El: 202) solutions. Pressure, flow rate, Re, and Wi are kept constant

during these experiments.

Electrophoretic mobility is determined experimentally by tracking the motion
of particles under the electric field without applying pressure-driven flow [31].
The magnitude of the electrophoretic velocity (Ugp) and electrophoretic mobility
(ngp) for both the concurrent and countercurrent modes are 0.4 mm/s and 0.15
mm/s; 2.0-1078 m?/(V-s) and 0.75-10~8 m?/(V-s) for PEO and HA solutions at
200 V/cm.

Three particle suspensions were prepared in DI Water, PEO-, and HA-based
viscoelastic solutions. Particle migration was observed at the outlet during con-
current and countercurrent tests. The electric field magnitude was varied between
100-500 V/cm. The best focusing results are highlighted in Fig. 4.5. At 200 V/cm
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Figure 4.5: Top-view image-stacked photos of high-speed camera recordings
for particle migration under pressure-driven flow and simultaneously applied
pressure-driven flow and DC electric field.

concurrent experiments, particles are focused at the channel wall for DI solution,
whereas they are focused at the center for the PEO solution. More interestingly,
the second viscoelastic solution, HA, yielded the same results observed in the DI
water medium. For each medium, the equilibrium particle positions are reversed

for countercurrent experiment.

Although both viscoelastic solutions (PEO and HA) show very similar vis-
coelastic focusing behavior in the pressure-only regime (0 V/cm), they give op-
posite migration results when the electric field was applied together with the
pressure-driven flow. To best of our knowledge, such an observation has not been
reported so far. A comprehensive analysis of the governing forces is required to

explain these intriguing results and the underlying mechanism of EVM.

4.3.2 Principle of EVM using dominant lift forces

It should be noted that PEO is a neutral polymer [157], and HA is a polyelec-
trolyte due to Na™ backbones in the polymeric chain [153]. Therefore, we divided
the explanation for viscoelastic solutions into two sections. In the first section, we
explained the difference between the Newtonian and neutral viscoelastic solution
(Fig. 4.6). In the second section, we focused on the polyelectrolyte viscoelastic

solution and its similarity with Newtonian results (Fig. 4.7).
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Figure 4.6 schematically explains the particle migration in Newtonian and
neutral viscoelastic solutions under simultaneously applied pressure-driven flow

and electric field.

4.3.2.1 Particle migration in a Newtonian medium

Pressure driven flow in a microchannel generates a quadratic velocity profile.
Suspended particle in laminar flow is under the influence of this velocity profile. If
an arbitrarily positioned particle is considered to be stationary relative to the fluid
velocity, it experiences a different velocity magnitudes due to the shear gradient
in the channel (Fig. 4.6.a) [158]. The velocity difference around the particle
generates a shear gradient lift (SGL) force, which in turn pushes the particle to
low velocity, high shear rate regions-channel walls. Particles are always under the
effect of SGL; yet, to generate considerable migration with SGL force, high Re is
required [65].

The use of the DC electric field and pressure-driven flow change the velocity of
the particle relative to the fluid velocity due to the electrophoretic force acting on
the particle. The additional DC electric field generates a slip velocity depending
on the charge of the particle [66,147]. The electroosmotic flow is neglected in
comparison to the pressure-driven flow. In the concurrent experiment, the veloc-
ity of the particle increases relative to the fluid velocity due to the electrophoretic
force. This increase is shown in Fig. 4.6.b as a slip velocity. When the slip veloc-
ity is superposed with the fluid velocity, the relative velocity difference on both
sides of the particle becomes higher compared to the pressure-only case. A higher
velocity difference generates higher SGL force, which pushes the particle towards
the channel walls (Fig. 4.6.b). In the countercurrent experiment, the electric
field, electrophoretic force, and slip velocity directions are reversed. After super-
posing the slip velocity and particle velocity streamlines, high and low shear rate
regions flipped at the affinity of the particle; thus, the direction of SGL is also
flipped, and particle migrates towards the channel center (Fig. 4.6.c).
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Figure 4.6: Illustrative explanation of particle migration in Newtonian and neu-
tral viscoelastic solutions. Particle migration in Newtonian solution for (a)
pressure-only, (b) concurrent, (¢) countercurrent cases, in neutral viscoelastic so-
lution for (d) pressure-only, (e) concurrent, and (f) countercurrent cases. Green
spring, blue, and red arrows represent the PEO polymer stretching, shear gradi-
ent lift force, and elastic lift force, respectively. The color-chart on the left-hand
side of the channel represents the shear gradient profile.

