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FABRICATION OF MICROMIXERS FOR EFFICIENT ANTIGEN-
ANTIBODY BINDING

SUMMARY

Microfluidic systems are microscale systems that allow the manipulation of fluids
inside their channel. They are increasingly gaining interest in many scientific fields
owing to their favorable advantages as they can be utilized for many applications.
Microfluidic immunosensors are a fast-growing research field, due to the economic
nature of microfluidic systems in price, sample volumes, and consumption of time.
The fluid flow inside these microsystems can be described as laminar, where the fluid
sheets move in parallel to each other. This poses a challenge in microfluidic
Immunosensing as it hinders the interaction between species in the fluid.

In this study, micromixers were designed and fabricated to enhance the interaction
between the immunological species. Several micromixers were designed and
simulated using COMSOL Multiphysics software and the three geometries that
showed the best mixing were then fabricated. The microfluidic designs were etched on
a 3-inch silicon wafer using the photolithography technique and PDMS was
subsequently patterned using replica molding techniques and bonded on a glass
substrate using the Oxygen plasma bonding method. Interdigitated screen-printed
electrodes were purchased and used to carry out electrochemical measurements to
assess the binding between the infused species.

Streptavidin magnetic beads and biotinylated peptide were suspended in PBS and
infused through the two inlets of the microfluidic channel at multiple flow rates. The
two species were allowed to mix inside the microfluidic micromixer before being
collected from the outlet. A constant concentration of streptavidin magnetic beads was
chosen to mix with different concentrations of the biotinylated peptide at a time. The
bound magnetic beads were then immobilized on the surface of the screen-printed
electrode using a magnet and impedance measurements were taken.

Preliminary results indicate that the fabricated micromixers were able to induce
turbulence in the laminar flow and enhance mixing.

This work was supported by TUBITAK under project No. 20AG012.
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VERIMLI ANTIJEN-ANTIKOR BAGLANMASI iCIN MiKRO
KARISTIRICILARIN URETIMI

OZET

Mikroakiskan sistemler, kanallarinin i¢indeki sivilarin manipiile edilmesine izin veren
mikro Olgekli sistemlerdir. Birgok uygulamada kullanilabilmeleri nedeniyle birgok
bilimsel alanda giderek daha fazla ilgi gormektedirler. Mikroakigskan
immiinosensorler, mikroakiskan sistemlerin fiyat, numune hacimleri ve zaman
tilkketimi agisindan ekonomik olmasi sebebiyle hizla biiyiliyen bir arastirma alanidir. Bu
mikro sistemlerin i¢indeki sivi akisi, sivilarin birbirine paralel hareket ettigi laminar
akis olarak tanimlanabilir. Bu, sividaki immiinolojik molekiiller arasindaki etkilesimi
engelledigi icin algilamada bir zorluk teskil etmektedir.

Mikroakiskan sistemler, mikro karistiricilar gibi sivilart manipiile edebilen bilesenleri
bu sisteme entegre edebilmektedir. ki boyutlu veya ii¢ boyutlu geometriler, iiretim
teknigine, maliyete ve uygulamaya bagl olarak mikro karistiricilart iiretmek icin
kullanilabilir. Mikro 6lgekte, parcacik hareketini yonlendiren temel kuvvet molekiiler
diftizyondur ve sivida asili pargaciklarin rastgele hareketi ile gergeklestirilir. Bu mikro
bilesenlerin dahil edilmesi, girdaplar ve ikincil akiglar yaratarak sivi akisinda
tirbiilansin ~ ortaya  ¢ikmasina  yardimct  olur.  Mikroakiskan  homojen
immiinosensorlerde, mikro karistiricilarin entegrasyonu, immiinolojik molekiiller
arasindaki temas alanini arttirmak, etkilesimlerini arttirmak ve reaksiyon siiresini
kisaltmak i¢in uygun ve basit bir yol sunar.

Mikro karigtiricilar aktif ve pasif olarak siniflandirilmaktadir. Aktif mikro karistiricilar
tiirbiilans1 olusturmak icin harici bir enerji kuvvetine ihtiyag duyarken, pasif mikro
karistiricilar geometrik dizaynlar araciligiyla bunu saglar. Pasif mikro karistiricilarda
bariyerlerin, oluklarin, bolinmiis ve rekombine edilmis yapilarin ve kivrimli yapilarin
kullanilmasi laminar siv1 akigin1 bozarak karistirmay1 saglar.

Mikroakiskan sistemleri tiretmek i¢in cam, silikon ve polimerler dahil olmak tizere
cesitli malzemeler kullanilmaktadir. Ayrica, bu sistemler farkli teknikler kullanilarak
da iretilmektedir. Sonu¢ olarak, malzeme ve iretim tekniginin se¢imi tiretim
sistemlerinin maliyetine, mevcudiyetine ve uygulamasina baghdir.

Bu ¢alismanin amaci, antijen-antikor etkilesimini artirmak i¢in verimli iki boyutlu
pasif mikro karistiricilarin tasarlanmasi ve {iretilmesidir. Karistirma verimliligi,
streptavidin  manyetik boncuklarin ve Dbiyotinlenmis peptitlerin mikrokanal
giriglerinden beslenmesiyle elde edilir. Cozelti karisimi kanalin ¢ikisindan toplanir ve
empedans Ol¢iimleri alinir.

COMSOL Multiphysics kullanilarak ii¢ mikro karistirict geometrisi tasarlanmis ve
simiile edilmistir. Mikroakiskan kanal igerisindeki karistirmayi simiile etmek igin
laminar akis ve seyreltilmis ¢ozeltinin taginmasi arayiizleri kullanilmistir. Navier-
Stokes, difiizyon ve konveksiyon denklemleri, sivi karigimimi simiile etmek igin
yazilim tarafindan ¢oziildii.
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Her iki giris i¢in 0.008 m/s’lik bir giris akis hiz1 ve her giris i¢in 0 ve 1 mol/L’lik bir
molar konsantrasyon ayarlanmistir. Cikista ortalama 0.5 mol/L molar konsantrasyon
elde edilerek etkili karistirma gozlemLendi. Mikroakiskan kanallarin genel tasarimi
iki giristen olusmaktadir: Biri streptavidin manyetik boncuklar i¢in digeri
biyotinlenmis peptitler i¢indir, ayrica bir mikro karistirict ve bir ¢ikis bulunmaktadir.
Streptavidin manyetik boncuklarin girisi i¢in iki farkli geometri tasarlanmasinin sebebi
antijen-antikor etkilesimini arttirmak ve manyetik boncuklarin kanal igerisinde
dagilimmni saglayip donmesini saglamaktir. Tiim tasarimLarin kanal yiiksekligi 50
mikrometredir ve genel genislik 200 mikrometredir ve en boy orani 0.2’dir.
Genisleme-daralma ve asimetrik kare dalga olmak iizere iki karistirma geometrisi
Onerilmistir. Bu geometriler akista tiirbiilans olusturarak ve temas alanini arttirarak
karismayi saglar.

Mikroakiskan sistemler iki adimda tiretilmektedir. 1) Fotolitografi teknigi ile silikon
kalibin modellenmesi, 2) replika kaliplama teknigi ile PDMS mikrokanallarinin
iretilmesi.

Silikon kalibin olusturulmasi i¢in, mikroakiskan kanal tasarimlari, fotolitografi
kullanilarak 4 inclik silikon waferlar tizerinde modellendi.

