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DEVELOPMENT OF MICROFLUIDIC SYSTEMS FOR DIFFERENTIAL
SORTING OF MICROPARTICLES AND INVESTIGATION OF THEIR
PERFORMANCES

SUMMARY

Inertial microfluidics, an emerging tool in scientific studies, offers rapid, continuous,
and high-throughput cell/particle separation. They can be mainly utilized in various
applications such as blood separation, the isolation of cancer cells (Circulating Tumor
Cells), disease diagnostics and monitoring, and biological processes. For the isolation
of targeted particles or cells at the micro scale, a variety of methods has been proposed.
Among these methods, label-free, size-dependent cell-sorting applications based on
inertial focusing phenomena have attracted much interest during the last decade.

In this thesis, five-loop spiral microchannels with a height of 90 um and a width of
500 um are introduced. Unlike their original spiral counterparts, four of the proposed
channels have elliptic configurations of differing elliptic aspect ratios of 3:2, 11:9,
9:11, and 2:3. Accordingly, the curvature of these configurations increases in a
curvilinear manner through the channel. Additionally, the other of proposed
microchannel differs due to the implementation of a filtration platform consisting of
cylindrical microposts. Both microchannels were designed in order to improve the
separation capability.

The proposed microchannels were fabricated by using the standard soft lithography
method. As channel material, PDMS (polydimethylsiloxane) was utilized. The steps
of the microfabrication process were adjusted in order to meet the predetermined
geometical features. The fabrication of the cylindrical microposts was challenging due
to several reasons such as low quality of printed photomasks, loss of some microposts
during PDMS cast (channel material) removal and clogging problem by dust and
debris in the experiments. Therefore, the study was carried out with the elliptic
configurations.

The effects of the alternating curvature and the channel Reynolds number on focusing
of fluorescently dyed particles with diameter of 10 and 20 pum in the prepared
suspensions were investigated by using the fabricated microchannels. After focusing
particles at distinctive positions across the microchannel, the optimum volumetric flow
rates between 0.5 mL/min and 3.5 mL/min allowing separation were determined for
each channel. These flow rates were specified by utilizing the captured microscopic
image sequences of the particle migration trajectories at the outlet. At these rates, each
channel was tested in order to collect samples at the designated outlets. Then, these
samples were analyzed by counting particles visually under a fluorescence microsope
to determine the separation purity. As a result, these elliptic microchannels were
capable of separating 20 and 10 um particles with total yields up to approximately
95% and 90%, respectively. The results exhibited that the level of enrichment and the
focusing behavior of the proposed configurations are promising compared to the
existing microfluidic channel configurations. A research article related to this study

XXiii



has been published in a peer-reviewed journal that is indexed by the Science Citation
Index Expanded (Web of Science) and Scopus (citescore quartile Q2).

Considering their advantages as high operating flow rates, non-complex configuration,
and less expensive process requirements, these microfluidic devices offer cost-
effective and high-throughput prototypes for efficient separation of
microparticles/cells such as CTCs, blood cells, bacteria, viruses, etc. and could be
further customized for various sorting applications.
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MIiKRO PARTIKULLERIN AYRISTIRILMASI iCIN MiKRO AKIS
SISTEMLERININ GELiSTIRILMESI VE PERFORMANSLARININ
INCELENMESI

OZET

Son yillarda bilimsel ¢aligmalar kapsaminda gelistirilen, atalet kuvvetlerine dayali
mikro akis sistemleri hizli, siirekli ve yiiksek verimli hiicre/partikiil ayristirma imkani
sunmaktadir. Bu sistemlerden kan hiicrelerinin ayristirilmasi, kanda dolasan kanserli
hiicrelerin izole edilmesi, hastalik teshisinin konulup seyrinin takip edilmesi ve
biyolojik prosesler gibi farkli uygulamalarda yararlanilmaktadir. Bu zamana kadar
mikro Olcekte hedef partikiillerin ya da hiicrelerin izole edilerek ayristirilmasi i¢in
cesitli yontemler gelistirilmistir. Bu yOntemler harici bir kuvvet uygulanmasi
durumuna gore aktif ve pasif olarak siniflandirilmaktadir. Harici kuvvet uygulanan
aktif sistemler daha hassas ayristirma saglasalar da yiiksek proses maliyetleri, diisiik
calisma hizlar1 ve karmasik konfigiirasyonlar1 sebebiyle pasif sistemlerin yaninda
dezavantajli konuma diismektedir. Pasif yontemler arasinda sadece atalet kuvvetlerine
dayal1 fokuslamay1 temel alan, boyut bazli, partikiillere ya da hiicrelere biyokimyasal
imleme (etiketleme) yapilmadan ayristirma yapilan uygulamalar son yillarda oldukga
Onem kazanmustir.

Bu tez ¢alismasi kapsaminda ytiksekligi 90 um ve genisligi 500 pm olan dikdortgen
kesitli, 2 giris ve 8 ¢ikish, 5 tur spiral dongiilii mikrokanallar gelistirilmistir. Pasif
sistemlerde genel olarak siispansiyon iginde yer alan partikiillere sivinin kanal i¢inde
dolasimi sirasinda hidrodinamik kuvvetler etki etmektedir. Bu kuvvetlerin etkisinde
partikiillerin boyutlarina gore fokuslanmasi ve ayristirilmasi pasif sistemlerin temelini
olusturmaktadir. Dogrusal kanallarda partikiillere ataletlerinden kaynaklanan kaldirma
ve siirikleme kuvvetleri etki etmektedir. Bu kanallarda siiriikleme kuvveti akis
dogrultusunda etkili oldugu i¢in partikiillerin fokuslanmasinda akisa dik dogrultuda
etkiyen kaldirma kuvvetleri rol oynamaktadir. Cisme uygulanan kaldirma kuvveti
temel olarak birbirine ters yonde etkiyen kayma gerilmesi (hiz gradyani) ve duvar
etkisi kaynaklidir. Kayma gerilmesi kaynakli kaldirma kuvveti, akigkanin parabolik
hiz profili sebebiyle partikiil etrafinda meydana gelen bagil hiz farkinin dengelenmesi
i¢cin kanal merkezinden duvarlara dogru etkimektedir. Duvar etkisi kaynakli kaldirma
kuvveti ise partikiil ve duvar arasinda sikisan akiskanin yarattigi basing ile duvardan
merkeze dogru etki yaratmaktadir.

Dikdortgen kesitli kanallarda bu iki kaldirma kuvvetinin etkisinde partikiiller kanal
icinde 4 farkli pozisyonda hizaya gelmektedir. Spiral kanallarda ise egriligin yarattig
atalet akisa dik diizlemde ikincil bir akis meydana getirmektedir. Bu ikincil akis
etkisinde Dean siiriikkleme kuvveti olarak adlandirilan ikincil bir siiriikleme kuvveti
olugsmaktadir. Dikdortgen kesitli egrisel kanallarda hem Dean siiriikleme kuvveti hem
de net kaldirma kuvveti etkisi altindaki partikiiller kanal icinde tek bir pozisyonda
fokuslanmaktadirlar. Bu pozisyon partikiiliin boyutuna gore degisiklik gdstermesi
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prensibinden  yararlanarak  farkli  boyutlu  partikiillerin  ayristirilmasi
gerceklestirilmektedir.

Orijinal spiral kanallardan farkli olarak bu ¢alisma kapsamindatoplam 7 farkli kanal
gelistirilmigstir. Bu gelistirilen kanallardan dordi eliptik konfigiirasyona sahiptir. Bu
konfigiirasyonlardaki elips formuna ait en-boy orami 3:2, 11:9, 9:11 ve 2:3 olacak
sekilde her bir kanal icin degigsmektedir. Eliptik konfigiirasyonun sonucu olarak egrilik
yaricap1 kanal boyunca dalgali bir sekilde artis gostermektedir. Benzer sekilde egrilik
yarigapi ile birlikte ikincil siiriikleme kuvveti de dalgali olarak degisim gostermekte
ve bu durumun partikiillerin yanal hareketlerini etkileyerek hizaya gelmelerini
hizlandirmas1 6ngoriilmektedir.

Bu 4 kanala ek olarak, gelistirilen diger 3 spiral kanalda ise silindirik mikro siitunlarin
yer aldigi bir filtreleme platformu dahil edilmistir. Mikro siitun ¢aplar1 30, 60 ve 90
um olarak tasarlanmistir. Mikro siitunlar 1:10 agiyla dizilerek tikanma meydana
gelmeden partikiillerin boyut bazli filtrelenmesi ve boylelikle spiral kanallarda
gerceklesen atalet kuvvetlerine dayali ayristirmanin desteklenmesi hedeflenmistir.
Genel olarak mikrokanallarin hepsi ayristirma kapasitesini iyilestime amaciyla
tasarlanmis ve performanslari incelenmistir. Tez kapsaminda 4 eliptik kanal 4 ayri
durum olarak ele alinirken filtreleme platformu igeren 3 kanal tek bir durum olarak ele
alinmustir.

Standard litografi yontemi kullanilarak mikrokanallarin diretimi yapilmistir.
Tasarlanan kanallarin geometrileri yiiksek ¢oziintirliiklii yazicida asetat {izerine
bastirilarak foto maskeler iiretilmistir. Foto maske yardimu ile kanal konfiglirasyonu
silikon plaka lizerine kaplanan SU-8 kaliba aktarilmistir. Litografi yontemine ait islem
basamaklar1 istenilen geometrileri elde edecek sekilde diizenlenmistir. Kanal
iiretiminde malzeme olarak PDMS (polidimetilsiloksan) kullanilmistir. Kaliptan
c¢ikartlan PDMS uygun boyuttaki mikroskop lam ile baglanarak kapali mikrokanal
formu olusturulmustur. Silindirik mikro siitunlarin iiretimi ise birtakim sebeplerden
otiiric zorluk yaratmigtir. Bu sebepler foto maskelerin baski kalitesinin yetersiz
kalmasi, dokiimii yapilan PDMS kaliptan ¢ikarilirken bazi siitunlarin kopmasi ve toz
ve parcaciklar sebebiyle deney esnasinda tikanma gergeklesmesi olarak siralanabilir.
Yukarida agiklanan sebeplerden dolayr ¢alismanin kalanina eliptik mikrokanallarla
devam edilmistir.

Uretilen mikrokanallarda degisen kanal egrilik yarigapinin ve Reynolds sayisinin 10
ve 20 um c¢aph, floresan boyali partikiillerin fokuslanmasi1 {izerine etkileri
incelenmistir. Deiyonize su ile karigimi hazirlanan partikiiller kanal i¢inde ayirt edici
pozisyonlarda fokuslanarak 0.5 mL/dk ve 3.5 mL/dk araliginda verimli ayristirmanin
gerceklesebilecegi en uygun hacimsel debi belirlenmistir. Bu islem her bir eliptik kanal
icin tekrarlanmistir. Bu debileri belirlerken kanallarin ¢ikisinda partikiillerin izledigi
yollara ait alinan mikroskobik goriintii kayitlarindan yararlanilmistir. Bu kayitlardan
yararlanarak 0.5mL/dk araliklarla her debide 10 ve 20 pum c¢aplh partikiiller i¢in
fokuslanma araliklar1 belirlenmis ve iist {iste cakismanin olmadigr ve ayristirma
yapimina en uygun debiler tayin edilmistir. Yaklagik olarak 3mL/dk civarinda 4 eliptik
kanalda da ayrismanin ger¢eklesebildigi gozlenmistir.

Belirlenen bu debilerde her bir kanal i¢in partikiil sayim testi gerceklestirilmistir.
Tayin edilen ¢ikis kanallarindan siispansiyon igindeki partikiiller toplanmistir. Daha
sonra toplanan drneklerden kiiciik numuneler lamel iizerine aktarilarak partikiil sayimi1
floresan mikroskop altinda gozle yapilmistir. Daha dogru sonu¢ almak adina bu islem
defalarca tekrarlanmistir. Sayimlar 8 ¢ikis i¢in de gergeklestirilmistir. Tiim ¢ikislardan
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elde edilen partikiil miktar1 toplam miktara oranlanarak 10 ve 20 um caph partikiiller
icin ayristirma verimleri hesaplanmistir. Sonug olarak bu calismada sunulan eliptik
mikrokanallar 20 ve 10 pm caph partikiiller i¢in sirastyla %95 ve %90’a varan
ayristirma verimi gostermistir. Halihazirda var olan mikrokanallarla kiyaslandiginda
bu kanallarin partikiil fokuslama ve ayristirma agisindan daha iyi sonuglar verdigi
goriilmistiir. Boylece herhangi bir dis giice ihtiya¢ olmaksizin sadece eliptik formun
partikiillerin yanal hareketine olumlu etkisiyle ayristirma veriminin iyilestigi
gosterilmistir. Floresan boyali mikropartikiillerle elde edilen bu sonuglara dayanarak,
gelistirilen eliptik mikrokanallardan kanda dolasan kanserli hiicrelerin ayristirildigi
uygulamalarda da faydalanilmasi uygundur.