4.3.2.2 Particle migration in a neutral viscoelastic medium

In a pressure-driven flow, viscoelastic polymers are stretched along with the ap-
plied shear. The shear gradient in the channel causes a non-uniform stretching
of polymers, which increases at the high shear rate as schematically shown in
Fig. 4.6.d. This generates an elastic lift (EL) force on the suspended particles
directing from high shear rate to low shear rate regions, from channel walls to
center [82]. At low Re, SGL is negligible when compared to EL. Thus, the particle
is attracted to the channel center under the pressure-only condition (Fig. 4.6.d).
In the concurrent case (Fig. 4.6.e), the slip velocity enhances the shear stress
around the particle and generates higher EL force directing towards the chan-
nel center [150]. In the countercurrent case, the high and low shear rate regions
around the particle are reversed, which flips the polymer stretching region in the
affinity of the particle. Consequently, the EL force direction is flipped, directing
the particles towards the channel walls (Fig. 4.6.f).
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4.3.2.3 Particle migration inside polyelectrolyte solution and non-

uniform viscoelasticity generation

Under the pressure-only case, viscoelastic polymers are stretched due to local
shear rate and are migrated away from the walls of the channel; yet, this migration
is only observed at the proximity of the channel walls [143]. Neutral polymers
are not affected (neither stretched nor migrated) by the electric field under the
simultaneous use of pressure-driven flow and DC electric field. However, the cross-
stream migration is observed for the polyelectrolytes such as A-DNA (and HA in
our experiment) due to the electrophoretic force-induced electro-hydrodynamic

interactions (EHI) [141,143].

We hypothesize that viscoelastic polymer concentration at the channel cross
section stays uniform for neutral polymers. However, for the polyelectrolytes, the
polymer concentration locally changes that generates a non-uniform viscoelastic

solution distribution inside the microchannel.

Figure 4.7 schematically illustrates the development of particle migration and
non-uniform viscoelasticity for the HA-based viscoelastic solution for concurrent
and counter-current experiments. Initially, particles are centrally focused under
the pressure-only regime where there is no electric field. In the concurrent case,
HA molecules (under the influence of EHI) are progressively attracted to the
channel center at the outlet. Consequently, HA polymer concentration gradually
increases around the center. This starts to generate a polymer concentration
gradient at the channel cross section, resulting in a more Newtonian solution at
the channel walls. At the channel center, the increase in HA concentration leads
to a high shear-thinning behavior. In high shear-thinning viscoelastic solutions,
particles migrate towards the channel walls under pressure-driven flow [99]. High
shear-thinning behavior starts to play a dominant role for the particle migra-
tion so that particles are progressively pushed away from the center. At the
steady-state, particles migrate to the more Newtonian regions (walls). In the
countercurrent case, the focusing trend is entirely reversed. HA polymers start
to migrate toward the walls. Then, high shear-thinning behavior is developed

at the corners due to the HA concentration increase. Thus, the channel center
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becomes more Newtonian-like. At the steady-state, particles are focused to the
channel center. This explanation clarifies the similarity of the focusing behavior

in HA and Newtonian solutions as experimentally shown in Fig. 4.5.
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Figure 4.7: Development of particle migration in HA-based viscoelastic solutions
at the outlet cross section of the channel under simultaneously applied pressure-
driven flow and electric field. The blue color gradient bar represents the con-
centration gradient at the channel cross section. The color chart on the right
represents the polymer concentration gradient.