Mikroakiskan tasarimlar silikon wafera aktarmak i¢in 6nceden siparis edilen desenli
bir asetat maskesi kullanildi. Silikon wafer yikand: ve hazirlandi, ardindan SU-8 3050
negatif fotorezist, wafer iizerinde 50 mikrometrelik bir kalinlik elde etmek igin
dondiiriilerek kaplandi. Kaplanmis silikon wafer, 95 °C’de 15 dakika boyunca sicak
plaka iizerinde tutuldu. Sogutulduktan sonra, 1 mikrometreye kadar ¢oziiniirliik elde
etmek icin asetat maskesi dogrudan kaplanmis silikon wafer iizerine yerlestirildi ve
UV 151k kaynagina (260-325 nm) SUSS Microtec (MAG6/BA6) makinesi kullanlarak10
saniye boyunca maruz birakildi. Desenlenmis wafer 65 °C’de 1 dakika ve sonrasinda
95 °C’de 5 dakika boyunca sicak plaka iizerinde bekletildi. Silikon wafer icerisinde
SU-8 gelistiricisinin bulundugu ¢ozeltiye daldirildi ve desenler net bir sekilde goriintir
oluncaya kadar yaklasik 8 dakika kadar bu ¢6zelti banyosunun i¢inde ¢alkalandi. Son
olarak silikon wafer, dayaniklilig1 arttirmak i¢in 150 “C’de 20 dakika boyunca sicak
plaka tizerinde tutuldu.

PDMS mikroakiskan kanallar1 replika kaliplama teknigi kullanilarak iiretildi. PDMS,
katilastirma maddesi ile 10:1 agirhik/agirlik oraninda kanistirildi ve desikator
kullanilarak 20 dakika boyunca gaz giderme islemi uygulandi. Daha sonra, PDMS
hazirlanan silikon kaliba dokiildii ve katilagsmast i¢in 90 °C’de 20 dakika sicak plaka
tizerinde 1sitildi. Katilastiktan sonra, PDMS, girisleri ve ¢ikist delmek icin kaliptan
dikkatlice soyuldu ve bir cam yiizeyin iistiine sigacak (55 mm x 27,5 mm) sekilde
tabakalar halinde kesildi. Mikrokanal girisleri ve ¢ikisi delindi ve PDMS, oksijen
plazma baglanmasi yontemiyle bir cam substrat yiizeyine baglandi. Plazma cihazinin
igerisi once vakumlLandi, ardindan kapagi kapatilmadan once 50 saniye boyunca
oksijenin ortam igerisine dagilmasina izin verildi. Plazma makinesi daha sonra agild1
ve yiiksek ayara getirildi. Mora yakin bir renk degisimi gozlemLendikten sonra,
PDMS ve cam substratlar ¢ikarilip bir araya getirilmeden 6nce 50 sn kadar plazmaya
maruz birakildi.

10 mikrolitre streptavidin manyetik boncuklart ve farkli konsantrasyonlarda
biyotinlenmis peptidler, PBS i¢inde siispanse edildi ve girislerden farkli akis hizlarinda
verildi. Cozelti ¢ikistan alinmadan Once iki sivinin mikro karistirict igerisinde
karigmasi saglandi. Karistirildiktan sonra, manyetik boncuklar bir miknatis araciligiyla
karisimdan ayrildi ve PBS i¢inde yeniden siispanse edildi.
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Streptavidin manyetik boncuklarinin empedans 6lgiimLeri, boncuklarin PBS iginde
siispanse edilmesi ve daha sonra bir miknatis kullanilarak elektrot iizerinde
hareketsizlestirilmesiyle alinan karistirmadan 6nce ve sonra alinmustir.

Empedans olglimLerini gerceklestirmek icin “Metrohm”dan DropSens DRP-
GIDEAUI10 altin birbirine ge¢mis ekran baskil1 elektrotlar satin alinmastir.

Iki piiriizsiiz PDMS levhas arasina bir elektrot yerlestirildi, iist tabaka elektrodun
algilama bolgesinin lstiinde hizalanmis bir agikliga sahipti ve burada toplanan
numuneler dlgiimler igin yerlestirildi. On sonuglar, fabrikasyon mikro karistiricilarin
laminer akista tiirbiilans1 indikleyebildigini ve karistirmayr gelistirebildigini
gostermektedir.

Bu calisma TUBITAK tarafindan 20AG012 nolu proje kapsaminda desteklenmistir.
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1. INTRODUCTION

Microfluidic systems have attracted significant attention in the past few years in
biomedical analysis due to their economical and analytical advantages. Traditional
immunosensors rely on the diffusion coefficients of reactants, leading to slow
reactions. The flexible design of microfluidic systems eases the integration of
micromixers that facilitate chemical and biological reactions inside the microchannel
by disturbing the laminar flow in microfluidic systems with small Reynolds numbers.
These miniaturized systems offer high specific area, increasing contact medium

between fluids and leading to fast reaction rates.

1.1 Literature Review

The development in analysis methods had led to an increase in the number of
diagnostic analytes. The capture and quantification of these biomarkers is the first step
in disease diagnosis and treatment, therefore numerous sensing technologies are
rapidly developed [1].

In recent years, the integration of biosensors and microfluidic devices has attracted
significant attention owing to their advantages [2]. The use of microfluidic systems as
quantitative immunological devices offers the use of small sample volume,
multianalyte detection, increased sensitivity, incorporation of micro-flow components,
automation, high surface-to-volume ratio, and short analysis time by decreasing

diffusion distance when compared to conventional methods [2], [3].

1.1.1 Immunosensors

Heterogenous and homogenous immunosensors are well-suited for integration with
microfluidic systems. In heterogenous biosensors, the detection probe (antibody) is
immobilized on the surface of the sensor, whereas in homogenous biosensors, the
detection probe (antibody) and sample (antigen) are mixed, and the signal is measured

from the mixture for detection [1].



There are three main detection methods used in microfluidic immunosensors;

fluorescence, electrochemical, and surface plasmon resonance [3].

The incorporation of biosensors with microfluidic platforms offers a number of
advantages such as achieving a lower detection limit, high accuracy, providing
biological reactors, fast detection, sample volume manipulation, automation, and
affordability [4].

Microfluidic biosensors can be constructed in a relativity simple design, where inlets
are connected to a long microchannel that is positioned on top of a sensing platform

and the sample is generally driven through the microchannel by applying pressure [5].

Due to the miniaturized size of microfluidic systems, the movement of dispensed
particles inside the microfluidic channel is governed by molecular diffusion [6]. This
slow movement and mixture of particles is a challenge that hinders immunological

reactions in immunosensors.

In heterogenous immunosensors, the slow movement of particles leads to the
formation of a diffusion boundary layer on the reaction surface that inhibits the
interaction between the dispensed antigen and the immobilized antibody leading to

increased reaction time [7], [8].

To overcome this limitation, different approaches have been utilized to disrupt the
diffusion boundary layer such as alternate current electrokinetics (ACEK) techniques
including AC electrothermal (ACET) effect or AC electroosmotic (ACEOQ) or the
incorporation of dielectrophoresis [9]-[11], flow deformation with obstacle placement
[12], [13] and the use of confining secondary flow [14].

Several studies have been published that utilize the above-mentioned techniques to
increase the detection limit of analytes [15]-[19]. Although heterogeneous
microfluidic immunosensors offer many advantages such as high sensitivity and
selectivity [20], they are limited by the formation of diffusion double layer, cost,
separation, and sample preparation. Despite the different techniques that have been
proposed to solve the problem of diffusion boundary layer formation, their utilization

adds complexity to the design, fabrication, and operation of these devices.