20 um c¢apl partikiiller i¢in %95.3 verimle en iyi ayristirma en-boy orani 9:11 olan
kanalda meydana gelmistir. Diger yandan 3:2 en-boy oranina sahip kanalda 90.0%
verimle 10 um caplh partikiiller daha iyi ayristma gerceklesmistir. Sadece 10 pm ¢apl
partikiilleri ayirmak ya da 10 ve 20 pum ¢apli partikiilleri birbirinden ayristirmak igin
en 1yi alternatifin her partikiil i¢in %90 {lizerinde verim saglayan ve en-boy orani 3:2
olan eliptik kanal oldugu sonucuna varilmistir. Sadece 20 um c¢apli partikiillerin izole
edilmek istendigi uygulamalarda ise 9:11 en-boy oranina sahip eliptik kanali
degerlendirmek daha dogru olacaktir.

Deneysel ¢alismada genis hacimsel debi araliginda test yapma imkani saglamasi i¢in
kanallar ihtiya¢ duyulandan daha uzun tasarlanmistir. Bu uygulama kapsaminda
optimum debilerin yiliksek degerlerde oldugu tespit edilmistir. Yiiksek debilerde
partikiillerin fokuslanmasi igin gerekli olan kanal uzunlugu daha kisadir. Eliptik
kanallarin spiral dongii sayilar1 azaltilarak kapladiklar1 alanlar kiigiiltiilebilir.
Boylelikle iretim maliyeti de biyik Olciide distirilebilir. Yiiksek debilerde
calismanin bir diger faydasi ise kisa silirede daha fazla miktarda partikiil ayristirma
imkani1 saglamasidir.

Ayrnistirmanin  gerceklestigi en uygun debilerde, 10 ve 20 pm ¢aplh partikiillerin
fokuslandig1 pozisyonlar arasindaki boslugun kismen genis oldugu tespit edilmistir.
Kanal genisligi daraltilarak hem bu bosluk kapatilabilir hem de kanalin kapladig: alan
kiigiiltilebilir. Fakat bu durumda kanal yiiksekliginin kanal genisligine orani artacagi
icin Dean siiriikleme etkileri artacagindan ayristirma kapasitesi agisindan istenmeyen
sonuglar meydana gelebilir. Yine de fokus bantlar1 arasindaki bu bosluk ileriki
caligmalarda boyutlar1 birbirine daha yakin partikiillerin ayristirilmas: igin firsat
dogurmaktadir.

Deneylerde tasiyict akigkan olarak deiyonize su kullanilmistir. Gelecekte ayristirma
etkinligini arttirmak i¢in Newton tipi akiskan su yerine Newton tipi olmayan
akiskanlar denenerek elastik kaldirma kuvveti sisteme dahil edilebilir ve ayristirma
performasninda etkisi incelenebilir.

Kanallar sadece tek sefer isleme tabi tutularak yiiksek verimler saglamistir.
Ardigik/paralel uygulamalar ile verim degerleri daha da yiikseltilebilir. Bu ¢alisma
kanal ¢ikisindaki fokuslanma mekanizmasi ve ayrigtirma performansina 1sik tutsa da
kanal boyunca partikiillerin hareketleri incelenerek ¢aligmanin  kapsami
genisletilebilir.

Yiiksek operasyon hizi, basit konfigiirasyon ve diisiik proses maliyeti ihtiyaci1 gibi
avantajlar1 g6z onilinde bulundurulursa, bu calismada gelistirilen mikro akis sistemleri
cesitli ayristirma uygulamalari i¢in uygun bir 6n ¢aligma olusturmaktadir. Bu kanallar
yardimiyla kanda dolasan kanserli hiicreler, kan hiicreleri, bakteriler, viriisler, vb. i¢in
diisiik biitge ve yiiksek islem hacmiyle verimli bir ayrigtirma saglayacak sistemler
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kolayca gelistirilebilir. Bu ¢alismada elde edilen sonuglar ile ilgili 6zgiin bir bilimsel
makale uluslararast indeksli (Scopus Q2 smifi, SCI-EXP) ve hakemli dergide
yayimlanmuistir.
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1. INTRODUCTION

Metastasis is a leading factor for the majority of cancer related deaths [1]. Circulating
tumor cells (CTCs) are the precursor of metastatic diseases. The presence of rare CTCs
in the peripheral blood has been reported since the 19th century [2]. The metastatic
mechanism is run by a CTC going through a series of processes. First, the CTC
segregates from the primary malignant tumor and joins the bloodstream. By
suspending in the blood circulation, the CTC can easily implant at distant sites, which
leads to the formation of a metastatic lesion, known as hematogenous spread [3, 4].
Therefore, the detection, enumeration and characterization of CTCs hold great promise
to (i) diagnose at an early stage, (ii) determine individualized treatment by assessing
patients® responses to different therapeutic regimens (iii) monitoring cancer

progression or relapse and (vi) evaluate cancer stage [5].

CTCs are identified in the circulation system of many patients with cancer types such
as colon [6], prostate [7], lung [8], breast [9], nervous system [10], gastric [11], and
bladder [12]. It is clinically validated that the amount of CTCs flowing within the
blood stream of cancer patients is a good measure for prognostic purposes. Several
clinical studies documented the correlation between the detection of CTCs in patients
who have the localized primary tumor and subsequent metastatic relapse [13, 14]. It
was also reported that the survival of metastatic cancer patients was highly dependent
on CTC counts in the bloodstream [15, 16]. Moreover, CTC analysis using blood
samples can be occupied in a follow-up of the treatments as a biopsy in a liquid form
by letting a molecular characterization of the circulating tumor cells [17].

Whole blood analysis is one of the main interests in diagnosis, treatment and clinical
research. Blood is a multi-component suspension, containing 55% of plasma, 44% of
red blood cells (RBCs), less than 1% of white blood cells (WBCs). Subjecting the
blood sample to centrifugation results in the apparent density gradient layered zones
(Figure 1.1). The particles such as RBC and neutrophils will remain under the
suspension of CTCs, mononuclear WBCs and plasma due to the density difference

[18]. CTCs are rare events in the bloodstream, with a concentration of approximately



1 CTC per 10°-10" mononuclear blood cells [19], which have a single nucleus. This
makes the detection of CTCs challenging.

— — —

. Plasma, CTCs
Centrifuge

Blood sample =————
] WBC

Ficoll

Ficoll
o ')RHLI, neutrophils

Figure 1.1: Density based layers of blood [18].

To capture and analyze the CTC population, numerous microfluidic devices have been
developed. These devices vary from those that rely on the isolation of cells based on
the expression of cell surface markers to those that rely on excluding the other cells in
peripheral blood from CTCs by utilizing distinctive physical properties, thus called
label-free selection. The current technologies face technical and biological hurdles
limiting their broad utility, therefore available methods for sorting a particular

subpopulation such as CTCs remain challenging and offer great research topics.

1.1 Literature Review of Microfluidic Systems

The identification of rare cells such as CTCs in a vast amount of surrounding blood
cells has been centered upon lately. Thus, microfluidic systems increasingly expand
their range and applicability for applications in the rare cells manipulation operations.
Thus, microfluidic systems become a tool that has a great contribution to the field from
fundamental research to clinical diagnosis. A variety of novel concepts for
microfluidics has been proposed and investigated widely during the last two decade
and the number of publications have been increasing drastically (Figure 1.2). Hence,
this topic offers wide study options since it is a relatively new area of interests for

multi disciplinary researchers.
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Figure 1.2: Number of publications about microfluidic sorting systems between
1999 and 2011 [20].

The current cell sorting methods via microfluidics can be comprehensively categorized
into physical and biochemical methods (Figure 1.3) [20, 21]. The physical methods
(e.g., size [22], dielectric properties [23], optical properties [5] or deformability [24]
based methods), also called label-free, are relatively easy to perform, but are not as
specific and sensitive as the biochemical counterparts. On the other hand,
biochemically enhanced concepts mainly require the usage of the biomarkers as
cytokeratins (CKs) and epithelial cell adhesion molecules (EpCAM) [25], expressed
by tumor cells of epithelial origin. In addition to biomarker requirements, the
biochemical methods are relatively slower; therefore, they take a longer time for

processing.

1.1.1 Biochemical sorting methods

Biochemical sorting methods, also known as antibody-based methods mainly built
upon the specificity of antibody (marker) and antigen bond. Such methods are popular
and relatively effective approaches for the detection and isolation of circulating tumor
cells. The performance of a method essentially depends on the employed marker.
Therefore, severalmarkers have been investigated. Among all, EpCAM and various
subtypes of CK are the most commonly used antigens. The antibody-based methods

can be classified as fluorescence, immunomagnetic, and adhesion-based methods.
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Figure 1.3: Isolation of CTCs from the blood by utilizing the physical and/or
biological properties. [26].

In fluorescence sorting, each cell is individually lined up and is fed into a nozzle using
flow cytometry. Then the cells pass through one or multiple laser beams at high speeds
[27]. Following that, cameras sense the fluorescence emitted by the stained cell.
Sensors receive both forward and side scatter signals. Afterwards, electrically charged
droplets are separated using electrostatic deflection (Figure 1.4(a)) [28]. Additionally,
a new technology has been developed with a pulsed laser. When the target cell is
detected, the system creates a small air bubble to manipulate these cells into the
collection outlet [29] (Figure 1.4(b)).

The underlying principle of immunomagnetic cell separation is the bind between
antigens expressed on the cell surface and antibodies attached to magnetic beads. In
this approach, target cells are labeled with antibody-grafted magnetic beads (diameter:
0.5-5 um) or nanoparticles (diameter: 50—250 nm) that usually bind to a certain surface
antigen [30]. Then, labeled cells are discriminated from unlabelled cells with the help
of magnetic field exposure. Depending on the bead size, the magnetic force deviates
in a microfluidic device placed inside an electromagnet creating a permanent magnetic

field, leading the labeled cells to migrate towards the designed direction. The



immunomagnetic procedures are performed by using antibodies against either tumor-
related antigens (positive selection) or the common white blood cell antigen CD45
(negative selection). EpCAM has often been used for positive selection, as the most
common enrichment method employing antibodies against the EpCAM of cell
surfaces. Labeling CTCs with anti-EpCAM-coated beads were tested widely [31, 32].
In the negative selection approach, CTCs are negatively isolated by first disintegrating
RBCs and then using customantigens to magnetically withdraw WBCs from the

sample [33, 34]. Thus, CTC leaves the process untouched.
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Figure 1.4: Fluorescence based sorting method using (a) electrostatic deflection
[28] or (b) an air bubble creating pulsed laser [29].

Differently from immunomagnetic counterparts, adhesion-based methods isolate
CTCs without any cell labeling. They function either in static (batch-wise) or in flow
modes. Yet, isolation from a flowing sample is by far more efficient and common [30].
CTCs can differ from blood cells with respect tothe surface marker expressions.
Mostly well-characterized antibody-antigen pairs (e.g. anti-EpCAM and EpCAM) are
utilized to capture targeted molecules [35-37]. Theoretically, CTCs are captured and
retained by flowing across the device coated with surface markers while the rest of the
blood cells carry on with the flow. The flow rate should be reasonably slow to ensure
maximum cell attachment to the surface. In addition, the broad surface area enhances
the possibility of interaction sites and thus CTC capture. Another way of enhancing

cell-surface interaction is chaotic micromixers [38].

Overall, there are several important limitations to the usage of the biochemical sorting
methods which are high fabrication and operational costs and design complexity.
There may also occur contamination and clogging as well. Additionally, the

throughput required for continuous separation of CTCs from blood is restricted



regarding the requirement of slow process rates for efficient sorting. Also, these
methods require pre-staining of the cell or the surface. This also concludes in increased

processing time and consequently potential cell viability loss.

1.1.2 Physical sorting methods

For the isolation of targeted cells or particles at the micro scale, a variety of methods
has been proposed. The physical sorting methods can be classified into two categories
based on the external power requirement: active and passive separation. Many active
separation devices, which depend on external forces such as acoustophoresis [7],
dielectrophoresis [39, 40], and optical interference [41] have been developed utilizing
the related physical properties (e.g. dielectric properties) and tested. Even though these
methods provide more accurate results, they have disadvantages of processing small
samples at low operating flow rates, complex integration, and expensive process
requirements [42]. However, passive methods simply exploit inherent hydrodynamic
forces and physical properties and offer cost-effective and high-throughput

alternatives. The passive methods will be described in detail below.