4.4 Experimental attempts to prove the EVM
hypothesis

In the previous section 4.3.1, the EVM experiments were performed in a straight
square cross section microchannel. We applied a bidirectional electric field along
the microchannel together with the pressure-driven flow. The anomalous mi-
gration observed for the particles in neutral and polyelectrolyte viscoelastic so-
lutions. Even though the solutions have viscoelastic properties, they showed
opposite migration behavior. We hypothesized that this difference is due to the
charge of the polymer solution and provided a unifying EVM theory to explain
the unusual particle migration in both viscoelastic solutions. According to EVM
theory, for neutral viscoelastic solutions, polymer concentration is uniform along
the microchannel. However, non-uniform polymer distribution is expected at the

channel cross section for polyelectrolytes.

We have designed two different sets of experiments to prove our hypothesis.

85



In section 4.4.1, we fabricated 60 pm wide, 60 pm high trifurcated microchannel
(one inlet, two outlets) and applied the same experimental conditions in section
4.3.1 without using suspended particles. We collected the sample solutions at
the channel outlets and measured their conductivity. The polymer concentration
is linearly-dependent to solution conductivity. In section 4.4.2, HA and PEO
polymers are fluorescent-labeled and polymer migration investigated under the

confocal microscope.

4.4.1 Measurement of polymeric concentration change via

HA solution conductivity in the trifurcated channel

Figure 4.8 shows the photo of the experimental setup and illustrative drawings for
concentration-dependent conductance measurements. A usual 2D hydrodynamic
flow focusing chip design was used in a reverse configuration (outlet used as inlet
and inlet used as outlet). Sample solution introduced from the inlet (V1) with a
pressure pump and collected at the two other outlets center (V2) and walls (V3),
as illustrated in 4.8.b. Volume of 50 pl sample solution is enough to measure the
solution conductivity. We performed conductance measurements using an LCR
meter (Keithley E4980A). Details of the measurement setup are given in Fig.
4.8.c-d. A 10 cm long Tygon tubing (ID: 0.8 mm OD: 1.5 mm) was punched with
metalic sharp tips which are connected to LCR meter via BNC connectors. The
distance between the tips adjusted as 2 cm (Fig. 4.8.c). The collected sample
solution was put into an Eppendorf tube and introduced from one end of the tygon
tubing up to the region between metal tips using negative pressure with a syringe
connected to the other end of the tubing (Fig. 4.8.d). 1V bias voltage applied at 1
kHz, 10 kHz, 100 kHz, and 1 MHz. To validate if the conductance is dependent on
polymer concentration, we performed conductance measurements at varying PEO
sMDa concentrations in Figure 4.9.b. Measured polymer conductance is linearly
dependent on polymer concentration. We performed the following experiments
at 10 kHz.

Following this, we performed four different experiments in Fig. 4.9.d for each
test modes (only-pressure-driven flow, concurrent and countercurrent) with 0.1%

w/v HA-based viscoelastic solution at 300 mbar inlet pressure. 1 V bias voltage
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Figure 4.8: Concentration vs conductance measurements to validate polymer
migration in HA viscoelastic solution with EVM theory. (a) a photo, and (b)
illustrative drawing of sample collection trifurcated chip, (c¢) a photo, and (d)
illustrative drawing of the measurement setup.
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applied at 10 kHz frequency. According to EVM theory, it is expected to observe
equal polymer concentration for the samples of V1, V2, and V3 at only pressure-
driven-flow mode. In the concurrent mode (countercurrent), we expect to observe
higher polymeric concentration at the channel center-V2 (walls-V3). Figure 4.9.c
shows the earlier predictions for non-uniform polymer gradient at the channel
cross section A-A. Our experimental results in Fig. 4.9.d are in a good correlation