On the other hand, homogenous biosensors do not require sample perpetration and are
easier to operate, affordable, enable antibody immobilization of micro/nanospheres,

and are effective for detection in small complex samples making them ideal for point-
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of-care (POC) sensor applications [1], [21]. Detection in homogenous immunosensors
depends on the formation of antigen-antibody complexes by mixing [22]. However,
owing to the small scale of microfluidic systems, the viscous forces of the fluid inside
the microchannel are stronger than the inertial forces characterizing the flow as laminar
[3]. Laminar flow is represented by the movement of fluid in parallel sheets, where no
mixing occurs [23]. The characteristic of fluid flow can be determined by a
dimensionless number, called the Reynolds number [24]. In the microscale, laminar
flow is defined when the Reynolds number is less than the critical value of 1500. As a
result of the dominant viscous effect, the mixing inside the microfluidic channel is
dependent entirely on molecular diffusion leading to longer reaction time and requiring

longer microfluidic channels [25].

The laminar flow, therefore, reduces the chances of the biological reaction between
antigen-antibody, reducing the complex formation and therefore detection. This can

be overcome by utilizing a micro-flow component (a micromixer) [26].

For optimal micro- to nano-fluid manipulation, several features need to be considered
such as the fabrication material, aspect ratio, and the integration of micro-flow
components for the intended function/functions. One of the most important micro-flow
components that can be easily integrated into the microfluidic channel is a micromixer
[2], [27]. The integration of micromixers induces turbulence inside the microfluidic
channel by disturbing the laminar flow, enhancing mixing [22]. Therefore, the
incorporation of micromixers in homogenous immunosensing devices can increase the
formation of immunological complexes, reducing reaction time and enhancing the
sensitivity of the device. Several microfluidic immunosensors were designed for the
detection of many disease-related biomarkers, a number of which are listed in (Table
1.1).



Table 1.1 : Microfluidic immunosensors proposed as diagnostic platforms.

Disease Biomarker Detection method LOD Rf.
. . Surface-enhanced Raman
Prostate cancer Prostate-specific antigen (PSA) . 0.01 ng/mL [28]
scattering (SERS)
Alpha-fetoprotein (AFP) and c-reactive
Cancer . Fluorescence 1 pg/mL [29]
protein (CRP)
Diabetes Insulin Chemiluminescence 4x107*° mol/L [30]
. 0.01 U/mL,
Cancer Antigen (CA153, CA125) and Surface-enhanced Raman
Breast cancer . . ) . 0.01 U/mL and [31]
Carcinoembryonic Antigen (CEA) scattering (SERS)
1 pg/mL
. . 4 1.25-40 pg/mL, 0.4
. C-reactive protein (CRP), Procalcitonin L
Inflammation . Chemiluminescence 12.8 ng/mL, and 50— [32]
(PCT), and Interleukin-6 (IL-6)
1600 pg/mL
Complications of . . .
. ) C-reactive protein (CRP) and Prealbumin . 5 pg/mL and 10
Gastrointestinal Electrochemical [33]
. (PAB) pg/mL
fistula
Acute myocardial . . .

. . Cardiac troponin | (cTnl) Electrochemical 0.05 ng/mL [34]

infarction
Prostate Cancer Prostate-specific Antigen (PSA) Electrochemical 2 pg/mL [35]

) A Disintegrin And Metalloprotease 10 .
Alzheimer’s Electrochemical 0.35fg/mL [36]
(ADAM10)

Aspergillosis Galactomannan (GM) Fluorescence 0.07ng/mL [37]




1.1.2 Micromixers

Micromixers are microscale components that induce the mixing of at least two
different phases, and they are characterized by miniature channel dimensions of 100-
500 um. Mixing in the microscale is achieved by molecular diffusion, advection, and
Taylor dispersion. Molecular diffusion is realized by the random movement of
suspended particles, advection is realized by the movement of particles due to the fluid
motion, and Taylor dispersion is the resulting advection of several velocities. The main
challenges that face the mixing process in the microscale are particle suspension due
to the small diffusion coefficient and laminar flow that is caused by the dominant
viscous effect. The utilization of chaotic advection can help overcome the challenges
of the microscale [38], Thus optimizing the design and operation of micromixers can

greatly affect the mixing process.

Micromixers can serve as microreactors for chemical or biological reactions. The
innate advantages offered by their microscale features offer several advantages that
facilitate reactions. The superiority of utilizing micromixers as microreactors are owed
to their ease of integration, fabrication, operation, and large surface-to-volume ratio

resulting in affordable reactors and efficient reactions [39].

Micromixers are divided into two categories, passive and active mixers [24]-[26],
[40]. While passive micromixers required no external energy and rely on channel
geometry to manipulate the fluid flow, active mixers require external energy in form
of acoustic, magnetic, electrical, thermal, or pressure. Although active micromixers
provide better control over the mixing inside the microfluidic channel [26], passive

micromixers offer ease of fabrication, integration, and operation [41].

1.1.2.1 Passive micromixers

Passive micromixers achieve homogeneous mixing by relying on molecular diffusion
and chaotic advection [6]. Since they do not require an external source of energy, the
channel geometry can be manipulated to achieve the desired effect. Passive
micromixers can either be 2-dimensional or 3-dimensional depending on the desired
function and production technique [40]. According to the main transport phenomena
that result in mixing, passive micromixers can be categorized into two categories: a)

bulk mass transfer micromixers and b) chaotic advection micromixers [38], [42], [43].



A) Bulk mass transfer micromixers

These micromixers rely entirely on molecular diffusion to realize mixing. Molecular
diffusion is a physical constant that is dependent on molecule and solvent properties.

Molecular defusion is described as seen in equation 1.1.

_ KkgT

= ks (1.1)

Where p is solvent viscosity, Ro is the solute radius, Kg is Boltzmann’s constant, and
T is the temperature in kelvin. The optimal method to enhance molecular diffusion is
by adapting certain geometries that reduce the striation thickness of the

solvent/solvents.

Parallel Lamination Micromixers: These micromixers rely on splitting the inlet
streams into a number (n) of smaller streams and then recombining them in one
channel as shown in (Figure 1.1). This lamination reduces the striation thickness,
decreasing the diffusion distance between the fluid layer and increasing the contact
area. The simplest type of parallel lamination micromixer is the T or Y type. T or Y
micromixers use a two-inlet design to laminate two streams and join them in one
channel as seen in (Figure 1.2). Obtaining a shorter mixing path can be achieved by

narrowing the main mixing channel [44].
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Figure 1.2 : a) T-shaped micromixer b) Y-shaped micromixer [45].



Sequential Lamination Micromixers: Can also be referred to as Split and Recombine
micromixers (SAR). These micromixers split the primary laminated stream into

secondary streams before rejoining them again as demonstrated in (Figure 1.3).

When compared to parallel lamination micromixers, SAR similarly brings down the
diffusion distance and increases contact but they present the advantage of faster mixing
for the same mixing area. Generally, SAR micromixers require an out-of-plane design
and fabrication but a novel planar laminating passive micromixer was developed by
incorporating an in-plan split and recombine structure combined with pattering the

channel floor to induce flow rotation to achieve efficient mixing [46].

Figure 1.3 : Concept of sequential lamination micromixer [38].

Flow Focusing Micromixers: These micromixers use three inlets to hydrodynamically
focus a stream as seen in (Figure 1.4). These micromixers require a long microchannel
to focus the flow in the horizontal direction, reducing the fluid width and therefore the
diffusion path. The inlet streams can have the same or different viscosities depending

on the desired effect and desired sample flow velocity.
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Figure 1.4 : Concept of flow-focusing micromixer [38].