Red blood cells (RBC), also called erythrocyte, have biconcave disk shape with a
diameter of approximately 6-8 um [43]. White blood cells (WBC), also known as
leukocytes, are split into two categories, which are granulocytes and agranulocytes.
The granulocytes are neutrophils and eosinophils and they have a diameter of 12 to 15
um [44]. Additionally, the size of the agranulocytes varies between 7—10 um for small
lymphocytes. Meanwhile, large lymphocytes are approximately 14-20 um in diameter.
Monocytes are the largest of the WBCs with a diameter of 15 to 25 pum [43, 44].
Contrary to the blood cell dimensions explained above, the size of CTCs reported and
confirmed by several researchers in the literature is generally larger than normal blood
cells, varying from 17 pm to 52 um [45-47]. Even though the difference in the size of
CTCs compared to other blood cells has been exploited in several devices as the
primary label-free separation criteria, there is an overlap in the size of CTCs and large
leukocytes that may affect the efficacy of size-based separation process. Noteworthy,
the elasticity of metastatic cells (Young’s Modulus: 3.7 kPa -150 kPa) was
reportedrelatively small when compared to blood cells (Young’s Modulus: 0.2 kPa)
[48].



Due to the fact that tumor cells tend to be larger and stiffer than blood cells [30,48],
numerous microfluidic systems (Figure 1.5) have been developed to isolate CTCs by
virtue of their size such as track-etched membrane filters, micro barriers (e.g.,
capillaries), microstructured pool-dam design [49] and array of trappings [6, 24].
These applications have been used to isolate CTCs from the peripheral blood by their
size and deformability differences and such designs face the problem of cell

accumulation resulting in clogging.
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Figure 1.5: (a) Membrane filters with random and microfabricated holes capturing
cells [30]. (b) Schematic of a pool-dam chip [49]. (c) Schematic of arrays of
microposts with gradually narrowing gaps [24]. (d) Captured cancer cells by

crescent-shaped traps [6].

Microfluidic flow fractionation is another passive cell sorting approach. The concept
combines the effect of hydrodynamic focusing and pinched flow in a microfluidic [50,
51]. The inertial lift force is generated by contribution of contraction—expansion
platformsthrough the microchannel, which manipulate cells to form a pinched flow

where smal cells migrate close to sidewalls and large cancer cells stream in the middle



(Figure 1.6) enabling the target cells to be collected at the desired exit (recovery rate:
~80-90%) [50, 51].
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Figure 1.6: Layout of the pinched-flow device used for isolation of CTCs. [48].

Another approach is Deterministic Lateral Displacement (DLD) (Figure 1.7). When
Reynolds number is low, there are mostly no inertial effects. At low Reynolds
numbers, particles suspended in a streamline have a deterministic behavior and follow
the streamline, superposed with its intrinsic Brownian motion. By pillar-shaped
obstacles, so called microposts, in the way of the particles, the behavior changes

depending on the size of the particle.
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Figure 1.7: Deterministic lateral displacement: an array of microposts with a row
shift fraction of 1:3 utilized for separation of small particles (green path) and large
particles (red path) [20].

Once the particle is larger than the determined critical size, it collides into the obstacle

and displaces the particle’s trajectorycausing a streamline switch. By adjusting the the



gap between obstacles, the obstacle size and the row shift fraction, particles of different
diameters can be separated laterally [52, 53]. Deterministic lateral displacement
method has been used to sort cells at relatively lower flow rates. Therefore, the length

of a device needs to be long enough for efficient sorting.

Inertial hydrodynamic forces acting on cells in a curved microchannel are also other
size-based criteria for passive cell sorting (Figure 1.8). The principle behind this
approach is Dean-coupled inertial migration. The principle states that the ratio of the
net inertial lift force, caused by Poiseuille flow, to the Dean drag force, defined as the
centrifugal force, is proportional to the third power of the diameter of a particle in a
curved microchannel. The cell separation systems where a form of curvature
implemented to the microchannel configuration are named inertial microfluidics.
Isolation efficacy of the inertial microfluidic devices has been theoretically related to
the size of the target cell and the channel Reynolds number. Therefore, by changing
the aspect ratio (height/width) and the flow rate, different size cells can migrate to
desired locations transversely and can be subsequently collected at designated outlets

with high purity at throughputs in scale of mL/min [10, 54-58].
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Figure 1.8: (a) Schematic of a spiral microchannel based on Dean-coupled inertial
migration of different size particles along the channel. (b) Microchannel cross-
section illustrating the effect of the ratio of net lift force to Dean drag force (FL/Fp)
for particles of different sizes, which determines where particles equilibrate based on
their diameters.

As a passive separation method, inertial focusing stands out owing to its simple
geometry, easy fabrication, and the capability of qualified cell/particle sorting at high

throughput. Spiral microchannels taking the advantage of secondary flows have gained



increasing attention. Secondary flow, also known as Dean flow, is induced at the
transverse cross-section of these devices due to the addition of curvature and the
consequent drag force so that particles are guided to the corresponding equilibrium
positions regarding their size [59, 60]. The curvature is introduced into the systems in
several forms such as spiral [10, 54, 57, 61], serpentine [62,63], and curvilinear [58]
configurations, as well as expansion—contraction structures [64]. The performance of
inertial microfluidic devices is highly dependent on the channel geometry, flow
conditions, particle size, and particle concentration. The role of the channel shape in
Dean-coupled inertial focusing has been extensively studied in the literature. Many
types of channel cross-sections such as square [65], rectangular [10, 54, 61], triangular
[66], trapezoidal [67], semicircular [68], and stair-like [69] geometries were
investigated. Additionally, the tests with multiple devices working in parallel [70-72]
were conducted to further increase the throughput. Some research activities focused
on the aspect ratio of microchannels [55, 61, 73]. With the use of the size-dependent
hydrodynamic forces, the suspended particles focus into distinctive streamlines along
the channel [59, 60] and thus the separation performance could be obtained for

particles with different sizes.

However, cell/particle separation methods were explained one by one briefly for the
sake of presenting a literature summary, microfluidics mostly include multiple

methods integrated in adjacent steps in order to enhance the overall performance.

1.2 Unique Aspect

Inertial microfluidics utilize fluid flow characteristics in micro scale for the focusing
and the continuous manipulation of immersed particles. Passive microfluidic
technologies do not require any external force. Such technologies take advantage of
only hydrodynamic interaction between particles and the fluid. Therefore, it becomes
important to master the subject by comprehending the parameters that affect the overall

performance of microfluidic systems.

There are numerous aspects to be considered while designing a microfluidic system.
These aspects can be listed as throughput, cost, process time and efficiency. Thus,
focusing the target particles fast would increase the throughput and herewith decrease
the process time and the cost. While equilibrating particles, efficiency must be

regarded as well. Because increasing the operation velocity could end up weakening
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the separation yield. In the light of these explanations, regular spiral devices have been
modified geometrically to improve the overall performance. Spiral microchannels
already were studied and promising outcomes have been reported so far [10, 54, 56,
61, 80]. Main design parameter that are influential in the focusing behavior of
immersed particles in a curved channel are explained earlier. However, there are very
limited number of studies in literature about the effects of the curvature radius on this
field of study. As novelty, there were two different modifications applied into the

geometry of a spiral microchannel.

First one is conversion of Archimedean spiral form into an ellipse shape. In such
elliptic spiral microchannels, the governing drag force gains more strength compared
to the case of a regular spiral microchannel. The underlying reason for that is the effect
of a curvilinearly increasing curvature radius that leads particles to entrain laterally
faster without defocusing. In the proposed devices, the magnitude of the lateral
velocity varies due to the change in the channel curvature. Yet, this change is not as
sudden as in serpentine and curvilinear channels. Moreover, the direction of the
rotation does not change. Due to the alternating curvature, the drag force either
increases or decreases along each quarter loop and this is where they differ from
regular spiral channels having an ever-decreasing drag force, which is a key element
of particle focusing in curved microchannels. Therefore, the elliptic configurations
make particles migrate quicker to the equilibrium positions than spiral channels with
the help of the changing curvature. Since the lateral velocity profile is not distributed
as much as in serpentine channels, the particles also preserve their focusing. As elliptic
channels enable faster focusing to equilibrium positions, the total length requirement
would be shorter than spiral channels and accordingly the fabrication and operational
costs and the footprint area would be lower.Hence, these configurations could lead to

an outstanding separation performance.

Along with the elliptic microchannels, a regular spiral channel with microposts was
developed as well. As metioned earlier, hydrodynamic flow fractionation method that
acts in spiral channels already manage particles to align at certain positions along the
channel width based on their size. By positioning single row of microposts as in the
deterministic lateral displacment method, additional clog-free filtration process was
aimed to apply on the particles before separation. The microfiltration unit was

implemented right before the collection outlets in order to enhance the separation
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efficieny. Due to issues faced during the fabrication of the microposts, the study was
pursued with only elliptic microchannels, which eventually exhibited promising

performance.

1.3 Research Structure and Thesis Outline

Four types of devices differing by the initial aspect ratio of elliptic geometry were
designed and fabricated. The theoretical flow patterns were compared with the
numerical simulations of laminar flow in the microchannels. Then, the proposed
devices were tested with 10 and 20 um fluorescent particles at different channel
Reynolds numbers to determine the optimum flow rates, at which the best particle
separation could be achieved. The study was carried out with fluorescently dyed
polystyrene microspheres representing blood cells and CTCs due to the unavailability
of live cells and the corresponding equipment and facilities. Later, extensive tests were
conducted to assess particle migration and the overall separation yield. The proposed
microdevices will have the potential to be used and further developed for routine

monitoring of cancer progression and guiding cancer therapeutics in clinical settings.
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2. THEORY

At first, Segré and Silberberg [74] in the early 60’s observed immersed particles
migrating laterally towards to certain equilibrium positions in a laminar flow. At that
time, the underlying reason that explains how such behavior occurred was nontrivial.
Later on, it was understood that the phenomenon could be explained by previously
unknown forces acting on particles during an inertial flow. By understanding the
principles behind, a variety of microfluidic technologies has been proposed for particle
manipulation and separation so far. These technologies are categorized as label-free
and biochemical applications including separation, isolation and enrichment of
targeted micro-particles or cells. There are two types of applications as active and
passive depending on whether any external force is applied or not. Among active
methods, flow velocity is generally limited, which allows the manipulative forces to
effectively overcome the drag forces. Since the speed is low, creeping flow (Stokes
regime) dominates and inertial effects are neglected compared to viscous forces
occurring in active microfluidics. On the other hand, passive technologies relying on
originary hydrodynamic forces have relatively simpler configurations and higher flow
rates. As the throughput of the system increases, Reynolds number converges to a
laminar-turbulent transition region of confined flows. Hence, fluid inertia is no more

negligible.

One of the trending passive technologies is inertial microfluidics since its first use [63].
Due to high throughput, less complex structure and precise manipulation, the use of
purely hydrodynamic interactions has emerged during the last decades. While
approaching turbulent regimes, both fluid inertia and viscosity play their roles on the
foundation of inertial microfluidic technology. Through straight channels, immersed
particles in a suspension migrate axially at their equilibrium positions under the
influence of several inertial effects. The inertial migration phenomenon has been
established by the interaction of two inertial effects; the shear gradient lift force Fs,
due to the parabolic velocity profile causing particles move away from the centre of
the channel, and the wall lift force Fw, caused by the squeezed fluid between the

suspending particle and the adjacent walls, which is exerted on the particle towards the
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centre [75]. The inertial balance positions of particles are reported around 0.6 times of
the channel radius to the channel centreline in a circular channel [74]. In rectangular

channels, four equilibrium positions occur upon each channel wall [59].

Once a form of curvature is introduced in channel design, or flow in a straight channel
is disturbed by a mechanism, secondary flow realizes because of a pressure gradient
formed in the radial direction. This results in the fluid in the centre gaining more
momentum than the fluid near the walls [60]. Following that the fluid elements around
the channel centreline is pushed outwards and drive relatively stagnant fluid elements
near the walls inwards. This movement creates two counter-rotating streams, called
Dean vortices along the circumference [75]. With the help of secondary flow effect,
the number of equilibrium positions reduces from four to one in the curved rectangular
channels as shown in Figure 2.1. In this regard, size-dependent focusing of suspended
particles according to the ratio of inertial lift force and Dean flow drag force
perpendicular to the stream (FL/Fp) promises manipulation of the inertial equilibrium
positions in order to obtain high purity separation without requiring any additional

force field.

a Straight

Figure 2.1: (a) Equilibrium positions in straight channels. b) Single equilibrium
position (near the wall closer to the curvature center) in curved channels and the
black vectors represents Dean vortices (secondary flow) [59].