with our theory, yet further experimental observations required due to high SD

values.
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Figure 4.9: Illustrative drawing explaining the polymer migration experiments.
(a) Trifurcated chip, (b) Characterization of conductance-based concentration
measurement system for varying concentration of PEO samples, (¢) An illus-
trative drawing as a reminder of how polymer migration occurs at the channel
cross section for each test modes, and (d) Average of 4 different concentration vs
conductance measurement results for HA viscoelastic solutions at only pressure-
driven-flow, concurrent, and countercurrent test modes.
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Figure 4.10: Confocal imaging results for uniform and non-uniform concentration
distribution of fluorescently tagged viscoelastic solutions at the channel cross sec-
tion near the outlet. Polymers are observed in three different modes: pressure-
only, concurrent, and countercurrent. The applied electric field is 200 V/em for
the concurrent and countercurrent modes. (a) Schematic drawing of the channel
and scanning volume. Confocal scanning region is 60 x 120 x 120 pm?.(b) Scan-
ning electron microscope (SEM) of the channel cross section (c-d) Coumarin 343
tagged-PEO, and (e-f) DAPI tagged-HA.
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4.4.2 Confocal imaging experiments of the fluorescent

dye-labeled polymer viscoelastic solutions

To evidentially prove and experimentally confirm our hypothesis, we labeled PEO

and HA with fluorescent dyes, Coumarin 343 and DAPI, respectively.

The fluorescently-labeled PEO and HA viscoelastic solutions were used to show
polymer distribution change for EVM along the flow axis (Fig. 4.10.a). Confocal
microscope images are given in Fig. 4.10.c-f. We mapped the fluorescent intensity
change in Fig. 4.10.c and 4.10.e. Even if we can observe the intensity change
for each experimental mode, the concentration gradient at the channel cross sec-
tion is not well pronounced in these plots. Thus, in Fig. 4.10.d and 4.10.f, we
performed gamma correction correction and maximum intensity threshold on the
corresponding fluorescent images to show the concentration gradient more clear.
In this way, low intensity regions are automatically filtered out, and overall con-

trast is enhanced in Fig. 4.10.e and 4.10.f.

Additionally, a maximum intensity projection method was used for visualiza-
tion of z-stacked (40 frames in total) 3D confocal images as single 2D images
((Fig. 4.11.a and 4.11.b). Then fluorescent intensity profile across the channel
cross section was calculated (Fig. 4.11.c and 4.11.d). 100 pm long straight line
was drawn to define the region of interest (ROI) for intensity plots. Polymer
migration is clearly observed from the projection images and intensity plots for

HA experiment; however, no polymer migration was observed in PEO.

The uniformity of Coumarin tagged-PEO polymer concentration is uniform
at the channel cross section near the outlet regardless of the presence or the
direction of the electric field in Fig. 4.10.c and 4.10.d due to the electrically
neutral nature of PEO. Figure 4.10.e-f demonstrate migration behavior for DAPI
tagged-HA solution at the channel cross section near the outlet. In contrast to
the PEO case, HA molecules respond to the changes in the electric field. When no
electric field is applied (pressure-only mode), the polymer distribution is uniform
at the cross section. In the concurrent mode, HA polymers migrate from walls

to the channel center, showing higher fluorescence intensity at the center. In the
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counter-current mode, polymers are highly populated near the channel corners
(walls). Non-uniform polymer distributions in different modes at the channel
cross section are due to the polyelectrolyte nature of HA molecules. The confocal
observations on the behavior of molecules are in parallel with the experimental

results in Fig. 4.5, and our hypothesis is schematically shown in Fig. 4.7.

4.4.3 EVM for varying viscoelastic polymer concentra-

tions

The experimental observations and EVM explained in the previous sections are
performed at a specific polymer concentration ratio ¢/c* = 1, where ¢ is the
polymeric concentration in solution, and ¢* is the overlap concentration. The
viscoelastic solution is considered to be semi-dilute if ¢ > ¢*, where polymer coils

start to overlap, and entanglement fluctuations occur [53,54].