B) Chaotic advection micromixers

Advection is the transport of solute due to the movement of solvent. Chaotic advection
micromixers rely on variations in the microchannel geometry and the presence of
grooves or obstacles to realize mixing through the stretching and folding of the flow.
For example, at a high Reynolds number, a T-type micromixer incorporated with
square obstacles alternating along the channel wall would cause the formation of
secondary flows generating flow-disturbing vortices [47]. Cylindrical pillars placed in
the flow path can enhance mixing due to inertial forces and the change in flow direction
[48]. The obstacle placement can further enhance mixing if it’s asymmetrical.
Repeated curves [49], and sharp turns [50] were also reported to result in chaotic
advection at high Reynolds numbers. Several chaotic mixers are illustrated in (Figure
1.5).

obstacles LA obstacles
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Figure 1.5 : a) Square obstacles b) Cylindrical pillars ¢) Repeated curves d) Sharp
turns [38].

At intermediate Reynolds numbers, 3-D interconnected shapes were investigated for
mixing. C-shaped serpentine and L- shaped 3-D channels were reported to enhance
mixing [51], [52] as shown in (Figure 1.6). Other variations to the 3-D serpentine
micromixer were also investigated; advection serpentine mixer with F-shaped
geometries for lamination [53] and the modification of the recombination region of the
F-shaped geometry to further enhance mixing performance [54]. Another chaotic

micromixer design incorporates ridges on the channel base. The bas-relief structures



produced effective mixing at low Reynolds numbers [43]. Rhombic geometry with flat
edges was proposed for high-throughput applications due to the enhanced vortex
formation at high Reynolds numbers [55].

Figure 1.6 : a) C-shaped micromixer b) L-shaped micromixer [38].

Spiral and F- shaped micromixers are reported to cause the formation of dean vortices

that enhance mixing at low Reynolds numbers [56], [53].

Chaotic advection micromixers can be designed in various shapes and geometries by
changing the wall geometry, obstacle placement, expansion-constriction, and flow
recycling can be done by incorporating a number of different mixing geometries
altogether [24], [38], [40].

Passive micromixers have been utilized in microfluidic platforms to produce rapid and
efficient results in biosensing applications. A 3-D Tesla micromixer has been utilized
to enhance the antigen-antibody binding for the detection of lung cancer cells at a
sample concentration of 102 cells/uL [27]. Another microfluidic biosensor for the
detection of the foodborne pathogen of S. Typhimurium bacteria incorporated a 3-D
staggered asymmetric herringbone for mixing of samples and followed by a serpentine
incubation channel to provide enough time for complex formation. This microfluidic
chip design was adapted to enhance mixing and improve sensitivity and provide a
detection limit of 73 CFU/mL [57]. Multiple micromixer designs have been tested for
the detection of the antibacterial drug Sulfadimethoxine. A 3-D wavy line pattern
showed the most efficient mixing and was chosen for the homogenous aptamer-based
assay and a limit of detection of 4pg/mL was obtained [58]. A focusing micromixer
was designed for microfluidic cytometry. The microchannel included 4 inlets, two
inlets were designated for the components to be mixed and the other two inlets were

designated for the sheath flow. This design enhances the mixing of the components by



reducing the fluid width and enhancing diffusion and achieved complete mixing of the
two components [59]. A laminar split and recombine micromixer was proposed and

investigated for the preparation and mixing of blood samples.

The proposed micromixer contained eclipsed-shaped micropillars to split the main
flow into two smaller flows before recombining again. The investigation was carried
out using the finite element method, COMSOL Multiphysics. The results indicate that
the incorporation of the eclipse-shaped micropillar enhances the mixing efficiency of
T- shaped mixers with a mixing efficiency of more than 80% at low Reynolds numbers
[60]. A novel pump-free SERS-microfluidic homogenous biosensor for the detection
of prostate-specific antigen was developed. winding-shape geometry was embodied
through the microfluidic channel to enhance the antigen-antibody binding by
increasing contact between solutions through chaotic advection. This novel system
was able to achieve a detection limit of 0.01 ng/mL [28]. Although 3-D micromixers
create better secondary flows that lead to vortex formation that produce more efficient
mixing, 2-dimensional micromixers are easier to fabricate and are more economical
[58].

1.1.3 Fabrication

Microfluidic devices can be fabricated through a variety of methods each with
advantages, disadvantages, and the preferred fabrication material. The choice of the
method relies greatly on the desired characteristics of the fabricated microfluidic

device and its application [61].

1.1.3.1 Materials

The first thing to consider before deciding on the fabrication technique is the material.
In the micro world, the properties of the materials are amplified and can greatly affect

the outcome of the product [62].

A- Metals: Aluminum, copper, iron, and their alloys can be used to fabricate
microfluidic devices [63]. They offer several advantages such as durability
against extreme conditions, accessibility, and affordability. Metallic
microfluidic systems act as microreactors for the fabrication of nanomaterials
[64].
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Silicon: One of the earliest materials used for the fabrication of microfluidic
systems. Although silicon offers the flexibility of design and micromachining,
silicon use in fabrication is limited due to its fragility, price, and complications
in incorporating functional components into the device [65], [66]. Silicon
microfluidic systems are utilized in many biological applications [65].

Glass: Transparency, rigidity, biocompatibility, and durability has made glass
one of the most popular materials for microfluidic fabrication but despite these
properties, glass micromachining is troublesome and expensive. Glass
microfluidics are used as microreactors for nanomaterial synthesis and
biological applications [65], [67]-[69].

Ceramics: Although ceramics possess strength against harsh chemicals and
conditions and unique surface properties, they are not preferred in the
fabrication of microfluidic systems due to their porosity and delicacy [65],
[68].

Paper-based: Paper-based microfluidics were proposed as a feasible and more
economical alternative to other materials in disposable point-of-care
diagnostics [70]. They are porous, biocompatible, easily modified, and
affordable but their use is still limited due to their mechanical strength [71].
Polymers: The choice of fabrication materials has shifted from silicon and glass
to polymers due to their utility and flexibility of fabrication. The attraction of
polymer use in the fabrication of microfluidics systems stems from their
favorable properties such as transparency, chemical stability, biocompatibility,
and surface tension.

The most commonly used polymers in microfluidic fabrication include
polydimethylsiloxane (PDMS), an elastomer, and polymethylmethacrylate
(PMMA) a thermoplastic [61], [72]. PDMS is affordable, easily manipulated
and molded, biocompatible, transparent, and highly elastic [65], [73]. These
properties make PDMS an attractive fabrication material in biological
applications such as cell culturing, biomedical diagnostics, and cell screening
[62], [74]. PMMA owns similar properties to PDMS in addition to the
advantage of better solvent compatibility and no molecular adsorption [71],

therefore, PMMA is often used for the fabrication of organ-on-a-chip devices.
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The mentioned materials can be incorporated with each other in order to
fabricate hybrid microfluidic devices to harvest the desired properties of both

materials [75].