2.1 Dynamics Forces Acting on a Migrating Particle in Inertial Microfluidics

2.1.1 Net inertial lift force

There are four lift forces laterally acting on a neutrally buoyant particle flowing in a
Poiseuille flow through a straight channel,: Wall-induced lift force formed by the
disturbance of the flow field between particles and the channel wall, shear gradient lift
force as a result of the curvature of the parabolic fluid velocity profile, Magnus force
due to slip-rotation and Saffman force due to slip-shear [75]. For lateral migration of

particles, Magnus force and Saffman force are mostly recognized as negligible
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compared to the shear gradient lift force directing particles toward the walls, and wall-
induced lift force leading particles toward the centre of channel [76]. Also diffusion
effect is mostly neglected in the analysis of inertial microfluidics since Péclet number
is high and consequently convection dominates over diffusion in the transport [75].
Due to the counteraction of shear gradient lift force and wall-induced lift force (Figure
2.2), particles migrate along various equilibrium positions where these lift forces
balance each other and this theory can explain the preceding observation of Segre and
Silberberg mentioned previously [74].

|
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Figure 2.2: Shear gradient (black) and wall-induced (red) lift forces acting on
particles [75].

2.1.1.1 Wall-induced lift force

As mentioned above, the existence of a wall causes two effects; immersed particles
moving slightly slower than the fluid and pressure building up in the contraction region
between the particle and the walls of a channel. Hence, generated lift force repels
particles to direct away from the walls. Boundaries slow down the motion of the
particle due to the no-slip condition at the walls when the main flow direction is both
parallel and perpendicular to the wall. Besides, the wall exerts lift force directing
perpendicularly to the main flow direction when particles are moving parallel to the

boundary (Figure 2.3).
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Figure 2.3: Wall-induced lift force [59, 75].
2.1.1.2 Shear gradient lift force

A particle experiences different relative velocity magnitudes on either side because of
parabolic velocity profile in a channel. Thus, the fluid flow around the particle
generates a shear gradient lift force in order to balance the difference in relative
velocity over the particle (Figure 2.4). This force is similar to the Saffman force, yet it
is in the higher relative velocity direction as pressure is lower near the wall side. The
shear-gradient lift force leads particles migrating toward the walls while the wall lift
force performs contrarily [77].

Relative velocity or fluid |
to particle

Y

Undisturbed
L] flow

Figure 2.4: Shear gradient lift force [59, 75].
2.1.2 Viscous drag force

A drag force arises in need of removing the fluid elements out of the way of the moving
particle. In general, two constituents of viscous drag force form. First, the relative axial
velocity of a particle generates drag lengthwise (Figure 2.5). In addition, secondary

flow induced by the curvature of the channel or structural disturbance results in
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secondary drag force, so called Dean drag force. Dean flow allows size-based
separation by exploiting the dependence of the drag force on particle size [75]. The
ratio of the drag force and the net lift force scales with third power of particle diameter.
In curved microchannles, the Dean drag force and the net lift force are opposed to each

other only near the inner wall, which constitutes the basis of inertial focusing.

Secondary Re-circulating Flow

flow Direction
w\‘“a‘y =1, unstable

equilibrium positions

Overlay
Inertial Lift —>»
Dean Flow -

). modified stable
equilibrium positions

Figure 2.5: a) Dean Flow in a rectangular channel, b) equilibrium position due to
Dean flow effects, ¢) Drag force acting on a suspended particle [59].

2.1.3 Deformability-induced lift force

In inertial microfluidics, additional lift force occurs in case of non-rigid particles such
as blood cells flowing in a microchannel. This force is called deformability-induced
lift force acting perpendicularly to the main streamline. Because of the interaction of
this force, it was reported that the inertial equilibrium line occurs closer to the
centerline when compared to the results for non-deformable particles [78]. This force
has significant usage in CTC separation applications. For the case of polystyrene

particles, which are non-deformable, deformability-induced lift force was eliminated.

2.2 Design Principle

The acting forces on microparticles suspended in a base fluid determine their
equilibrium positions. In microchannels with a rectangular cross-section, the inertial

lift forces including shear gradient lift force (Fs) and wall induced lift force (Fw) are
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the dominant forces. The parabolic velocity profile stems from Poiseuille flow inside
the microchannel and makes microparticles move from the centerline region toward
the channel wall by causing the shear gradient lift force. The rotational wake around
the particle disappears or an asymmetric wake is generated with a decrease in the
distance between microparticles and walls. As a result, a lift force, known as the wall
induced lift force, directed away from walls toward the channel center appears [59,
79]. Accordingly, these lift forces make the particles to position across the
microchannel cross-section at locations, where these forces balance each other so that
the focusing positions of particles are established. The net inertial lift force (FL)
resulting from these forces is expressed as:

2 4
PUnax ap

FL = CL D}Zl

2.1)

where p is the fluid density, U, is the maximum fluid velocity, a, is the
microparticle diameter, and Dj, is the hydraulic diameter of the channel.C; is the lift
coefficient, which is dependent on the particle position and fluid velocity [59,79]. The
magnitude of the lift coefficient is zero at the center of the channel and varies between
0.2 and 0.5 in microfluidics applications [58, 80].

Because of curvature addition to the microchannel, secondary flows occur creating
two counter-rotating vortices known as Dean vortices, which lead to the Dean drag
force (Figure 2.6). The following equation includes the Dean drag force, where
uandUpe represent the fluid viscosity and Dean velocity, respectively [10]:

Fp = 3nulpea, (2.2)
where Upe is calculated by using the following correlation [81]:
Upe = 1.8 x 10™*De 163 (2.3)

where De is defined as the dimensionless Dean number and is given as follows:

prDh Dh Dh
De = —2 — Re, |— 2.4
e p /2R ec |57 (2.4)

U,.D
Re, =2 p n (2.5)
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where R is the curvature radius, Un is the mean fluid velocity, and Rec represents the
channel Reynolds number.

The direction of the secondary flow is toward the outer wall around the channel
centerline, while the flow recirculates toward the inside wall along the top and bottom
regions of the channels, which results in the Dean drag force (Fp) acting on the
microparticles as demonstrated in Figure 2.6. This force emerges due to the centrifugal
acceleration, which moves the fluid at the center faster than the fluid near the top and
bottom walls and thus the secondary flow formation redistributes the velocity profile

and reduces the equilibrium positions of suspended particles to a single one near the
inner wall (Figure 2.1).
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Figure 2.6: (a) Schematic of an elliptic spiral microchannel shown in a Cartesian
plane including radius of curvature, R at a random position and the location of A-A’
cross-section. (b) A close-up view of A-A’ plane illustrating secondary flow induced

Dean vortices, zero Dean velocity lines and a force diagram demonstrating the
directions of wall induced lift force (Fw), shear gradient lift force (Fs) and Dean drag
force (Fp) acting on a particle at various locations.

The Dean drag force and the net inertial lift force manipulate the trajectory of particles
in microchannels. Neutrally buoyant particles circulate in two symmetric counter-
rotating vortices induced by the pressure difference due to the secondary flow. Near

the outer wall, F. and Fp are in the same direction, and the particles follow the Dean
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vortices regardless of their size. The particles moving at the top and bottom halves of
the microchannel are strongly assisted by lateral Dean flows to migrate to the inward
direction. However, the net lift force and Dean drag force on particles act in opposite
directions near the inner wall. Regarding the magnitude of these forces, particles will
either equilibrate or continue to entrain in the Dean vortex. The ratio of the inertial lift
force to the Dean drag force is directly proportional to the third power of the particle
diameter (FL/Fpoca;) and determines the equilibrium position of the particles. The lift
forces dominate by pushing particles to an equilibrium position when F./Fp is equal
to 1 or greater [56]. When this ratio goes to zero, Dean drag force dominates and the
particles unbalance their inertial equilibrium and remain entrained within the

secondary flow streamlines.

2.3 Design of the Microchannels

Passive inertial microfluidic devices operate under flow conditions between the
creeping flow and the turbulent flow. Thus, both inertial and viscous effects can not
be ignored. A variety of phenomena occurs while sorting particles in spiral
microchannels under the combined effects of lift and drag forces. Thus, a parameter
space is required to be defined before the design. There are two dimensionless numbers
should be addressed initially. Firstly, Reynolds number (Eg. 2.5). is the main
parameter in any type of fluidic systems. Additionally, the governing phenomenon in
Dean-coupled inertial migration applications is the secondary flow formation
entraining the particles and balancing the inertial lift forces. The strength of the
secondary flow induced in the radial plane is characterized by a key parameter, Dean
number (Eq. 2.4). Therefore, another parameter that should be addressed is Dean
number. Dean number is a dimensionless number and a function of the channel
Reynolds number, the channel hydraulic diameter, and the curvature of radius (Eq.
2.4). Hence, secondary drag force occurs proportional to the magnitude of Dean
number. These non-dimensional numbers are used generally for presenting the

experimental findings.

Beside these non-dimensional numbers, fluid properties (density, viscosity) are also
effective parameters. Water, which is a Newtonian fluid, was used as a working
medium. In addition to the fluid properties, flow conditions (flow rate, pressure, body

forces) are important and can be phrased as operational parameters. Body forces are
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neglected in passive microfluidic devices. Since plain water was employed in the
experiments under normal conditions, only flow rate has been investigated in this

study.

The lift coefficient, which is determinant in focusing dynamics of particles in such
systems, should also be addressed. Lift coefficient depends on the Reynolds number,
the particle size, the channel cross-section and the position of the particle. The effects
of the lift coefficient dependence on these parameters has not been covered within the
context of this work due to the fact that forces acting on particles are not calculated or

measured.

Other parameters worth mentioning are the experimental parameters such as particle
diameter and particle concentration. The study was carried out with fluorescently dyed
polystyrene microspheres representing blood cells and CTCs due to the unavailability
of live cells and the corresponding equipment and facilities. The dilution concentration
of particles in suspension was determined to be lower than 0.01 v/v% (volume/volume)
for the sake of eliminating particle interactions and avoiding the alteration of the fluid

properties.

Moreover, the geometrical design parameters are also utilized for characterization of
focusing patterns in the confined flows. These parameters can be listed as the width,
the height, the length and the radius of curvature. The channels were decided to have
a rectangular cross-section considering the ease of manufacturing and the available
equipment. In addition, the channel cross-sectional dimensions were fixed for all
channels. The channel length required for particles to focus varies with the employed
flow rate. Therefore, the length was determined long enough to provide applicability
within wider range of flow rate. Among abovementioned design parameters, the radius
of curvature stands out as one of the least focused parameter compared to all. Thus,
the manipulation of flow conditions by playing with the curvature radius has been
studied.

In this study, four spiral microchannels with elliptic configurations and a regular spiral
channels with microfiltration units implemented were designed for investigation. The
elliptic spiral microchannels differing by their elliptic aspect ratio are defined as
Casel, Case 2, Case 3 and Case 4 in order to provide a clearer explanation. Here, the

elliptic aspect ratio is expressed as the ratio of ellipse size in the horizontal axis to the
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vertical axis. In addition, Case 5 indicates the regular spiral channels with
microfiltration unit consisting of a row of microposts. With the establishment of novel
microchannels, there are new parameters rising with respect to the geometrical
modifications applied to the channels. For elliptic channels (Casel-4), the aspect ratio
of ellipse shape should be considered as key parameter. Therefore, differing elliptic
aspect ratios were introduced for investigation. For Case 5, the micropost shape and
size, the gap between posts and the array angle are governing parameters in

determination of critical particle size for filtration process.

Finally, the channel design steps were explained in the following section.

2.3.1 Cross-sectional shape

The ratio of particle diameter to the hydraulic diameter (ap/Dp) is reported as a
significant parameter for inertial particle migration, and particles can equilibrate across
the cross-section of channel due to the effect of Dean flow enabling particles to focus
at single streams for ap/Dn > 0.07 [59, 80]. Yet, equilibration in rectangular
microchannels depends on the shorter channel dimension, which is the channel height
(H), rather than Dn because of shear rate variations across the channel cross-section
[10]. Below this value, focusing may get weaker, even disappear [63,79,80]. In the
light of the limitation explained above, maximum hydraulic diameters for equilibrated

suspension of different size particles are listed in Table 2.1.

Table 2.1: Maximum channel heights based on the particle size for successful
focusing.

Particle Diameter, ap (um) Maximum Channel Height, H (um)

5 71.4
10 142.9
15 214.3
20 285.7

For experimental study, particles with a diameter of 10 um and 20 um are selected.
Thus, it is determined that the channel height should be under 142.9 pm. On the other
hand, it is not allowed to construct a microchannel higher than 100 um because of
microfabrication equipment restraint. In the light of the criterion of ap/H > 0.07 and
the abovementioned fabrication limits, 500-pm wide and 90-um high microchannels

(Aspect Ratio: 0.18) were determined. In addition, two inlets and eight outlets
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including the prior widened section was designed for sample circulation through the

device.