Elastic lift force, which is a function of polymer concentration, plays a cru-
cial role in viscoelastic particle focusing. Hence, it is critical to investigate the
viscoelastic polymer concentration dependence of EVM. To support the under-
lying mechanism for neutral PEO and polyelectrolyte HA viscoelastic solutions,
we define two types of EVM, based on the charge of the viscoelastic solution:
Neutral-EVM (Neu-EVM) and Polyelectrolyte-EVM (Ply-EVM).

We demonstrate the effect of polymeric concentration on the equilibrium par-
ticle positions at the channel outlet under simultaneously applied pressure-driven
flow and DC electric field in Fig. 4.12. Three regimes, c/c* > 1; c¢/c* = 1;
c/c* < 1, are considered by changing the polymer concentration of PEO and HA
viscoelastic solutions. Dimensionless numbers and flow parameters defining the

experiment are tabulated in Table 4.5 and 4.6.

Neu-EVM in PEO experiments yielded an exciting transition depending on the
polymer concentration ratio. When ¢/c* < 1, the equilibrium particle positions
were reversed, which are similar to the Newtonian solution (as shown in Fig. 4.5).
However, Ply-EVM in HA experiments showed that particle equilibrium positions

did not change at varying polymer concentration ratios.
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Table 4.5: Dimensionless numbers of varying concentration PEOzsnpa

Hc(ppm) P (mbar) Q (pl/h) 4, Up (mm/s) n (mPas) Re Wi El H

20 25 47 527 4.39 0.91 0.26 0.83 3.14
100 25 45 504 4.2 0.95 0.24 1.24 5.15
500 50 o6 626 5.2 1.53 0.18 4.39 23.6
1000 100 75 833 6.9 2.3 0.16 9.18 55.7
2000 200 69 767 6.4 ) 0.07 13.2 190

Table 4.6: Dimensionless numbers of varying concentration HA1 syppa

H ¢ (ppm) P (mbar) Q (ul/h) 4y Up (mm/s) n (mPas) Re Wi El H
100 50 32 355 2.96 2.7 0.06 021 3.5
200 100 43 480 4 4 0.0564 044 8.1
1000 250 27 300 2.5 16 0.01 0.79 92
2000 600 47 523 4.36 22 0.011 2.16 200
5000 1200 23 255 2.13 90 0.001 1.92 1484

These experiments show the significant difference between the mechanisms of
Neu-EVM and Ply-EVM. In Neu-EVM migration profile is dictated by the forces
effective on the suspended particles. The uniform neutral polymer concentration
profile is preserved throughout the microchannel. Hence lowering the polymeric

* < 1, dramatically decreases the elastic lift force

concentration below c¢*, c¢/c
leading to opposite migration results in Fig. 4.12. On the other hand, Ply-EVM
is based on polyelectrolyte migration creating a Newtonian medium profile in the
channel cross section. This profile is equivalent to the co-flow of Newtonian and
viscoelastic mediums. In the equilibrium state, suspended particles migrate to
Newtonian regions. Thus the Ply-EVM results shown in Fig. 4.12 are indepen-

dent of polymer concentration for the range studied in this work.

4.4.4 Enhanced viscoelastic migration in Neu-EVM for

central 3D particle focusing cytometry applications

Precise control of particle position and central alignment are crucial for cytom-

etry applications. We have demonstrated passive manipulation of particles via
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Figure 4.12: Top-view image-stacked photos of high-speed camera recordings to
show the effect of polymeric concentration on particle equilibrium positions at
the channel outlet for Neu-EVM and Ply-EVM in pressure-only, concurrent and
countercurrent tests. The electric field is applied at 200 V/cm. ¢*ppo =473 ppm
and c*gaA=988 ppm.
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viscoelastic focusing technique and showed two proof-of-concept cytometry ap-
plications in Chapter 2 and 3. The suspended particles must travel at least 3-4
cm distance along the channel to develop enough elastic lift force and generate a
single-file of particle trajectory at the channel center. Here we introduced EVM
theory and showed that the slip velocity enhances the shear stress around the par-
ticle. In the concurrent Neu-EVM (Fig. 4.6.e) mode, higher EL force directing
the particles towards the channel center and provides faster focusing in a shorter

travel distance.

