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ABSTRACT

BOW TIE SHAPED COPLANAR WAVEGUIDE
MICROWAVE RESONATORS FOR SINGLE CELL
DETECTION, FLOW RATE MEASUREMENTS, AND
NANOPORE SENSING OF VIRUSES

Arda Se¢me
M.S. in Mechanical Engineering
Advisor: Mehmet Selim Hanay
September 2020

Measurement sensitivity of different biosensing applications can be enhanced
by using the microwave resonators. In the first application, microwave sensors
based on bow tie shaped coplanar waveguide (CPW) resonator was designed to
detect single cells in real-time. While the resonator was kept at its resonance fre-
quency, cells/particles were made a pass through the sensing electrodes and their
frequency shift statistics were obtained. For each cell, the geometrical size that is
obtained from the optical microscope was correlated to the electrical volume of the
cell which was measured by the microwave signals. A linear relationship was ob-
served between the electrical and geometrical volume of a cell. Dispersion caused
by the device geometry was elucidated using the standard sized polystyrene mi-
croparticles. To observe the single-cell dynamic, a target cell was trapped around
the sensing region, and its microwave response was continuously recorded. Then
cells were treated with dimethyl sulfoxide (DMSO), a chemical accelerating de-
hydration, and a decline in the resonance shifts by time was observed as the cell

lost total content.

Secondly, the same microwave design was patterned on a low-stress thin film
membrane and used for flow rate measurements. When the flow is on, there
were certain shapes continuously formed on the membrane and after a critical
point pulsation of the membrane cause a shift in the resonance frequency. When
the flow rate was increased, it was observed that these shapes formed faster so
does frequency shifts in the resonance. Therefore, the effective flow rate could
be correlated to the pulsation frequency of the membrane. Then, devices with

different membrane size and different channel geometry were fabricated to span
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different flow rate values. As a secondary sensing mechanism, the flow was given
from the reset condition where there was no flow. In this case, the amount of
frequency shift was related to the flow rate and a monotonically increasing relation
was obtained. As a next step, instead of liquid, the air was pressurized to measure
the flow rate. Airflow measurements have become important during the COVID-
19 pandemic as the flow rate sensors are the most essential component of the
ventilation machines. Using the secondary mechanism, frequency shifts induced
by airflow were recorded and a linear relation was observed between the applied

air pressure and frequency modulations.

In the last application, the sensing electrodes were patterned down to hun-
dreds of nanometer apart to detect nanoparticles and biological samples such
as polystyrene nanoparticles or viruses. A nanopore having a diameter around
400 nm was drilled on the membrane using focused ion beam (FIB) and ana-
lytes were translocated using electrokinetic motion. Since the events would be
quick in electrokinetic motion, data were collected with CompactRIO (cRIO),
however, when the PLL was running, there were spikes in cRIO for this reason
after the resonator was locked to zero degrees, LabVIEW was stopped. Yet, since
the resonator has low quality factor (=100), the phase of the resonator dwells
around zero degrees and still sensitive to translocations through the pore. In the
control run, there were no precipitous jumps, however, when the particles were
added sudden jumps induced by the particles were recorded. Therefore, can be
optimized and proposed as a biophysical sensor to characterize single viruses.

Keywords: Microwave, Sensing, Single Cell, Flow Measurement, Single Virus

Detection.



OZET

PAPYON SEKLINDEKI DUZLEMDES DALGA

KILAVUZU MIKRODALGA REZONATORLERI ILE
TEK-HUCRE TESPITI, AKIS HIZI OLCUMU, VE

VIRUSLERIN NANOGOZENEKLE ALGILANMASI

Arda Se¢me
Makine Miihendisligi, Yiiksek Lisans
Tez Danigmani: Mehmet Selim Hanay
Eyliil 2020