2.3.2 Curvature radius

In spiral microchannels, curvature radius is one of the most important features. It
affects Dean Number and therefore drag force acting on suspended particles. The
addition of curvature to a microchannel path creates secondary Dean flow which is
generated due to the velocity distribution across the cross-section [82-84]. Due to the
parabolic velocity profile, the fluid elements closer to the centerline have larger inertia
as the velocity is maximum and relocate quicker than fluid near the walls. Regarding
conservation laws, the centrifugal effect creates a pressure gradient on the radial axis
and subsequently relatively stagnant fluid near the walls recirculates inward, finally
forming two symmetric circulating vortices. The intensity of the secondary flow in a
curved channel is characterized by the non-dimensional Dean number (De). Dean
number basically depends on the hydraulic diameter, the channel Reynolds number

and the curvature radius (Eq. 2.4).

When De>20, drag from Dean vortices is larger than the inertial lift forces for most
particle sizes and disturbs particle focusing and results in particle mixing [63].
Additionally, Reynolds number converges laminar-turbulent transition region of
confined flows. Hence, fluid inertia is no more negligible, as the throughput of the
system increases. Considering the limitation of De< 20, the Table 2.2 including

geometrical parameters for each design is introduced.

Table 2.2: The common geometrical parameters and initial geometrical parameters
of the first loop for the design of all cases.

Initial Geometrical Parameters

o Maximum Minimum
Channel Channel Initial Aspect ) .
] ) rx ry . Radius of Radius of
Height Width Ratio
(mm)  (mm) Curvature, Curvature,
(nm) (nm) (IRA)
Rmax (mm)* Rmin (Mm)**
Case 1 12 8 3:2 18.0 5.3
Case 2 11 9 11:9 134 7.4
Case 3 90 500 9 11 9:11 134 7.4
Case 4 8 12 2:3 18.0 5.3
Case 5 10 10 1:1

*Rmax = max(ré/ry,ry?/rx) and **Rmin = min(rx/ry,ry?/rx)
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In a regular spiral channel, the center of the curvature is the same at any point, and the
radius increases linearly throughout the microchannel. However, in ellipse-shaped
spiral channels, the center of the curvature changes, thereby making the radius of the
curvature change along the channel. As a result, the channel curvature radius increases
in a curvilinear rising trend. The elliptic design redistributes the intensity of Dean
vortices enabling the focusing patterns to form quickly. Moreover, the outlet radius of
the curvature for each case differs due to the elliptic configuration. Dean number
decreases with the increasing radius of curvature at the exit, as the channel shape
approaches to the horizontal geometry (Case 1 and 2). Contrarily, smaller curvature
radius at the exit results in greater De (Case 3 and 4).

It is also worth noting that Case 1 and Case 4 have similar geometrical features and
therefore similar fluid flow characteristics as well as Case 2 and Case 3. The only
difference lies in the channel orientation. For instance, the wider part of the
microchannel is located in the x-axis for Case 1, whereas the wider part is in the y-axis
for Case 4. Even though they have similar shapes, Cases 1 and 2 differ from Case 3
and Case 4 in terms of the final quarter loop configuration, which leads to increasing
or decreasing curvature radius before the channel outlet. Therefore, this phenomenon

will be investigated along with the effect of changing radius of curvature.

2.3.3 Channel length

Next, volumetric flow rate should be specified by considering fully developed laminar
flow in the channel. Microfluidic devices function at a flow rate between 50 pl/min -
10mL/min in literature [85, 86]. On the other hand, most of the researchers apply flow
rates mostly in the range of 0.1-1.0 mL/min [55, 67]. Thus, the volumetric flow rates
in the range of 0.5-3.5 mL/min were determined to examine for separation of 10 um

and 20 um particles.

In addition to the channel width, the channel length is another parameter to be
investigated. From Asmolov’s lift force equation [87] with Stokes drag assumption,
the expression for particle lateral migration velocity is expressed as [80]:

PUrznaxa;Sa Cy

U, =
L 3nuD}?

(2.6)

where p is the fluid density, u is the fluid viscosity, U, IS the maximum fluid

velocity, a,is the microparticle diameter, Dy, is the hydraulic diameter of the channel,
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and C,, is the lift coefficient. The total channel length required for particles to focus

completely at the equilibrium positions is given as:

U
U

where U,, is the fluid mean velocity and L, is the migration length. Similarly, the
channel length required for Dean migration is given as [80]:

UD e

Lp X Ly (2.8)

Using the above equations, the maximum required length for the current work can be
calculated as approximately 20 cm. Subsequently, a five-loop spiral design with 500
um spacing between two consecutive loops was considered for sorting 10 um and 20
um particles. Therefore, the length of the microchannels was approximately 43 cm and

the current configurations are effective within the range of 0.5 mL/min- 3.5 mL/min.

(a) A (c)

A (b) . % % ) (d)

Figure 2.7: Schematics of the Elliptic Spiral Microchannels: (a) Case 1 (Initial
Aspect Ratio (IAR): 3:2), (b) Case 2 (IAR: 11:9), (c) Case 3 (IAR: 9:11) and (d) Case
4 (1AR: 2:3).

The distance between two consecutive loops was kept the same as the channel width.
As a novel aspect, elliptic configuration was incorporated in the channel geometry.

The proposed elliptic channels have an initial aspect ratio (IAR) of 3:2, 11:9, 9:11 and
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2:3 as seen in Figure 2.7. Once the elliptic geometry is introduced as the channel
geometry, the intensity of Dean vortices alternates due to the change in centrifugal
effects. Hence, the configuration becomes more effective in terms of enhancing the
focusing capability. The resultant Dean numbers of each of the elliptic channels are

shown in Figure 2.8.

In the Cartesian coordinates as shown in Figure 2.6(a), rx and ry representing the radii
of the microchannels on both x and y axes are tabulated in Table 2.2. Regarding the
geometrical parameters of an ellipse, maximum and minimum curvature radii were
calculated using the corresponding formulas (Table 2.2). For Cases 1 and 2 (Figure
2.7(a) and (b)), the maximum curvature radius is located in y-axis. However, the
maximum radius moves to the x-axis in the remaining cases (Figure 2.7(c) and (d)).
Moreover, the curvature radius at the end of the curved section of the microchannel
changes for each case. Case 1 has the largest radius of curvature at the exit, while the
radius of curvature in Case 4 is smaller than the rest (Table 2.2).

20

15

10

CASE 1 (IAR=3:2)
CASE 2 (IAR=11:9)
CASE 3 (IAR=9:11)

DEAN NUMBER AT THE END OF THE ELLIPTIC SPIRAL LOOPS

0 1 2 3 4
FLOW RATE (mL/min)

Figure 2.8: Dean number variations at the end of the curved section of the elliptic
spiral microchannels.
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From Eq. 2.4, it can be seen that Dean number is inversely proportional with the
curvature radius. Thus, increasing radius results in decreasing Dean number, and
herewith secondary flow induced drag effect. The effect of curvature radius in Case 1-
4 was demonstrated in Figure 2.8. In the figure, Dean number at the end of the elliptic
spiral loops are derived for varying flow rates. Even though, the same flow rate is
applied, Dean number alternates for each case.

2.3.4 Microfiltration design

Due to the fact that tumor cells tend to have larger size than that of constituent blood
cells, numerous microfluidic systems have been developed to isolate larger cells by
means of filtration based on their size. In such size-based filtration devices proposed
in literature [6,24,30,49], the spacings between microbarriers (e.g. microposts,
microdams)allow the smaller blood cells to pass through, while inherently larger and
stiffer CTCs might be captured. Such designs suffer from clogging by captured cells.
A particle-sorting platform was developed by integrating two approaches; size-based
filtration and Dean flow fractionation. By combining the strengths of these two
methods, a self-design device that functions continuously in a label-free and clog-free
manner is expected to be accomplished. Hence, by adjusting design parameters and
observing their overall contributions, an acceptable degree of separation purity is

aimed by preventing clogging due to accumulation of cells.

At the end of a spiral microchannel with initial curvature radius of 1 cm (Table 2.2),
several cylindrical microposts are designed to be placed with a certain gap of 40 pum
in between (Figure 2.9). In order to achieve more precise separation, this
microfiltration platform is expected not to allow targeted 20 um particles pass through
the barriers into the outlet recruited for 10 um particles. Various micropost diameters
from 30 pm to 90 um were considered for investigations. Moreover, the array angle of
microposts, also known as row shift fraction, was assigned as 0.10 (1:10). Depending
on experimental outcomes, main parameters of the microposts such as diameter, shape,

gap and row shift fraction may be changed accordingly.
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Figure 2.9: Microfiltration platform implemented in Case 5 where the diameter of
the microposts is 60 um and the gap is 40 um with row shift fraction of 1:10.

Finally, the design step of the microfluidic devices was completed and the study

proceeded to the fabrication and experimental investigation stage.
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3. EXPERIMENTAL METHODS AND DATA ANALYSIS

3.1 Device Fabrication

The standard soft lithography method was used to fabricate the PDMS
(polydimethylsiloxane) microchannels. Here, the device fabrication protocol is

described in detail.
3.1.1 Substrate (SU-8 mold) preparation

3.1.1.1 Cleaning of the wafers

37 silicon (Si) wafers (University Wafer, Inc.) were cleaned in order to receive a good
adhesion of SU-8. The wafers were bathed in Isopropyl alcohol (IPA). Then they were
dried by N> gas before moisture removal at the hot plate (~110°C).

3.1.1.2 Spin coating of SU-8

SU-8 3050 (Microchem Corp.) is an epoxy-based, negative photoresist material, thus
UV light (ultraviolet light) exposure enhardens the material and makes it insoluble in
a developer. After cleaning, the photoresist was spun at gradually increasing speed
(Table 3.1) to the desired thickness of approximately 90 pm via a spin coater
(Dorutek).

Table 3.1: Speed settings for spin coater.

# of step Time Rotational speed Acceleration
1 7 second 500 rpm 200 rpm/sec
2 30 second 1750 rpm 200 rpm/sec

As the spinner (Figure 3.1) exerts centrifugal force, pouring SU-8 precisely at the
center of the wafer is crucially important. Following the coating step, Si-wafer was
soft baked on the 95°C hot plate for 15 minutes in order to ensure mechanical stability

and smoother adhesion between wafer and SU-8 photoresist.
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Figure 3.1: Spin Coater with the control panel.
3.1.1.3 UV light exposure

Once the layout of the microchannel is determined, acetate photomasks were designed
and printed (C6ziim Bask1 Merkezi, Ankara) accordingly. In order to perform exposure
perfectly, the channel pattern should be fully transparent. Therefore, the photomasks,
where the channel pattern is transparent and the rest is opaque, were published in
acetate. The acetate masks (Figure3.2) used in the lithography were produced by high-
resolution printing (3600 DPI).

Figure 3.2: Acetate Photomask.

30



Following the spin coating, the coated Si-wafer was exposed to UV light using a Mask
Aligner UV-Lithography device (Midas System Co., Ltd., MDA-60MS Mask Aligner
4”) (Figure 3.3) through the image reversal photomasks printed on acetate. Hence, the
regions of the SU-8 not facing UV light dissolved in the development process, while

the exposed regions remained hard due to the fact that SU-8 is a negative photoresist.

Figure 3.3: Mask Aligner 4”.

SU-8 coated wafer was put under the UV light exposure via a Mask Aligner UV-
Lithography device. The purpose of the UV light exposure is to initiate the cross-link
in the photoresist. The cross-linkage affects the properties of the resin and SU-8
becomes hard. The exposure time/dose (Table 3.2) depends on the microchannel
thickness. The photoresist-coated wafer was put on UV light for 12 seconds to

accomplish the 90-um channel height.

Table 3.2: Exposure Input Data for the Mask Aligner.

Time 12 sec
Energy | 283.2 mJ
Power | 23.6 mW

3.1.1.4 SU-8 development

After exposure, the wafer is rested for a while. Then the post-exposure baking on the
hot plate takes place to create thermal, physical and chemical stability. It is baked on
a 95°C hot plate for 5 minutes right after soft baking at 65°C for 1 minute.
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The fabrication of the SU-8 mold was concluded with the development, where the
unexposed area was removed in the SU-8 Developer (Microchem Corp). Even though
development time depends on the given durations in the SU-8 3000 datasheet, eye
inspection is critical to visually follow cleaning of the unexposed SU-8 from the
surface and prevent the mold from overdevelopment. Although 7-15 minute of
development is suggested by the producer, it has been observed that developing for 6-

7 minutes was sufficient for the proposed devices.

As a final touch, the developed wafer was rinsed with additional SU-8 developer and
isopropyl alcohol in given order and then dried with N2 gas. Finally, the designed
microchannel was revealed on the substrate and thus the SU-8 mold or PDMS replica

is fabricated.

Prior to PDMS casting, SU-8 mold was checked visually under a microscope. Then
the desired channel height was measured with a Surface Profiler (KLA Tensor). Figure
3.4 illustrated the channel height distribution along the channel width.
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Figure 3.4: An example of a microchannel surface profile (Case 1).