Figure 4.13 shows the effect of electric field magnitude on the EVM and parti-
cle stream width in concurrent Neu-EVM of PEO-based viscoelastic solution at 1
cm, 2 cm, and 4 cm distances from the inlet. Rectangular bars in the figure repre-
sent the particle stream width at 1 cm (black), 2 cm (red), and 4 cm (blue). Top
view high-speed camera video recordings are image stacked to a single frame at
each electric field value; then, the particle stream width is approximated from the
images. Graph y-axis represents the channel width of 60 pm. Pressure difference
was kept constant at 50 mbar for the particle suspension in PEO viscoelastic solu-
tion. When electric field was increased up to 200 V/cm, we observed viscoelastic
migration enhancement. The central particle stream width decreased down to a
single particle trajectory. At 0 V/cm, 4 cm distance was required to reach the
narrowest particle trajectory of 12 pm with viscoelastic focusing. However, at
200 V/cm, it was possible to reach 7 nm single-particle stream width at 1 cm

distance from the inlet.

Figure 4.14 shows the effect of electric field magnitude on the particle distribu-
tion at the cross section of microchannel for concurrent Neu-EVM of PEO-based
viscoelastic solution. Y-position indicates the location of the particle at the y-axis.
Standard deviation at each electric field magnitude is given above the whiskers.
Only in viscoelastic focusing (at 0 V/cm), the lowest possible SD was 1.00 at
4 cm. Applying the electric field under the concurrent case of Neu-EVM mode
improved the central particle focusing and decreased the SD values. Particles
were able to focus to the channel center at 2 cm with the lowest SD value (0.57)
at 200 V/cm electric field.

95



1 E— 4 Particle

Particle Stream Width (um)

T T T T T T T T T
0 100 200 300 400 500
Electric Field (V/cm)

Figure 4.13: Particle stream width versus electric field at different particle travel
distances in the concurrent case of Neu-EVM mode.
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These outcomes prove that Neu-EVM has dramatic improvements in central

particle focusing and beneficial for cytometry applications.
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Figure 4.14: Particle distribution at the channel cross section versus electric
field at different particle travel distances in concurrent case of Neu-EVM mode.
For each bar graph, the square represents the mean value, the box represents
the standard deviation (S.D.), and the whisker lines represent the 99% to 1%
population of the counted events.

4.5 Conclusion

This study demonstrates bi-directional particle migration under simultaneously
applied pressure-driven flow and electric field in Newtonian, PEO neutral vis-
coelastic and HA polyelectrolyte viscoelastic solutions. When the direction of
pressure-flow and electrophoretic force are concurrent, particles migrate towards
the channel walls in Newtonian and HA solutions and towards the channel cen-
ter in PEO solution. Surprisingly, particles in HA polyelectrolyte viscoelastic
solution exhibit a similar migration profile to the ones in the Newtonian solu-
tion. Even though HA and PEO polymers have similar viscoelastic properties,
they show opposite migration profiles as a response to applied electric fields. To
explain such behavior we introduce the Electro-Viscoelastic Migration (EVM)

theory, which takes viscoelastic polymer charges into account.

Confocal imaging of fluorescent stained PEO and HA-based viscoelastic solu-
tions demonstrates that in neutral viscoelastic solutions (Neu-EVM), the electric

field does not induce polymer migration and modulates the elastic lift force. In
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contrast, in polyelectrolyte viscoelastic solutions (Ply-EVM), the electric field in-
duces migration for polyelectrolytes, the direction of which depends on the polar-
ity of the electric field. As a result of polyelectrolyte migration, a cross-sectional

polymer concentration gradient is generated at the microchannel.