Biyoalgilama uygulamalarinin ol¢giim hassasiyeti mikrodalga rezonatorleri ile
arttirlabilir. Tk uygulamada papyon seklindeki diizlemdes dalga kilavuzu tabanl
rezonatorler tasarlanarak gercek zamanlh tek-hiicre tespiti yapilmigtir. Tinlatica,
rezonans frekansinda salimim yaparken, hiicreler/parcaciklar algilayic1 elektrot-
lardan gegirilerek, hiicrelerin/pargaciklarin frekans kaymasindaki olugturdugu
degigsimler kaydedilmistir. Her bir hiicre i¢in, optik mikroskoptan elde edilen
geometrik boyut, mikrodalga olctimlerinden elde edilen elektriksel boyut ile
iligkilendirilmigtir ve geometrik boyut ile elektriksel boyut arasinda cizgisel bir
iligki gozlenmistir. Uretilen cihazin yapisindan kaynaklanan dagiltilar, standart
boyutlu polistren parcaciklar kullanilarak ortaya c¢ikarilmistir. Tek hiicre di-
namigini gozlemlemek icin algilayici elektrotlar etrafinda hedef bir hiicre kapan-
lamig ve hiicrenin mikrodalga tepkisi devaml gekilde kaydedilmigtir. Daha sonra
hiicreler, su kaybim hizlandiracak Dimetil siilfoksit (DMSO) ile igleme tabii tu-
tulmug ve zamanla, hiicrenin igerisindeki malzemenin azalmasi nedeniyle, rezo-

nanstaki kayma miktarlarinin azaldigl gozlemlenmistir.

Tkinci uygulamada, ayni mikrodalga tasarimi, diigiik gerilimli ince film mem-
bran tizerine desenlenmig ve akig hizi 6l¢timlerinde kullanilmigtir. Akig, aktif hale
geldiginde membran tizerinde tekrarh gekillerin olustugu ve kritik bir noktadan
sonra membranin nabiz atma geklindeki hareketinin frekans kaymasinda degigsime
neden oldugu kaydedilmistir. Akig hiz1 arttirildiginda ise membran tizerindeki
sekillerin daha hizli olustugu, dolayisiyla frekanstaki kaymalarin da daha hizh
oldugu gozlemlenmistir. Bu nedenle efektif akig hizi, membranin nabiz atma
frekansina iligkilendirilebilir. Daha sonra, farkli membran ve kanal oOl¢tilerinde



vi

aygitlar tiretilerek farkl akig hizi degerleri taranmstir. Ikincil bir 6l¢iim teknigi
olarak, akig sifirdan verilmigtir. Bu kez, akig hiz ile frekans kaymasi1 arasinda
tekdiize bir artig elde edilmigtir. Bir sonraki agamada, mikrokanala sivi yer-
ine hava basinglanarak akig hizi olgiilmiugtiir. Hava akig hiz1 ol¢tim sensorleri,
havalandirma makineleri i¢in biiyiik 6nem arz etmektedir, nitekim havalandirma
cihazlar1 da COVID-19 pandemisi siiresinde énemli hale gelmistir. Ikincil 6l¢iim
teknigini kullanarak frekans kaymalar1 kaydedilmis ve uygulanan basincla frekans

kiplemeleri arasinda cizgisel bir iligki gozlemlenmistir.

Son uygulamada, algilayic1 elektrotlar yiizlerce nanometre aralikli iiretilerek
nanoparcaciklar ve biyolojik numuneler, oOrnegin polistren nanoparcacik ve
viriisler, tespit edilmistir. Odaklanmig iyon 1gin1 yontemiyle membran tizerinde
400 nm capinda bir nano gozenek acilarak elektro kinetik yonetemiyle analitlerin
bu gozenekten gecmeleri saglanmigtir. Elektro kinetik yontemiyle gecirilen anal-
itlerin olusturacagi kaymalar ¢ok hizli olacagindan otiirii CompactRIO (cRIO)
cihaz1 kullanilarak data toplanmigtir. Fakat LabVIEW iizerinden kontrol edilen
faz kenetleme dongiisii caligirken, cRIO bilgisinde sigramalar goriildiiginden
otlri rezonatoriin fazi sifir derece kitlendikten sonra LabVIEW durdurulmustur.
Uretilen cihazin kalite faktorii diigiik oldugundan otiirii (~100) faz degeri
sifir etrafinda salimm yapmaya devam ederken analitlerin nanogozenekten
gecislerinden dogacak degigimlere de tepki verebilecek kadar duyarhdir. Kontrol
turunda, fazda herhangi bir ani degigim goziikmezken parcaciklar eklendikten
sonra rezonatoriin fazinda ani sicramalar kaydedilmistir. Iyilestirme siirecinden
sonra mikrodalga rezonatorlerinin tek-viriis karakterizasyonu amaciyla biyofizik-