3.1.2 Microchannel fabrication

3.1.2.1 PDMS casting

PDMS (polydimethylsiloxane) is commonly used elastomeric polymer in fabrication
of microfluidic devices. PDMS is nontoxic and transparent and has a low viscosity. In
addition, it has the ability to be cured at low temperatures, which makes it greatly
functional in soft lithography. As PDMS is highly flexible, it is easy to peel off from
the mold (Figure 3.5) without any harm.

32



Figure 3.5: SU-8 Mold ready for PDMS Casting.

In PDMS casting protocol, the first step is covering a glass petri dish with aluminum
foil to be able to tape the SU-8 mold onto the foil. By taping, PDMS leakage is aimed
to be prevented. A PDMS prepolymer base and curing agent (Sylgard 184 silicone
elastomer kit, Dow Corning) were mixed at a 10:1 ratio in a plastic dish and stirred for
at least a few minutes and poured over the SU-8 master mold firmly placed in a glass
petri dish coated with aluminum foil. For a single microfluidic device, approximately
30 gr of prepolymer and 3 gr of curing agent were used. Dispensing the material at the
center of the substrate from a low altitude is critical considering the risk of air bubble
formation. Thus, the PDMS mixture was carefully casted over the mold, then degassed
for half an hour before curing at 75 °C for 3 h in a vacuum oven (Sheldon
Manufacturing, Inc.) (Figure 3.6).

Figure 3.6: Degassing in the vacuum oven.
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Following the curing and cooling down, the baked PDMS was detached carefully by
releasing first all the borders, continuing towards the centre, and peeled off the

remaining parts (Figure 3.7).

Figure 3.7: PDMS cast after baking and removing from the SU-8 mold.

Later, the part where the channel configuration locates was cut with a scalpel and inlet
and outlet holes were punched using a 21-gauge needle with sharpened tips (Figure
3.8).

Figure 3.8: Punching the inlet and outlet holes on PDMS.
3.1.2.2 Oz Plasma Treatment

PDMS is hydrophobic, thus an additional process, O plasma treatment, is required to
modify the surface in order to achieve adhesion on other objects. Before the treatment,
both the PDMS channels and 1-mm-thick microscope glass slides were cleaned off
dust and debris with isopropyl alcohol and deionized water, dried with N2 gas and
rested on a hot plate. A Plasma Cleaner is the most commonly used tool to bond the
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PDMS. After cleaning, surfaces of the glass slide and PDMS channel were activated
in an oxygen plasma device (Harrick Plasma Cleaner) (Figure 3.9).

PLASMA CLEANER

LOW MED

OFF,

RF LEVEL

HI

Figure 3.9: Harrick Plasma Cleaner.

In the plasma cleaner, the surfaces of the PDMS channel and glass slide were activated
by being exposed to O- plasma. Both parts were placed on a large glass petri dish while
the bonding surfaces are facing up. The flow rate of oxygen gas was set by the
PlasmaFlo gas flow mixer precisely (Figure 3.10) and the chamber of plasma cleaner

is fed oxygen where the manometer is set at 3 mbar.

Figure 3.10: Gas Flow Mixer (PlasmaFlo).

Then the oxygen feeding is cut by turning the valve off and the system was vacuumed
by a pump until the pressure inside goes below 500 mTorr. Once the desired pressure
was reached, the power was turned on by rotating the RF (Radio Frequency) switch to
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the high level. It is critical to observe glowing purple color through the chamber

window as seen in Figure 3.11.

Figure 3.11: Purple glow during oxygen plasma treatment.

Subsequently, the oxygen-feeding valve was opened for less than a millisecond and
closed again. Since the inner pressure rose, this step was repeated when the pressure
is back to under 500 mTorr. After 60 seconds of intermittent O injections, both the
RF switch and vacuum pump were turned off. The PDMS microchannel and the glass
slide were evacuated immediately. Finally, the enclosed microchannel configurations
were formed by rapidly pressing the treated surfaces to achieve permanent bonding.
Hot plate treatment at 70°C for 15 minutes was applied to enhance the bonding, if

necessary.

3.1.2.3 Fabrication issues of microfiltration unit of Case 5

Poor resolution of photomask

Due to the deficiency of printing resolution, relatively small features in the photomasks
such as microposts do not appear as proper as they are sketched (Figure 3.12). Yet, the
shape of the microposts are not foreseen to have an effect on their functionality of
filtration. Using the current photomasks, the microchannel production has been carried

on. The results will be discussed in the following sections.
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Figure 3.12: Microscopic images of the photomask of the microfiltration unit of 30
um posts under (a) 5%, (b) 10x, (c) 20x zoom.

Fabrication problems of microposts

As mentioned above, the quality of the photomasks, especially in the microfiltration
part, is not as desired. Although the fact that the microposts are not perfectly round is
not critical in terms of the functionality, their rigidity is crucial for the sake of well
bonding between posts and the microscope slide which is placed at the top part of the
microchannel. Because of currently unknown reasons, the SU-8 mold of the

microfiltration unit has been built as in Figure 3.13.

Figure 3.13: Microscopic images of the SU-8 mold of the microfiltration unit

consisting of 30 um posts under 10x and 20x zoom.
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As shown in the Figure 3.13, the holes, which are supposed to be utilized in
manufacturing the microposts by casting PDMS, should be as bright as the lower parts.
The holes being dark indicates that non-exposed SU-8 could not be developed properly
due to the small geometrical features. By using the mold shown in the Figure3.13, a
microchannel consisting of microposts with supposedly 30 pm width and 90 pm height
has been manufactured (Figure 3.14). As it can be observed from the microscopic
view, both the shape and the stiffness of the posts are problematic. It is estimated that
the imperfections of the SU-8 mold resulted in non-rigid microposts that are also

narrower and shorter than the design.

/

Figure 3.14: Microscopic image of the microfiltration unit made of PDMS
consisting of 30um-wide and 90pum-high posts under 20x zoom with dimensioning.

Because of poor photomask quality for smaller features, it seems hard to manufacture
microposts properly. In order to eliminate this problem, the design was updated by
widening the micropost diameter to 60 and 90 um, which is more likely to provide
better quality. By using the reprinted photomasks, Case 5 with 60-pum wide microposts
were fabricated. In the development stage, it was observed that SU-8 could not be fully
removed from some of the micropost pores (Figure 3.15). Thus, this will result in
shorter microposts. Henceforth O, bonding will not be succeeded at locations where
the micropost height fell short and this condition will cause rigidity problems during

experiments especially at higher flow rates.
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Figure 3.15: Underdevelopment issue in Case 5 with 60-um wide microposts.

For 90-um wide microposts, development outcome was successful. Even though the
microposts were fabricated rightly with a round shape as designed, this time the
problems were rupture of the microposts and clogging as demonstrated in Figure 3.16.
While removing the cast PDMS out of the mold, some of the microposts were lost due
to the rupture. The broken microposts remained in the mold and were not ejectable.
Therefore, it was not possible to reuse the SU-8 mold. In case of successful demolding,
the clogging occurred during the primary tests because of PDMS debris and dust
particulate. Thus, the investigation of the microfiltration implemented spiral device

was suspended as a future work.
(a) (b)

Figure 3.16: (a) The rupture of microposts and (b) the clogging in Case 5 with 90-
um wide microposts.
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3.2 Suspension Preparation

Fluorescently dyed polystyrene microspheres with diameters of 10 pm (Invitrogen,
Crimson), and 20 pum (Fluoresbrite, Yellow-Green) were used in this size-based
separation study. As a medium, deionized (DI) water was utilized to dilute the samples.
The dilution concentration of particles in suspension was determined to be lower than
0.01 viv % (volume/volume) for the sake of eliminating particle interactions. The
particle suspensions were prepared separately for each size with the help of a magnetic
stirring bar in a glass bottle and were loaded to a plastic syringe. Microparticle

suspensions were injected through the devices via a syringe pump (Cole-Parmer).

3.3 Experimental Setup

The experimental setup was built as in Figure 3.17. The sample of fluorescent
polystyrene particles suspended in DI water was injected into the elliptic spiral

microchannels through a single inlet using a Cole Parmer syringe pump.

Figure 3.17: Experimental Setup.

Even though two inlets were originally considered in the design, only one inlet was
utilized for the current study. The suspension of each particle was pumped into the

system at flow rates varying from 0.5 to 3.5 mL/min, which were precisely set by the
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control unit of the syringe pump. Moreover, a solution containing both 10 um and 20
um diameter polystyrene particles was used to check for the compatibility of the results
from individual tests. For connection between inlet and outlet openings to the device,
TYGON tubing with an internal diameter of 250 um (LMT-55, IDEX Corp.) and
corresponding fittings (IDEX Corp.) were utilized (Figure 3.18).

Figure 3.18: Connection of single inlet and 8 outlet openings with corresponding
tubings and fittings.

Both videos and image sequences were captured in the expanded outlet section via an
inverted phase contrast microscope (Olympus 1X72) (equipped with a (12-bit) charge)
coupled with a device camera (Olympus DP 72), mercury lamp (Olympus U-
LH100HG), and Olympus software (cellSens Imaging Software). The particle
migration trajectories were recorded by employing filter cubes of the microscope
depending on the dye color of microspheres at exposure time of 600 ms at each flow

rate for each case. By injecting a suspension of 10 pum and 20 pum particles, the samples
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isolated from each outlet were collected into separate small tubes in order to count the
number of particles and thus deduce particle separation capability. The counting was

done visually by using the inverted phase contrast microscope.

3.4 Data Analysis

Along with Olympus software (cellSens), ImageJ (Fiji) software was used for post
processing. By analyzing the recorded fluorescent videos, flow fractionation and
particle migration were observed at each flow rate. By applying the modules of ImageJ
software, the focusing positions and width of focused streamlines for each particle size
were determined by stacking discrete frames retrieved from the relevant videos and by
investigating the intensity profile across the channel width. Then, the superimposed
image of both particles was created by ImageJ software to visualize the capability of

multi-particle separation.

3.5 Numerical Simulations

The COMSOL Multiphysics finite element software program (COMSOL Inc.,
Stockholm, Sweden) was utilized to simulate Newtonian fluid flows in the four
proposed elliptic microchannel configurations with a rectangular cross-section (500

pm x 90 pm).

Figure 3.19: Uniform hexahedral mesh used in numerical simulations.

These channels were modeled by importing the 3D CAD drawings built in SolidWorks
software. The geometries were simplified by reducing the number of inlets and outlets
to one for each. Following that, a computational domain was created using mapped
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meshes, which were refined until the number of elements was ensuring the accuracy
of results. Then the mapped network was swept through the entire geometry in order
to finalize the meshing step. After that, numerical simulations were done with the
computational domain consisting of uniform hexahedral mesh (Figure 3.19) with more

than 450,000 elements and an average quality of approximately 0.92.

Since the working medium was deionized water in the experiments, the required
physical properties (density and viscosity) for water were acquired from the library of
the commerical software. The laminar flow module was selected to calculate the 3-D
flow field in rectangular microchannels considering the range of employed Reynolds
numbers in this study. Later initial and boundary conditions were defined for laminar
flow modelling. Normal inflow velocity was derived by using Equation 2.5 and applied
as the inlet condition. For the outlet, gauge pressure was set to 0 Pa. At walls, no-slip
condition was assigned as boundary condition. All of the initail values were
determined as zero. Finally the computational model was developed.

Each model was solved using the GMRES iterative solver to simulate a single-phase,
incompressible, and steady laminar flow governed by the continuity equation

(Equation 3.1) and the Navier—Stokes equations (Equation 3.2) expressed as:

7.(w) =0 (3.1)

p(u.V)u =V.[-pl + u(Vu + (Vu)")] (3.2)

where the symbols were defined as default in COMSOL. (u, velocity field and p,

pressure)

The numerical study was performed for all the microchannels with elliptic
configurations in order to predict the focusing behavior of the particles. The flow
velocity within the cross-section (secondary Dean flow) were extracted and
demonstrated by using arrows. The length and thickness of the arrows were
proportional to the magnitude of the velocity. Therefore, insights about the flow field
in the experimental study could be provided by obtaining Dean vortices in the
transverse direction regarding the primary flow. Thus, the numerical results serve for
supporting the theoretical conceptualization, predicting the experimental findings and
further discussing the effects of velocity distribution on the focusing behavior and
trajectory of the particles.
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It is worth noting that the lateral velocity induced by secondary flow is only one
component of focusing dynamics. Thus, numerical simulations of fluid flow was
utilized to make a rough estimation about possible experimental outcomes. In addition,
there is a small simulation error since the effect of the occupied volume of the particles
in the fluid were not taken into consideration. For these reasons, the computational

study was not beneficial to validate of experimental results.
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4. RESULTS AND DISCUSSION

4.1 Laminar Flow Simulation

4.1.1 Secondary flow analysis along the microchannels

A computational study was performed in order to understand the underlying fluid flow
in the microchannel configurations. Figure 4.1 demonstrates the variation of tangential
velocity vectors over the colored velocity profile of the primary flow at six different
positions from the most inner loop to the last one for Case 1. These positions are
labeled accordingly in Figure 4.1(a). Figure 4.1(b) shows the cross-sectional velocity
distribution provided at each cross-section (numbered in Figure 4.1(a), respectively).
Accordingly, the Dean vortices in the first loop (De = 22.5) are more intense and then
gradually lose their intensity until the exit of the channel (De = 16.5) as expected due
to the nature of spiral configuration regarding the increasing spiral curvature and

decreasing Dean number.