To further investigate the difference between Neu-EVM and Ply-EVM, we
performed migration experiments at varying polymeric concentrations. Particle
equilibrium positions show a concentration-dependent results for Neu-EVM when
c/c* < 1. However, in Ply-EVM, particle equilibrium positions are similar to
the results in the Newtonian solution, and a polymer concentration-independent
migration profile is obtained. These results lead to a unifying EVM theory, ex-
plaining the particle migration results in simultaneously applied pressure-driven
flow and electric field. We present the fundamental understanding and explain
the particle migration behavior in most commonly used carrier fluids, Newtonian,

neutral viscoelastic, and polyelectrolyte viscoelastic solutions.

Implementation of EVM theory in microfluidics presents an opportunity in

developments of various fields:

o« EVM can provide a good environment to study the elastic instabilities in
complex fluids for different viscoelastic solutions at varying Re and Wi
numbers [133, 159].

o Dilute to semi-dilute crossover regime, c¢*, of polymer solutions can be de-

tected in Neu-EVM by monitoring the particle equilibrium positions.

o« EVM enhances the center viscoelastic focusing at a smaller distance in the

microchannel.

o Ply-EVM gives a focusing profile independent of polymer concentration.
Its implementation in microfluidic flow cytometry can provide a better 3D

particle focusing [7,102].

o Cells, polyelectrolytes, DNA, biopolymers, and proteins in a complex

medium such as whole blood or biological serums can be precisely focused
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and separated according to their charge and polymeric size for electrophore-

sis or chromatography applications [151].
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Chapter 5

Summary and Future outlook

5.1 Summary

Living beings are made of cells. Human body has around two hundred different
types of cells and twenty different types of subcellular components within these
cells. The number, type, or role of a specific cell and cell components give the
information related to natural or abnormal changes and diseases in the body.
Thus the enumeration and detection of cellular and subcellular components have
vital importance for human life. Flow cytometry is one of the dominant tech-
nology used for today’s need on the diagnostics [160-163], biotechnology [164],
and material science [165-167] with multi-parametric analysis at a single particle

precision and high accuracy.

The global market of flow cytometry is mainly driven by research institutes,
hospitals, clinical laboratories, pharmaceutical industry, and biotechnology com-
panies. The demand for the use of clinical flow cytometry is intensively growing
and estimated to reach $6.4 billion by the end of 2025 [42]. The evolution of
tandem-flow cytometry technologies is one of the critical features for the future
of flow cytometry. Integrated flow cytometry systems using multiple detection
units, and the adoption of novel features will make it possible to reduce the

production cost for future flow cytometers for emerging economics and research
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facilities.
This thesis provides two primary outcomes.

(I) Critical improvements for flow cytometry devices using microfluidics tech-
nology and their integration with recently trending, viscoelastic passive particle
focusing technique for three types (optical, impedance, and imaging) of flow cy-

tometry methods.

Microfluidic systems provide accurate and high throughput characterization of
cell with small sample footprints [11]. Viscoelastic focusing addresses the need
for a single train particle trajectory for optical- and impedance-based cytometry
systems. Obtaining a single stable orientation for spherical and non-spherical
particles provide remarkable differences from other particle focusing techniques.
Also, viscoelastic particle focusing is a passive method and can easily be adapted
to any flow cytometry method. Thus, it is a powerful tool for integration with

tandem-flow cytometry technologies.

We devised a palm-sized, optical flow cytometry system composed of optical
fibers and a straight glass capillary using viscoelastic focusing method. Laser
source and detectors are fiber-coupled, and the entire system is portable. Thanks
to its simplicity and promising performance compared to commercial flow cytom-
etry systems, the presented system can have a wide range of uses in microfluidic
cytometry applications. We have assessed the effect of ionic buffer concentration
in different viscoelastic solutions and provided an optimized solution suitable for
the impedance flow cytometry system. We showed that it is possible to reach
parachute shape single RBC orientation, which is very critical in cytometry ap-

plications to get low signal variations for a range of flow rates.