1.1.3.2 Fabrication techniques

A variety of fabrication techniques can be utilized to produce microfluidic devices.
The choice of the technique depends on multiple factors such as the cost of fabrication,
availability, and the choice of the material for the desired application [61]. Below is a

summary of the most common fabrication methods.
A- Micromachining:

Micromachining techniques usually involve the use of glass or silicon as
fabrication materials due to their rigidity and the use of harsh and corrosive
chemicals. Micromachining includes wet and dry etching, photolithography,
electron beam lithography, and other techniques [76]. Wet etching can be
described as the use of an etchant chemical that removes material to reveal the
microfluidic pattern in the solid material. Dry etching can be used to etch the
network or pattern of micromixers. Wet etching however uses etchant gases or
plasma to remove material. Dry etching can be further categorized into physical
dry etching, chemical dry etching, and physical-chemical etching. The best
feature resolution can be achieved with plasma dry etching and it is preferred
over wet etching for pattering transparent material although it is a slower
process [38], [77].

Photolithography is used to transfer the microfluidic pattern onto a substrate
through a mask to produce 2-D patterns and is commonly used in the
fabrication of micromixers due to its simplicity and rapid prototyping.
Photolithography consists of three general steps: the positioning of the mask
over the photoresist-covered substrate, UV exposure for pattern transfer, and
development for photoresist removal to reveal the pattern [38]. Another
micromachining technique is electron beam lithography where accelerated
electrons bombard the resist layer and deposit their energy [78]. This technique
is preferred over the accessible photolithography technique due to the small
features produced (as low as 20nm) and rapid fabrication [79].
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Replica molding:

Replica molding or soft lithography is one of the most used techniques in the
fabrication of medical devices [80]. This technique involves the use of a silicon
wafer master patterned with the microfluidic design to pattern an elastomeric
material like PDMS. The process starts with creating the silicon master with
photolithography, pouring the elastomer (PDMS) on top of the master, curing
and peeling off the material to reveal the microfluidic pattern. Using this
method can produce high-resolution molds and can be used to produce 3-D

devices by assembling multiple layers on top of each other [38], [61], [76].
Embossing:

This technique involves the use of thermoplastic material such as PMMA that
is patterned against a stamp using pressure and heat. This method is easy,
uncomplicated, and cheap. The most complicated or time-consuming part of
this method is the fabrication of the stamp from micromachined silicon or metal
electroforms. Then, the thermoplastic material is placed in a hydraulic press,
and by applying heat and pressure the material is embossed with the stamp and
a vacuum can be applied to eliminate air bubbles between the material and the
stamp [38], [61], [76].

Injection molding:

like embossing, inject molding utilizes silicon and metal molds. This method
is limited to thermoelastic materials that are injected into the cavity of the mold
to produce the desired patterns. The process starts with heating the material
inside a barrel to melt it. After melting, the material is injected into the mold
cavity under high pressure. To maintain the shape of the material and release
it from the mold, pressure is maintained while the temperature is dropped. This
method is economical, precise, and simple with one major drawback being the
fabrication of the molds. Several factors can affect the quality of produced
geometries such as the quality of the mold, the properties of the material,

temperature, pressure, and the residence time [38], [61], [76].
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1.1.4 Electrochemical impedance spectroscopy (EIS)

With the development in MEMS fabrication and the rapid demand for cost-effective
diagnostics, electrochemical impedance spectroscopy has gained interest in the
detection of biomarkers in point-of-care (POC) applications [81]. EIS offers multiple
advantages such as high sensitivity, non-destructive, and multianalyte label-free
detection [82]. Impedance is the resistive force to an electrical current in AC circuits,

it can be described as “the complex ratio of voltage and current in an AC circuit” [83].

The electrical current flows at various frequencies through a cell, in the case of the
microfluidic biosensor, it is the detection chamber and electrode. The different
frequencies applied have different phase angles that result in a capacitive or inductive
effect [82]. After applying the current, its response is measured and used to obtain real,

imaginary, phase angle, and complex impedance [84] as seen in equation 1.2.
Z (jo) =Zr (o)t jZi (®) (1.2)

Where Z (jo) is the complex impedance, Zr (o) is the real impedance and jZi (®) is
the imaginary impedance. Impedance data can be plotted as imaginary and real
impedance in the Nyquist diagram to obtain resistance, charge transfer resistance, and
Warburg impedance. Impedance and phase angle and frequency can also be plotted in
the Bode diagram to obtain information about the capacitive or inductive effects of the
electrochemical cell [82] [85].

Electrochemical impedance spectroscopy can be categorized into two categories,
faradaic and non-faradaic. In faradaic sensors, redox probes are present in the solution
and the measured impedance is related to the charge transfer of the reactive species on
the surface of electrodes [86]. Non-faradaic sensors however do not require the
presence of redox probes. Instead, non-faradic impedance is related to the insulating
effect of the target molecule when it binds to the surface of the electrode [87].
Although faradic sensors are superior in sensitivity in comparison to non-faradaic
sensors, the latter is more suitable for point-of-care applications [88].

Electrochemical impedance spectroscopy can be used to measure and evaluate antigen-
antibody binding in real time [19], [89], [90]. The impedance measurement changes
are the target molecule binds to the immobilized magnetic beads on the surface of the
sensing electrode. In this study, the unbound streptavidin-coated magnetic beads are

immobilized on the electrode surface using a strong magnet, and impedance
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measurements are carried out as Z before binding the biotinylated peptide. Impedance
measurements are repeated after the binding to peptide to magnetic beads to obtain Z

after binding.

To obtain the magnetic beads and peptide binding measurements equation 1.3 is

solved:

AZ/ Z Reference = (Z After Binding -Z Before Binding)/z Before Binding (13)
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2. DESIGN AND SIMULATION

In this chapter, the design and dimensions of the proposed microfluidic micromixers

are discussed.

The microfluidic channels were designed to optimize the interaction between
biological species. Several mixing-unite geometries were designed and repeated
throughout the microfluidic channel. In total 12 microfluidic channels were designed

and simulated using COMSOL Multiphysics 5.6 software.

The general design of the microfluidic channels consisted of two inlets: one for the
streptavidin-coated magnetic beads and one for the biotinylated peptide, a micromixer,
and one outlet. Two geometries for the inlet of the magnetic beads were designed to
enhance the dispersion and rotation of the functionalized magnetic beads which might

enhance the interaction between species.

3 designs were chosen to be fabricated based on their simulation results as seen in
Figure (2.1).

Figure 2.1 : Proposed microfluidic designs.

All designs had a channel height of 50 um and general width is 200 um with a small

aspect ratio of 0.2, geometries and their specifications are indicated in (Table 2.1). The
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choice of the height and width of the channel was made to decrease the diffusion

distance while keeping in mind the limitations of the fabrication technique.

Two mixing geometries were proposed for the design of the micromixers, expansion-
constriction, and asymmetric square wave. Consecutive expansion-constriction
geometries induce turbulence in the flow and increase the interface area between the
infused fluids by condensing and then separating the flow at the expansion regions
leading to vortex formation. While the mixing in the asymmetric path micromixer is
caused by the formation of small eddies at the curves of the channel which cause

turbulence.

Table 2.1 : Microfluidic channels geometries and dimensions.

Microfluidic channel Number of inlets Mixing geometry Dimensions
300 pm
1 for each - expansion, 100
=/ bututusuouusd T species um
constriction
Asymmetric
e o 1 for each path
N '~.,.".*‘.,.'./’ e T Tl T Tl .
- Species 200, 225, 300
pm
Asymmetric
: - - 1 for magnetic path
. :7\””“ Oty ——( . beads, 2 for
protein/peptide 200, 225, 300
pm

Laminar flow and transport of diluted solution interfaces were used to simulate the
mixing inside the microfluidic channel. Navier-Stokes, diffusion, and convection
equations were solved by the software to simulate fluid mixing. An inlet flow velocity
of 0.008 m/s was set for both inlets and a molar concentration of 0 and 1 mol/L was
set for each outlet. COMSOL Multiphysics Simulation results demonstrated effective
mixing by measuring a molar concentration of 0.5 mol/L at the microfluidic channel
outlet indicated by the color green as seen in (Figure 2.2). Simulation results also
indicated that these geometries can produce sufficient mixing at a low Reynolds
number. There are two characteristic dimensionless numbers to consider in

microfluidics, the Reynolds number, and the Peclet number. Reynolds number

18



corresponds to The flow rate, it is the ratio between the inertial and viscous forces.