De =225
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R=6.2mm
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Flow Direction
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Outer Wall

De =18.3
R=8.1mm

Flow Direction

De = 16.5
(a) R=9.9 mm

(b)

Figure 4.1: (a) Six different cut-plane positions labeled starting from the inner loop
along the primary flow direction, and (b) a closer look at the vectoral variation of
lateral velocity distributions over the colored velocity profile of the primary flow at
six different cross sections throughout the channel. The cross-sectional velocity
profiles were retrieved from COMSOL Multiphysics simulation results of Case 1
(IAR=3:2) at the volumetric flow rate of 3 mL/min.
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4.1.2 The effect of alterations in the radius of curvature

Since the microchannels have elliptic configurations, the position of the curvature
center varies resulting in the alterations in radius of curvature. Figure 4.2 illustrates
the lateral velocity vectors occurring in the flow rate of 3mL/min for all four cases at
the beginning and at the end of the last quadrant loop of the channels. The largest Dean
velocity can be observed in Figure 4.2(a) and (h), where the radius of curvature is the
smallest with 9.9 mm. In Case 1 (Figure 2.7(a)), the curvature radius increases
throughout the last quarter loop of the channel from 9.9 mm to 22.2 mm and hence the
Dean vortices become smaller (from Figure 4.2(a) to 4.2(b)) and drops from 16.5 to
11.0. This explanation is also valid for Case 4 (Figure 2.7(d)) in the exact opposite
way. In Case 4, the minimum curvature radius occurs at the exit leading to a higher
lateral velocity (Figure 4.2(h)). For Case 2 and Case 3 (Figure 2.7(b) and (c)), the
curvature radius changes within a relatively narrow range (between 12.3 mm and 18.3
mm). Thus, the magnitude of the counter-rotating vortices does not vary drastically
along the last % loop prior to the exit. As Dean number alternates between 12.1 and

14.8, the intensities of Dean vortices are rather low.
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Figure 4.2: The variations of Dean velocity distribution at the beginning and at end
of the last quarter loop of the channel for a and b) Case 1 (IAR=3:2), c and d) Case 2
(IAR=11:9), e and f) Case 3 (IAR=9:11), and g and h) Case 4 (IAR=2:3),
respectively. The arrow lengths are proportional to the lateral velocity. The flow rate
is 3mL/min.

As Case 1 and Case 4 have similar configurations, the arrow sizes representing the
lateral velocity are similar as expected. The variation of curvature radius is greater in

Case 1 and Case 4. Figure 4.2(a) and (h) (where the minimum radius, 9.9 mm, is
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located) illustrates more intense arrows in the middle due to the increased centrifugal
effects. Bold arrows show the enhancement of lateral migration, which makes the
particles equilibrate faster. Figure 4.2 also reveals that the intensity of the arrows is
less in Case 2 and Case 3 since the change of curvature radius is within a narrower
range compared to Case 1 and Case 4. For example, Figure 4.2(a) (Case 1) and Figure
4.2(h) (Case 4) are expected to exhibit similar velocity distributions regarding the
geometric similarity and the same Dean number. Since the plane of Figure 4.2(h) is
located at the end of the curved section of the microchannel, the arrow intensities
above and below the zero Dean velocity lines, which are defined in Figure 2.6(b)),
start to reduce. This is due to the loss of Dean drag effect as the flow enters the straight
section of the microchannel. Other cause for this kind of behavior is that the length of
a quarter loop may not be long enough for the secondary flow to be fully developed.

The same explanations apply to the rest as well.

Moreover, the arrows are generally less visible in Figure 4.2(b), (d), (e) and (Q)
compared to their components in the same row. The common feature of these
subfigures is that they represent the cross-sections, which are located at the end of the
quarter loop, where the curvature radius is increasing. The scale of the arrows is
smaller at the top and bottom parts of the microchannels due to the fact that the
tangential velocities decrease as a result of the increased radius of curvature. These

findings lead to less effective migration in the transverse plane.

4.2 Lateral Positioning of Particle Streams

4.2.1 Determination of optimum flow rates

In this study, the elliptic spiral microchannels were employed with the use of 10 pm
and 20 pm diameter particles. The particles were tested individually in each channel
for several Reynolds numbers. At flow rates within the range of 0.5 mL/min-3.5
mL/min, fluorescent polystyrene particles diluted in deionized water were introduced
into the microchannel through the inlet. For each case, channel Reynolds number, Rec,
was altered by increasing the flow rate, and the focusing positions of the particle
streams in the diverged section prior to the 8-outlet-segment were recorded with

respect to Rec.
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Figure 4.3: Lateral focusing position from the inside wall normalized by the channel
exit width of 1mm for a) Case 1 (IAR=3:2), b) Case 2 (IAR=11:9), c) Case 3
(IAR=9:11) and d) Case 4 (IAR=2:3) at the outlet.
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Figure 4.4: The trajectories of the particle streamlines at the end of the last spiral
loop, where the channel width is 500 um for 10 pm (red lines) and 20 um (green
lines) at Rec of 63, 126 and 188 for a) Case 1 (IAR=3:2), b) Case 2 (IAR=11:9), )
Case 3 (IAR=9:11) and d) Case 4 (IAR=2:3).
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By utilizing the recorded data of both 10-um and 20-pum fluorescent particle streams
at various flow rates, the ratio of lateral focusing positions to channel width at the exit
is displayed as a function of the channel Reynolds number in Figure 4.3. In addition,
the trajectories of the particle streams at the end of the last spiral loop before entering
the outlet channel (for each particle size at Rec of 63, 126 and 188) are demonstrated
in Figure 4.4. After analyzing these results, the optimum flow rate required to achieve
multi-particle separation was determined to investigate the sorting capability for later
experiments. The optimum flow conditions assigned for each channel correspond to

Rec higher than 180 for all the cases.
4.2.2 Lateral focusing behavior of 10-um and 20-pm particles

4.2.2.1 Low range of flow rates ( Rec < 70)

At lower Rec, the larger particles are not precisely focused, while smaller particles are
located closer to the inner wall. Due to the changing radius in the fabricated elliptic
devices, the alternation of the curvature might complicate the flow pattern and disturbs
the equilibrium of larger particles. Even though the lift force is supposed to be more
dominant for larger particles, there may not be enough distance in the channel cross-
section for 20-um particles to reach equilibrium positions unlike 10-um particles.
Moreover, the lift coefficient for larger particles might be lower at lower volumetric
flow rates. Thus, the secondary flow in the radial plane entrains the larger particles and
generates distributed streams in the vicinity of the channel center when Rec is smaller
than 70. On the other hand, the mixing effects of the Dean drag are apparently
surpassed by the lift forces for smaller particles at the lower flow rates. Therefore, the

small particles migrates near the inner wall.

The results emphasize on the possibility of separation at lower Rec due to non-
overlapping focusing gaps, where the channel Reynolds number is less than 70. The
focusing band is yet larger for 20 pm particles, which makes it difficult to collect
samples at a single outlet with the current configuration of the channel outlets. Besides,
the mixing effects of the Dean drag is more dominant over the focusing behavior of
the large particles, and the streamlines are more dispersed rather than focused. Hence,
this might cause the particle-particle interaction and it is preferable to test the devices
at higher flow rate.
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4.2.2.2 Mid-range of flow rates ( 70 < Rec < 160)

As 20 um diameter particles yield higher ap/Dn ratio, the net lift force acting on the
particles causes constant stream positions so that the particles focus within a narrow
band of streamlines near the inside wall for Reynolds numbers above 70. Meanwhile,
the small particles move from the inner wall to the channel centerline, while large
particles migrate contrarily towards the center of curvature with increasing Rec (Figure
4.3 and Figure 4.4). As the channel velocity increases, the equilibrium positions of 20-
um diameter particles begin to appear close to the innermost channel wall as a result
of the superposition of inertial lift and Dean drag forces. 10 pm particles move towards

the channel center with increasing drag force.

In fact, the magnitude of the drag force is expected to increase less than the lift force
with increasing velocity according to Eq. 2.1 and Eq. 2.2 (F, «< U? and F;, o< U13),
Drag effects gaining dominance on the smaller particles with increasing flow rate
might be explained by the reduction of the lift coefficient for the small particles under

the given flow conditions.

Furthermore, the smaller particles align in considerably narrower streams for each case
(Figure 4.3 and 4.4). In addition to the intrinsic size difference and non-normalized
focus ranges with respect to particle dimension, this finding implies that the smaller
particles are easier to be manipulated with the current channel height (aspect ratio).
Figure 4.3 also reveals that both particles display overlapping streams in the middle
Rec range (from ~70 to 160), which is not suitable for separation of particles with
different sizes.

4.2.2.3 High range of flow rates ( 160 < Rec)

From Figure 4.3, it is apparent that the proposed elliptic channels offer separation
capability at higher flow rates considering the narrow focus bands and the spacing
between the streamlimes of both particles. Accordingly, the optimal flow conditions
are determined for each channel configuration to achieve the best particle separation.
These conditions are Rec=188 (3.0mL/min) for Cases 1 and 2 and Rec=195 (3.1
mL/min) for Cases 3 and 4. The corresponding Dean numbers for the optimal operating
conditions are 11, 12.2, 15.4 and 17, respectively, which all meet the criterion of
De<20 for focusing [54, 79] and allow successful sorting of particles with sizes of 10

and 20 pm. The optimum flow rates for separation of 10 pm and 20 pm particles
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slightly increase for Case 3 and Case 4 compared to Case 1 and Case 2. Because, the
proper gap between the focusing bands of the 10 pum and 20 um particles forms at

relatively greater Rec.

20 um particles align near the inner wall and are collected by the first outlet tubing,
while 10 um particles focus further from the inner wall and are recovered through the
second outlet tubing. Apparently, the particles can be separated into parallel
streamlines. Fluorescent images of each particle stream at optimum Rec were captured
at the channel outlet by utilizing the corresponding filters. The recorded images were
superimposed in order to build a composite image showing the two particle streams
simultaneously. As a result, Figure 4.5 was constructed to demonstrate a sample of the
separation capability from Case 4 at Rec =195 (3.1 mL/min). The positions of focusing
streamlines of both 10um (red) and 20um (green) particles are shown within the

channel geometry (Figure 4.5).

Channel Centerline

Outlet #4
Outlet #3
4
Outlet #2 Flow
Direction

Outlet #1

Inner Wall

Figure 4.5: The superimposed fluorescent image of the focused streamlines: red
(10um) and green (20um) illustrating particle migration for Case 4 (IAR=2:3) at the
optimum flow conditions (Rec=195).

4.2.3 Comparison of the focusing behavior of elliptic microchannels

Figure 4.4 reveals that the focused streamlines of 10 um and 20 pum particles are
relatively wider for Case 1 and Case 4 (Figure 4.4(a) and (d)), which have similar
configurations. The radius of curvature changes in a more intense trend for these
cases. This intense variation of curvature radius results in slightly spread streamlines
compared to Case 2 and Case 3. On the other hand, thinner streamlines of the focused
particles occur in Case 2 and Case 3 (Figure 4.4(b) and (c)), due to the fact that the
curvature radius changes within a relatively narrow range. In addition, 10 um particles

are aligned at locations closer to the channel centerline at Rec= 188 for Case 1 and
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Case 4, where the variation of Dean drag force is larger compared to Case 2 and Case
3. This also emphasizes that the Dean drag forces are more effective in focusing

behavior of 10 um particles at higher flow rates.

4.2.4 The change of focusing behavior at the exit of straight outlet

The streamlines of both particles are widened compared to Figure 4.4. Although, there
is only one focused streamline for 20 um particles at the end of the last elliptic spiral
loop as seen in Figure 4.4, two focused green streamlines are formed before the 8-
branch outlet in Figure 4.5. The division of the focused green line and the widening of
both red and green streamlines are triggered by the expanded outlet channel and the
consequent drop of the aspect ratio and the downstream velocity. With the reducing
velocity, the equilibrium of the large particles is starting to segregate according to the
focusing behavior for the large particles at lower flow rates in Figure 4.3. Since the
curvature end in the straight section of the microchannel, the Dean drag effects in the
straight section also disappear and lead to the division of the green streamline. The
green streamline adjacent to the inner wall is formed by the fraction of 20 um particles,
which preserves the balance of Fp and Fi throughout the exit. On the other hand, the
other pseudo-focused green line consists of the rest of the 20-um particles. Yet, both
green streamlines are recovered from the outlet #1 as aimed.