(IT) A unifying Electro-Viscoelastic Migration (EVM) theory, explaining the
anomalous particle migration induced by electrophoretic slip velocity results in si-
multaneously applied pressure-driven flow and electric field in microfluidic flows.
We present the fundamental understanding and explain the particle migration

behavior for most commonly used carrier fluids, Newtonian, neutral viscoelastic,
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and polyelectrolyte viscoelastic solutions. We provided our unifying explanation
considering the direction, and magnitude of the electric field, polymeric concen-

tration, and charge of the carrier viscoelastic solution.

We have demonstrated that in neutral viscoelastic solutions (Neu-EVM), the
electric field only modulates the elastic lift force and does not induce polymer
migration. In contrast, in polyelectrolyte viscoelastic solutions (Ply-EVM), the
electric field induces migration of polyelectrolytes, the direction of which depends
on the polarity of the electric field. As a result of polyelectrolyte migration, a

cross-sectional polymer concentration gradient is generated at the microchannel.

5.2 Future outlook

The future is not far from the checking the status of disease and generating
diagnostic information with globally accessible, low-cost, and personal point of

care blood counting devices like blood sugar tests.

In this thesis, we achieved successful demonstrations of flow cytometry appli-
cations using viscoelastic focusing technique. However, each cytometry methods
implemented individually without using their mutual benefits in tandem config-
uration. Viscoelastic focusing technique provides common denominator to all
cytometry methods in terms of reaching a single particle trajectory. Thus, it
would be beneficial to implement the technique in a tandem configuration, for
instance, combination of impedance and optical flow cytometry with PEO-based

viscoelastic focusing technique.

Viscoelastic solutions are advantageous to use in microfluidic flow cytometry
applications since they can support multiple benefits, such as particle focusing,
separation, isolation, and enrichment in the same microfluidic environment by
only changing rheological properties of fluid or flow conditions. Nevertheless, the
requirement of long channel distance to develop enough elastic lift force and being
obliged to use a viscoelastic suspension solution may be considered as the draw-
backs of the technique. The solution for the latter case is using buffer exchange or
bifurcated inlets [100]. As a solution for the former case, the EVM method can
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provide central viscoelastic focusing at four times shorter distance. Therefore,
EVM technique can be implemented in shorter microchannels compared to pure

viscoelastic focusing flow cytometers.

Implementation of EVM in polyelectrolyte solutions can generate a non-
uniform polymer concentration gradient across the channel. This will open the
way for novel numerical and experimental applications to study the elastic insta-

bilities in complex fluids at varying flow conditions.

Neu-EVM gives polymer concentration-dependent particle migration. There-
fore this technique provides a new dimension to control the equilibrium position
of particles by only changing the concentration of neutral viscoelastic solutions.
It is also possible to understand whether the polymeric solution is dilute or semi-

dilute by only monitoring the particle equilibrium positions.

In 2019, globally spread coronavirus pandemic, COVID-19 showed that our
technological developments are far from providing globally available time- and
cost-efficient accurate measurement tools. Therefore, development of novel tech-
nologies are also required for focusing, isolation, separation, and enrichment of
genomic length species, such as DNA, without sacrificing the accuracy. Techno-
logical developments are required for cost- and time-effective genetic sequencing
techniques. Microfluidic applications demonstrated DNA sequencing and enrich-
ment applications, yet they have a long way to go for reaching the level of resolu-
tion of gel electrophoresis techniques [142]. With implementing EVM technique
in a single microfluidic cartridge, it is possible to precisely focus and separate
cells, polyelectrolytes, DNA fractions, and proteins according to their charge and
size with a comparable resolution and measurement speed, as a replacement for

electrophoresis or chromatography applications.
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