Whereas the Peclet number is the ratio between convection and diffusion.

In micromixers, Low Reynolds numbers characterize the flow as laminar, and high

Peclet number >> 1 is required.
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Figure 2.2 : Microfluidic channels flow simulation.
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Reynolds number can be described as seen in equation 2.1:

RE = %< 2.1)

v

Whereas, the Peclet number is calculated by solving equation 2.2:

pe = X< (2.2)

Where u is the velocity, L is the characteristic length of the flow, v is the kinematic

viscosity of the fluid and D is the diffusion constant.

When water is the carrier fluid the relationship between the Reynolds number and

Peclet number becomes as shown in equation 2.3:

Pe = 1000 Re (2.3)

The different flow rates and their corresponding Reynolds number and Peclet number
for the designed micromixers are indicated in (Table 2.2) below.

Table 2.2 : Reynolds and Peclet numbers.

Inlet flow (mL/min) Velocity(m/s) Reynolds number (RE) Peclet number (Pe)

0.005 0.00833 0.67 666.40

0.01 0.01666 1.33 1,332.80
0.015 0.025 2.00 2,000.00
0.02 0.033 2.64 2,640.00
0.025 0.0146 1.17 1,168.00
0.03 0.05 4.00 4,000.00
0.035 0.0583 4.66 4,664.00
0.04 0.0666 5.33 5,328.00
0.045 0.075 6.00 6,000.00
0.05 0.0833 6.66 6,664.00
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3. DEVICE FABRICATION

In this chapter, the fabrication and assembly of the microfluidic channels are reported

in detail.

3.1 Silicon Wafer Patterning

Microfluidic channel designs were patterned on 4-inch silicon wafers using
photolithography. SUSS Microtec (MA6/BA6) machine was used to transfer the
microfluidic geometries onto the silicon wafer through acetate masks. The
microfluidic channels were designed using AutoCAD and saved as a GDSI| file that
was then sent to “ Coziim Tamitim Hizmetleri Tic. Ltd. Sti.” for acetate mask

production.

Before any experimental steps, the silicon wafers were prepped to enhance the
adhesion and uniformity of the coating photoresist. Isopropyl alcohol wash was used
to remove dust or trace residues from the surface, then they were dried using a nitrogen

gun and put on a hot plate at 200°C for 1 minute to dehydrate the wafers.

The photoresist is a light-activated polymer used to transfer the pattern onto a substrate
through a mask. When the photoresist is exposed to light, it can either become soluble
or it can harden. When a positive photoresist is exposed through a patterned mask and
developed it produces the same mask image on the surface of the substrate. However,
when a negative photoresist is exposed and developed it produces a negative image of
the mask. (Figure 3.1) shows the difference between a positive and a negative

photoresist in microfabrication.

SU-8 3050 negative photoresist (MicroChem) is coated onto the silicon wafer using a
Laurell WS-650MZ-23NPPB spin coating device to obtain a S0um thickness on the
substrates. After, the coated silicon wafer was transferred to a hotplate to prebake at
95°C for 15 minutes to remove the residual solvent of the photoresist. The prebake
helps in increasing coat stability, enhancing adhesion to the wafer, and removing any
bubbles. The coated silicon wafer is then cooled down to room temperature before UV
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exposure. SUSS Microtec (MAG6/BAG) machine was used to expose the coated silicon
wafer through the acetate photoresist.
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Figure 3.1 : Comparison between positive and negative photoresists.

Contact printing was used, where the acetate mask is placed directly on top of the
coated wafer to obtain up to 1um resolution. The pattern was transferred by exposure
to a (260nm-325nm) light source for 10 seconds. Post-exposure bake (PEB) of the
exposed wafer was carried out on a hotplate at 65°C for 1 minute then at 95°C for 5
minutes to provide any needed energy to continue the activation process of the exposed
photoresist. To reveal the patterned design on the surface, the silicon wafer was
submerged in a SU-8 developer bath and agitated for about 8 minutes until the S0um
high design is revealed. The patterned silicon wafer is then hard-baked on a hotplate
at 150°C for 20 minutes to increase its durability and remove any micro-cracks to
produce the patterned silicon wafer as seen in (Figure 3.2). A summary of the
fabrication steps and parameters can be seen in (Table 3.1).

Figure 3.2 : Patterned silicon wafer.
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Table 3.1 : Processes and parameters.

Process Parameter
Spin Coat 500 Rpm - 5s, 3000 Rpm - 30s
Soft Bake 95°C — 15min
Uv Exposure 250 Mj/Cm2 — 10s

Post Exposure ]
65°C — Imin, 95°C — 5min

Bake
Development SU8 developer — 8min
Hard Bake 150°C — 20min

3.2 PDMS Microfluidic Channel

The patterned silicon wafer was used as the master mold to transfer the microfluidic
channel geometry to PDMS, the replica molding process is demonstrated in (Figure
3.3).

PDMS was mixed with a hardening agent in a 10:1 ratio wt/wt and degassed using a
desiccator for about 20 minutes. When all the bubbles are removed from the mixture,
it is then poured onto the master mold and heated on a hotplate at 90°C for 20 minutes,
this allowed the solvent to evaporate and the PDMS to cure. After curing, the PDMS
is peeled carefully from the master mold to punch in the inlets/outlets and cut the
PDMS to fit on top of a glass slide. To bond the PDMS on the glass substrate oxygen
plasma cleaner PDC-001 from “Harrick Plasma” to seal the bottom of the microfluidic
channel. The cut PDMS sheets and glass substrates were first washed with isopropyl
alcohol and dried using a nitrogen gun. Then, they were placed inside the Oxygen

plasma cleaner chamber.

The chamber was vacuumed for 1.5 minutes before allowing oxygen in through the
valve for 50 seconds. After sufficient oxygen was let in, the oxygen value was closed,
and the machine was turned on and put on a high setting. When the plasma hue was
observed, the PDMS and the glass substrates were exposed to the plasma for 50
seconds. Finally, the device was turned off and the samples were taken out and bonded

immediately. Light tapping motion was applied to relieve any bubbles and ensure
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complete contact between the surfaces. The fabricated microfluidic channels can be
seen in (Figure 3.4).

g

PDMS pouring Release of
& reticulation  PDMS replica

Master mold

Plasma Put in contact

Inlet drillin 4
8 treatment for bonding

Figure 3.3 : Replica molding process [91].

Figure 3.4 : The fabricated microfluidic systems.
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3.3 Electrode Placement

DropSens DRP-GIDEAU10 gold interdigitated screen-printed electrodes (SPE) were

purchased from “Metrohm”.

In order to create a well on the detection region of the screen-printed electrode, first a
thin layer of PDMS was poured and cured on a clear smooth silicon wafer. The PDMS
was then peeled and cut into two (55 mm x 27.5 mm) sheets. One of them was punched
with a 5mm punch to create a hole that is aligned with the electrode’s detection region.
A cutout with the same SPE dimensions is created on the second blank PDMS sheet
and the first PDMS sheet is placed on top and the two PDMS sheets are bonded using
the above-mentioned plasma bonding technique. The cutout. The SPE can be placed
inside the cutout pocket and aligned the hole with the detection region as shown in
(Figure 3.5).