4.3 Particle Separation Capability

Under optimal conditions, the proposed microfluidic devices were tested until the
focused particle streams form. Then, fractions of the streams were collected at all of
the eight channel outlets, which were labeled starting from the inner wall. Following
that, a particle counting procedure was conducted for every branch of the outlet. The
composite image sections of the collected particle distributions at outlet #1 and outlet
#2, used in particle counting, can be seen in Figure 4.6(a). Smaller specimens (as
shown in Figure 4.6(a)) from each of the collected samples were examined by counting
the particles manually with the utilization of the microscope software and ImageJ
software tools. This process was repeated for several times for the sake of increasing

the repeatability of the data.

After the amount of particles for each size was counted, the particle collection purities
were obtained. There are particles detected in every output fraction. However, the total
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amount of particles filtered at the outlets #1 and #2 covers a significant majority in
each case. Therefore, a chart (Figure 4.7) could be generated only for the first and
second outlets. The collected particles from each of the outlets were analyzed to
quantify the particle collection purity, which is defined as the ratio of collected
particles at particular outlets to the total collected particles. Approximately 0.01 v/v %
volume fraction of particles was considered in the experiments. In addition, the ratio

of the amount of the employed particles was 1:1.

4 Flow Direction

Inner Wall

(a) (b)

Figure 4.6: (a) The fluorescent microscopic views of samples utilized for particle
counting and (b) the superimposed fluorescent image of two focused streamlines: red
(10um) and green (20um) illustrating particle migration for Case 4 (IAR=2:3) at the

optimum flow conditions (Rec=195).

Figure 4.7 demonstrates that the particle collection purity of larger particles is within
the range of 90-95%, while smaller particles are collected with ~5% less purity. In
addition, the particles filtered out at the outlet #1 and #2 cover 88-98% of the total
purity. The maximum collection purities of 95.3% (Case 3) and 90.0% (Case 1) are

achieved for 20- and 10-pm particles, respectively.

20-um particles have a greater purity than 10-um particles, which can be explained by
the more dominant lift force acting on the larger particles at the specified flow rate.
Additionally, the Dean drag force is more effective in the focusing regime of the
smaller particles under the optimum flow conditions. The mixing effects of Dean flow
induce relatively more dispersed migration of the smaller particles, which results in

less purity.
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Figure 4.7: The particle separation purities obtained from the ratio of collected
particles at particular outlets to the total collected particles for outlet #1 and #2 in a)
Case 1 (IAR=3:2), b) Case 2 (IAR=11:9), ¢) Case 3 (IAR=9:11) and d) Case 4
(IAR=2:3).

Overall, all four cases yield a high particle collection purity for large 20-um particles:
91.9% (Case 1), 93.8% (Case 2), 95.3% (Case 3) and 94.9% (Case 4), with the
assistance of successful focusing of small 10-pm particles further from the inside wall.
However, the purity of small 10-um particles is slightly less than larger particles:
90.0% (Case 1), 87.1% (Case 2), 83.4% (Case 3) and 84.0% (Case 4). The maximum
purity is 90.0% for Case 1, while the minimum purity obtained in Case 3 is 83.4%. As
Fp increases to the same order of magnitude as F. for small particles, they are strongly
influenced by the Dean drag force in the migration process. Due to the uneven flow
distribution at the outlet openings, a considerably wider fraction of the flow channels
into the outlet #1 compared to the second one as seen in Figure 4.6(b). This behavior
also deteriorates the purity of the collected 10-um particles by raising the possibility

of small particles to enter the first outlet.

At the optimum flow rates for all cases, the purity of 20-um particles collected at the
first outlet is larger. On the other hand, 10-um particles can be well collected at outlet

#2, yet relatively with less purity, which suggests that the Dean drag forces acting on
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10 um particles are dominant. Thus, small particles are more defocused compared to
larger ones. Additionally, the behavior of 20 um particles is dominated by the lift
forces as the Dean velocities are significantly smaller in the proximity of the
equilibrium positions/near the sidewalls. Thus, the focused large particles preserve

their position.

Due to the alternating curvature along the last quarter loop of the microchannels, the
ratio of Fp at the exit and at the beginning of the last quadrant loop varies for each
channel. Fp decreases by nearly half in Case 1, where the exit is closer to the straight
form and De = 11.0. This ratio almost doubles in Case 4, where the curvature radius is
the smallest among all the cases and De = 17.0 at the exit. In the light of this, a decrease
in the purity of 10 um particles occurs with the increasing Dean number (Figure 4.7).
Because some of the particles exhibit defocusing behavior and migrate to the undesired
outlet openings. As the microchannel in Case 1 (De =11.0) is less affected by the
varying Dean drag force, it yields the highest purity for 10 um particles. The lift forces
dominate in inertial focusing of 20 um particles, and the gradual change in Dean flow
is thus ineffective in terms of defocusing. Yet, the varying drag force stimulates the
non-focusing large particles to shift toward the outlet #1, which enhances the purity of
large particles with increasing De from Case 1 to Case 4.

4.4 Discussion of the Experimental Results Regarding the Numerical Study

The lateral focusing positions as a function of channel Reynolds number in each
channel are displayed in Figure 4.3 and 4.4. As explained earlier, the optimum flow
rates enabling the separation of the employed particles slightly increase for Case 3 and
Case 4 (Rec = 195) compared to Case 1 and Case 2 (Rec = 188). According to the
distance size between the focused streamlines of the 10 um and 20 pm particles,

greater Rec requires for Case 3 and Case 4.

In Cases 1 and 2, where 1AR (Initial Aspect Ratio) > 1, particles with 10um diameter
remain near the inner wall up to Reynolds number of approximately 125. Beyond this
critical Rec, the Dean drag force becomes more dominant. Hence, the focusing band
of the smaller particles shifts away from the inner wall. For Cases 3 and 4, where 1AR
< 1, the critical Reynolds number is slightly higher, above 150. This behavior is
unexpected since the curvature radius of the last loop is larger and therefore Dean

number is lower for Case 1 (De=11.0), and 2 (De= 12.2), which are more prone to the
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straight geometry than Cases 3 and 4. Consequently, Dean number is relatively smaller
(Figures 2.8 and Figure 4.4), and Dean drag forces are expected to be less effective at
the same Rec for Cases 1 and 2. This finding can be explained by the curvature radius
change through the last quarter loop. Even though the radius is smaller at the exit and
Dean number is higher for Case 3 (De=15.4), and Case 4 (De=17.0), it decreases
significantly along the last % turn. Therefore, the particles leave the last loop before
the hydrodynamic forces are fully developed. This behavior was also observed in the
numerical study. Based on Figure 4.2, it was interpreted that the length of a quarter
loop might not be long enough for the secondary flow to be fully developed, and
therefore for particles to entrain to their equilibrium positions before entering the
straight section where the drag effects disappear. Additionally, the size of the radius
grows to its maximum value in a rapid manner and consequently Dean number drops
before the entrance of the straight exit channel in Cases 1 and 2. Similarly, the
undeveloped forces lead the critical Reynolds number to differ for the elliptic channels
with IAR > 1 (Case 1 and 2) and IAR < 1 (Case 3 and 4).

As presented in Figure 4.7, 20-um particles demonstrate better purity than 10-um
particles, which suggests the dominance of the lift force acting on the larger particles
at the specified flow rate. On the other hand, the focusing regime of the smaller
particles are strongly influenced by the drag force under the optimum flow conditions.
The mixing effects of Dean flow induce relatively more dispersed migration of the
smaller particles that causes a reduction in purity. The difference between the particle
collection purties of both particle sizes was larger (more than 10%) for Cases 3 and 4.
The common feature these channels share is that the Dean number increases through
the last quarter loop as IAR < 1. As explained earlier, the length of % loop fell short
for the secondary flow to reach its steady state. This was observed in the numerical
results as well in Figure 4.2 where the arrow intensities near the top and bottom walls
indicate that the lateral rotation induced by the seconday flow is still processing to get
to the fully developed regime. Due to the abovementioned reasons, a fraction of the
small particles lose focusing and migrate to the undesired positions. Therefore, the
defocused particles are collected by the designated outlets less efficiently. However,
the same flow conditions might be beneficial for the collection purity of the large
particles considering the highest purities are managed in Cases 3 and 4. As the lift

force dominates the focusing of 20 um particles, the increasing Dean number is
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ineffective in terms of defocusing. Yet, it might stimulate the unfocused fraction of the
large particles to move toward the outlet #1 and enhance the separation yield of 20 um

particles.
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5. CONCLUSIONS

Different microfluidic devices with elliptic configurations were tested in this study to
determine the optimum flow rates to accomplish particle focusing with high purity.
These devices can separate suspending particles effectively due to the integration of
elliptic geometry into their design, which enhances the rate of lateral particle migration
to equilibrium positions and is also proven by large purity values. The results indicate
that an inertial sorting of employed microparticles can be succeeded in the proposed
microchannel configurations using passive separation methods without requiring any
external force. Purity values are more than 90% for 20-um particles and 85% for 10-
pm particles, which implies that the particles can be effectively recovered at the
corresponding outlets. In future, these devices could be suitable for live cell sorting

applications as well.

Overall, the proposed devices demonstrate good separation performances for 10 pm
and 20 um particles. The capabilities of elliptic configurations are higher than the
reported separation yields for particles with same sizes. 10 um and 20 pum particles
were collected at the designated outlets in a spiral device with purities less than 80%
and 90% respectively [10]. Hence, the collection purities were improved with the
elliptic devices for both particle sizes.

The elliptic spiral devices also have relatively smaller footprint areas compared to the
spiral ones used in similar separation applications. These spiral separator devices
utilizing particles with same or closer diameters have similar channel dimensions.
Thus, the proposed elliptic microchannels occupy less projectional area due to either
fewer number of loops [57, 67] or the pinched shape compared to the spiral
counterparts [10]. In addition, the optimum flow rates achieved in this study are rather
high, and thus shorter lengths would be enough for successful separation and be
beneficial in terms of reducing the footprint of the devices even more by decreasing
the number of spiral loops for this specific sorting application. In terms of working
flow rates, the proposed configurations enable shorter process time as well. The
determined flow rates for elliptic microchannels were 3.0 mL/min for Case 1 & 2, and

3.1 mL/min for Case 3 & 4. On the other hand, the devices reported for similar
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applications employed flow rates of ~ 3.0 mL/min [10], ~ 2.5 mL/min [57], and ~ 2.3
mL/min [69]. Therefore, it would take less time for the elliptic microchannels to

process same sample volumes.

The spacing between the focusing bands of 10- and 20-pm diameter particles was
considerably wide at the optimum flow rate (above Rec=180). Thus, the width of the
microchannel might be contracted to reduce the footprint of the device. On the other
hand, this modification causes a larger aspect ratio. Thus, Dean drag effects could
become more dominant, which is not desired for separation. Nevertheless, the gap
between large and small particles along the lateral direction could allow separation of
particles with closer diameters in the future.

As the base fluid, deionized water, which is a Newtonian fluid, is used in the
experiments. Recent studies showed a highly efficient separation by taking the
advantage of elasto-inertial effects of non-Newtonian fluids [88]. In addition, other
investigations confirmed the potential of elastic lift in non-Newtonian fluids for
separating particles with a much smaller size [89, 90] along with a wider range of flow
rates [91, 92]. Therefore, the use of viscoelastic fluids will be considered as a future

research direction.

Even though Case 3 (IAR=9:11) offers the maximum efficiency (with 95.3%) for 20
um, among the four cases, Case 1 achieves a purity value above 90% for each particle
size. Thus, it is more advantageous to employ the elliptic configuration with initial
aspect ratio of 3:2, namely Case 1, for sorting applications. However, Case 3 is more
efficient for applications where specifically larger particles are required to be isolated.
Similarly, Case 1 provides better capability for isolating smaller particles. Yet all of
these devices generally propose fast and cost-effective cell/particle separation

alternatives.

Since high purity of particle collection is quantitatively obtained for a single
process/passage, even higher purity values are possible for a cascade mode (multiple
passages). While this study provides valuable insight into the focusing mechanisms
and purity performance for cases of spiral microchannels with alternating curvature
radius, the scope could be well extended by investigating a variety of particle sizes and
further examining inertial focusing dynamics along the whole length of the
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microchannels. Finally, integration of a self micropump into the system would enhance

the portability of the microfluidic devices.

Moreover, the microfiltration design demonstrated impracticality at this stage. The
idea could be investigated profoundly by adapting new fabrication methods, using
printers with higher resolution to improve the photomask quality and revising the

parameters of microposts.

Overall, these elliptic devices could be utilized in the high-purity separation of micro-
size particles/cells such as CTCs, blood cells, bacteria, viruses, etc. and easily

customized for numerous cell/particle-sorting applications in biotechnology.
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