Figure 3.5 : Electrode alignment.
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4. EXPERIMENTS AND RESULTS

4.1 Materials and Instruments

1 M, pH 7.4 Phosphate Buffer Solution from “Sigma-Aldrich”, DropSens DRP-
GIDEAU10 gold interdigitated screen-printed electrodes (SPE) from “Metrohm”,
Streptavidin-coated magnetic beads (Dynabeads™ M-280 Streptavidin) from
“Thermofisher”, TWEEN 20 from “Merck”, Silicon tubes and connectors from “Nehir
Biotechnology”, The peptide (SYVIH) was synthesized by TUBITAK and had a
charge of +2, Syringe Pump PHD ULTRA from Harvard Apparatus and Agilent
E4980A Precision LCR Meter.

4.2 Ink Test

The fabricated microfluidic channels were tested to verify their mixing efficiency in
real-time. Two water-soluble dyes (red and blue) were diluted in distilled water, each
dye was placed on an inlet using a micropipette tip. The flow of fluids inside the
microfluidic channel was achieved by applying negative pressure on the outlet using a
syringe pump. The dyes are infused through the microfluidic channel and mixed inside
the micromixers. Good mixing is indicated by the formation of purple color at the
microfluidic channel output. In (Figure 4.1), microscopic images of each microfluidic
channel’s inlets and outlets are seen. The first microfluidic channel ( the serpentine
with constriction-expansion geometries) showed the best mixing results indicated by
the purple color at the outlet. As for the second and third microfluidic channels, there’s
still a distinction between the red and blue dye indicating sub-optimal mixing. The first
microfluidic channel showed the best mixing owing to a longer mixing path and a
larger number of constriction-expansion geometries that results in better mixing.

Based on these results, the first microfluidic channel was chosen for further testing.
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Figure 4.1 : Microscopic images of the inlets and outlets of the fabricated
microfluidic channels.

4.3 Optimal PBS Concentration

Different molar concentrations of phosphate buffer solution (PBS) were prepared and
their impedance signal was recorded. This process aims to determine the optimal PBS
concentrations that would exhibit the highest impedance measurement over the tested

frequency range.

0.001 mM, 0.01 mM, 0.1 mM, 1 mM, 10 mM, 50 mM, 100 mM, 500 mM, and 1 M of
PBS solutions were prepared by diluting 1 M PBS with distilled water. The solutions
were tested one by one by placing 100 pL of each solution on the SPE and recording
the impedance measurements with Agilent Precision LCR Meter in a frequency range
of (500 Hz- 250 kHz). 0.001 mM and 0.01 mM PBS measurements were neglected as
they did not reproduce reliable impedance signals in the detection setup used. The
magnitude of impedance was graphed against the frequency range to create a Bode
plot as seen in (Figure 4.2). The impedance results show that as the ionic concentration
of PBS increases the impedance decreases due to the increase in conductivity of the
solution. Therefore, 0.1 mM of PBS was chosen as the optimal solution for
electrochemical impedance spectroscopy due to its high impedance signal allowing for

a higher impedance change in upcoming experiments.
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Figure 4.2 : Bode plot of different concentrations of PBS.
4.4 Impedance of Bare Magnetic Beads and Peptide Bound to Magnetic Beads

Generally, streptavidin-coated magnetic beads and biotinylated peptides are bounded
through incubation to immobilize the biotinylated peptide on the surface of the
magnetic beads. This procedure was carried out by TUBITAK to prepare samples and
it followed the immobilization protocol mentioned in Dynabeads™ M-280
Streptavidin manual then the amount of bound peptide was quantified, and the steps
are as follows:

1- The Dynabeads™ M-280 Streptavidin vial was agitated, and the desired
volume of streptavidin-coated magnetic beads was taken, washed, and
redispersed in the same volume of PBS.

2- The streptavidin-coated magnetic beads and the desired concentration of
biotinylated peptide were incubated in PBS for 30 minutes with gentle mixing.

3- The peptide-bound magnetic beads were then separated using a magnet, and
the supernatant with unbound biotinylated peptide was taken out. Then the

sample was washed 3 times before resuspending in PBS.
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4- BCA Protein Assay was used for colorimetric detection and quantitation of the
amount of bound peptide to the magnetic beads and the concentrations of the

bound peptide can be seen in (Table 4.1) below.

The impedance magnitude of these samples will be recorded later on.

Table 4.1 : Concentration of bound peptide in TUBITAK samples.

The concentrations of bound peptide

Sample 1 0.0144 mg/mL
Sample 2 0.0341 mg/mL
Sample 3 0.0568 mg/mL
Sample 4 0.0578 mg/mL

To record the impedance of streptavidin-coated magnetic beads alone, 4 samples of
0.1 mg bare magnetic beads were prepared and their impedance measurements were
recorded. 10 uL of 10 mg/mL streptavidin-coated magnetic beads were placed in a
microtube with 40 uL of 0.1 mM PBS to wash the magnetic beads. The solution was
vortexed for a few seconds before immobilizing the magnetic beads on the wall of the
microtube with an external magnet. The supernatant was disposed and the clean
magnetic beads were redispersed in 100 uL of 0.1 mM PBS. The prepared solution
was placed on the SPE and it contained 0.1 mg of magnetic beads, which were
immobilized on the surface of the SPE by placing a magnet under the detection zone.
The impedance measurements were taken 1-2 minutes after the placement of the
solution to allow the magnetic beads to immobilize on the surface of SPE and the same
frequency range of (500 Hz- 250 kHz) was used. The same process was repeated for
all 4 samples. The average impedance of the 4 samples and The impedance of 0.1mM
PBS were graphed in (Figure 4.3), where the addition of magnetic beads to the

solutions reduces the impedance magnitude due to the conductive nature of the beads.
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Figure 4.3 : Bode plot of 0.1 mM PBS and 0.1 mM PBS with 0.1 mg magnetic
beads.

Then biotinylated peptide bound to streptavidin-coated magnetic beads were washed
as previously described above and resuspended in 100 uL 0.1 mM PBS for impedance
measurements. Each sample was immobilized on the surface of the SPE with an
external magnet and its impedance was recorded. This process aims to measure the
impedance change as the amount of bound peptide is increased and to obtain a
calibration curve to determine the amount of bound peptide in further experiments.
The highest correlation coefficient (0.984659) was recorded at a frequency of 12.4
kHz. The impedance magnitude of these samples is shown in (Figure 4.4). The Bode
plot demonstrates the reduction in measured impedance as the concentration of the
bound peptide increases. This is owed to the peptide charge of +2 that facilitates charge

transfer at the surface of the SPE.
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Figure 4.4 : Bode plot of peptide bound to magnetic beads.
4.5 Impedance of Free Peptide

3 different concentrations (0.2, 0.3, 0.4 mg/mL) of free peptide were prepared in 100
uL 0.1 mM PBS. These measurements were taken to validate the decrease in
impedance magnitude in relation to the increased concentration of peptide. The
measurements were repeated 3 times to validate the results and the average of their
impedance is graphed in (Figure 4.5) along with the impedance magnitude of 0.1 mM
PBS, the average of bare magnetic beads, and TUBITAK samples. The impedance of
free peptide has a higher magnitude than TUBITAK samples owing to the absence of

magnetic beads that increase the conductance when present.
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Figure 4.5 : Bode plot of 0.1 mM, bare magnetic beads, free peptide, and TUBITAK
samples.

4.6 Increasing The Hydrophilicity of Microfluidic Channel

PDMS is a hydrophobic material resulting in the adsorption of hydrophobic analytes
on the microfluidic channel walls. To inhibit the adsorption of Dynabeads™ M-280
Streptavidin which are characterized as hydrophobic beads and the adsorption of
peptides, the use of surfactant is recommended. Tween 20 (Polysorbate 20) is a non-
ionic surfactant that is widely used due to its nontoxicity and compatibility in
biological applications. Free magnetic beads were infused in the same channel before

and after surfactant treatment to compare its effect.

First 0.1 mg of free magnetic beads were washed and suspended into 600 pL 0.1 mM
PBS, and 300 uL were infused from each inlet at a flow rate of 50 uL/min. After the
infusion of the sample, the microfluidic channel was flushed with 200 pL of 0.1mM
PBS The output was collected from the outlet in a microtube and a strong neodymium
magnet was fixed on the wall of the microtube to collect the magnetic beads. No
magnetic beads were collected on the microtube’s wall indicating that a significant

amount of magnetic beads were lost and therefore, no impedance measurement was
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recorded. The microfluidic channel was inspected under the microscope to confirm the
presence of the magnetic beads in the micromixer. (Figure 4.6 a) illustrates the

presence of the infused magnetic beads on the channel walls.

0.3% v/v Tween 20 solution was prepared using 0.1mM PBS. 1 mL of the surfactant
solution was infused through the microfluidic channel at a flow rate of 50 uL/min.
After the infusion of the surfactant solution, the channel was flushed with 1 mL of 0.1
mM PBS at the same flow rate. After treating the microfluidic channel with the
surfactant, the experiment was repeated with the same amount of magnetic beads,
volumes, and flow rate. When the magnet was placed on the side of the microtube, the
magnetic beads started collecting immediately. While the magnetic beads were
immobilized by the magnet, the solution was disposed of, and 100 uL of 0.1 mM PBS
was added. The sample was vortexed and impedance measurement was recorded.
(Figure 4.7) shows the impedance magnitude of the reference 0.1 mg magnetic beads
and the recovered beads from the microfluidic channel after the treatment with Tween

20. (Figure 4.6 b) shows the micromixer walls after the surfactant treatment.

/L'\ ) VA

Figure 4.6 : Microfluidic channel walls (a) before 0.3% Tween 20 (b) after 0.3%
Tween 20.

The impedance magnitude of the recovered beads shows the successful recovery of
magnetic beads after treating the microfluidic channel with 0.3% Tween 20. The
increase in impedance magnitude can be attributed to the binding of Tween 20
hydrophobically to the streptavidin-coated magnetic beads educing its conductance.
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Figure 4.7 : Recovery of magnetic beads from the microfluidic channel.
4.7 The Microfluidic Channel

Two different concentrations of biotinylated peptide (50, and 200) pg/mL were infused
through the microfluidic channel with 0.1 mg of streptavidin-coated magnetic beads.
Biotinylated peptide and streptavidin-coated magnetic beads were infused from
separate inlets as seen in (Figure 4.8) at two different flow rates 10 uL/min and 50
uL/min. The amount of infused species and their flow rates are shown in (Table 4.2).

Streptavidin magnetic beads

Biotinylated peptide

Figure 4.8 : Schematic representation of infused species.

35



Table 4.2 : The amount of infused species and their flow rates.

Streptavidin magnetic beads (mg) Biotinylated peptide (ng/mL) Flow rate (uL/min)
0.1 50 10
0.1 200 10
0.1 50 50
0.1 200 50

Each sample was prepared in 300 uL. of 0.1 mM PBS and infused through the
microfluidic channel from different inlets for a total infusion volume of 600 uL for
streptavidin magnetic beads and biotinylated peptide. After each sample infusion, the
microfluidic channel was flushed with 200 uL of 0.1 mM PBS infused from both
inlets. The output is collected in a microtube and the magnetic beads were separated
for impedance measurements, The process of output sample collection and
measurement is demonstrated in (Figure 4.9). The output solution should contain
unbound peptides, unbound streptavidin-coated magnetic beads, and peptide bound to
magnetic beads. An external magnet is used to separate the magnetic beads (bound and
unbound) from the supernatant solution before discarding it and adding 100 puL of 0.1

mM PBS for subsequent impedance measurements.

Magnetic .
complex in % F ]
0.1mM PBS 5

Figure 4.9 : Process of magnetic beads extraction and measurement.

36



The impedance magnitude of the collected magnetic beads from the output of the
microfluidic channel is shown in (Figure 4.10). All the samples had an impedance
magnitude close to the impedance magnitude of the recovered unbound magnetic
beads indicating that there was only a tiny amount of peptide binding on magnetic
beads or no binding at all during infusion. The limited interaction between
streptavidin-coated magnetic beads and biotinylated peptide could be due to the
limited incubation time and the constant rotation of the streptavidin-coated magnetic
beads which limits the interaction between streptavidin and biotin. Additionally, the
increase in the impedance magnitude could be due to the interaction between the
infused sample and Tween 20, which can reduce the conductance of the samples and
could hinder the interaction between the biotinylated peptide and the streptavidin-
coated magnetic beads. Further investigation is needed to verify whether there was any

binding between infused species.

These experiments are part of an ongoing TUBITAK project to develop a microfluidic
immunosensor for the early detection of liver cancer. Further experiments will be
conducted with Alpha Fetoprotein antigen and antibody to fine-tune the experimental

setup to achieve a sensitive microfluidic immunosensor.

0.1 mg Magnetic beads

Recovered magnetic beads
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Figure 4.10 : Impedance magnitude of the microfluidic channel output.
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5. CONCLUSION AND RECOMMENTATIONS

In this study, the successful fabrication of microfluidic micromixers was reported.
Three micromixers were designed to adapt constriction-expansion geometries and
asymmetric square wave geometries to induce turbulence in the fluid flow. All three
geometries were simulated using COMSOL Multiphysics software to visualize the
mixing of two fluids inside the microfluidic channel and results showed that effective
mixing was achieved. Microfabrication techniques such as photolithography and soft
lithography were utilized to fabricate the silicon master mold and the microfluidic
channels successfully. Electrochemical impedance spectroscopy was used to analyze
streptavidin-coated magnetic beads and biotinylated peptides and the samples infused
through the channel. 0.1 mM PBS was chosen as the solution for impedance
measurements as it illustrated the highest impedance signal of all PBS solutions which
would result in the highest impedance change when the impedance of streptavidin-
coated magnetic beads and biotinylated peptide is recorded. EIS results showed that
the increased binding of the biotinylated peptide to the streptavidin-coated magnetic
beads reduces the impedance signal due to the charge of the peptide. The microfluidic
channel was successfully coated with 0.3% Tween 20 in 0.1 mM PBS which aids in
the recovery of magnetic beads from the microfluidic channel and reduces the
desorption of magnetic beads and peptide on the microfluidic channel walls. Evidence
of peptide binding on magnetic beads is not clear. This could be a result of low
incubation time or due to the coating of Tween 20 on the surface of the infused
samples. These reasons can result in suboptimum binding since mixing is proven to be
efficient. Further comprehensive tests are needed to verify the presence or absence of

bound peptides on the surface of magnetic beads.

This work was supported by TUBITAK under project No. 20AG012.
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