sel sensor olarak kullanilmas: onerilebilir.

Anahtar sozciikler: Mikrodalga, Algilama, Tek-Hiicre, Akig Hiz1 Olgiimii, Tek-
Viriis Tespiti.
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Chapter 1

Introduction

This thesis introduces microwave resonators for 3 different applications: first,
a microwave sensor to detect single cells will be introduced, followed by a flow
rate sensor based on nanomechanical membranes and lastly, virus detection with

microwave signals integrated with solid-state nanopore will be explained.

1.1 Single Cell Detection

In the first application, a platform based on microwave sensing is proposed to de-
tect single cells and observe their morphology in real-time. The main motivation
is to develop a platform that can enhance the effectiveness of the cancer treat-
ment. In chemotherapy, for instance, different drugs are simultaneously inserted
into the patient’s body, however, the question of which drug is the most effective
is still vague and may change over the different phase of the disease. At this
point, using the proposed platform, each drug could be tested solely on a single

cell at different phases and the most efficient drug treatment can be determined.

Personalized medicine and early diagnosis of the diseases [1, 2] can be examined
by high speed measurement of the size of a cell . Quantitative phase microscopy

[1, 3, 4] can be used to target a cell and observe its dynamics continuously.
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However, a platform having a smaller form factor, lower cost, and ease of use is
integral for a point-of-care applications For these reasons, there are several sensor
technologies being developed to detect and measure the size of a single cell [5, 6,
7, 8,9, 10]. In fact, some technologies also observe fast mass accumulations at a
single-cell level [11] and drug response of the cancer cells derived from different

patients [12].

As the mass indicates the metric of the total material inside a cell, the afore-
mentioned sensor technology focuses on the mass measurement at the single-cell
level [13]. Micromechanical structures, which are highly sensitive to effective mass
changes induced by external effects, are being used to detect to observe changes
in the mass of a cell [14, 15, 16]. Yet, the fluidic media impairs the performance
of the sensor due to viscous dissipation and low diffusion rates. To forestall these
problems, resonators based on suspended microchannels have been developed and
operate under vacuum conditions while the fluid was encapsulated. This tech-
nology was first developed [5, 17, 18] and optimized [6, 7, 19, 20, 21] by Manalis
group, however, several other research groups are also developing a similar tech-
nology [22, 23, 24, 25, 26, 27]. The major challenge in this technology is the
fabrication of a hollow, small-sized channel on the cantilever which is coercive

and increases the cost of each sensor.

The total content inside a cell can be determined by other parameters as well,
for instance, the polarization density of a cell differs from the external medium
thanks to the fact that the cell produces biochemical components, e.g. cytoskele-
tal proteins and phospholipids, and maintains the unbalanced & electrolytes in
its cytosol compared to the external environment. The difference in the polar-
ization stems from the total content inside the cell and this difference affects
the dielectric constant & capacitance of the cell when it is superseded with the
fluid. Therefore, capacitance changes induced by a single cell can be detected
by a resonant electrical sensor that can resolve size changes in single cells. How-
ever, the effect of Debye screening and polarization on the membrane becomes
dominant at low frequency, i.e. < 1 GHz; above 1 GHz electrolyte ions can-
not move and hydrogen bonds can be polarized up to 20 GHz. Utilizing this

fact, a large contrast difference was obtained between the medium, where the cell

2



flows, and polymers inside the cell (e.g. cytoskeleton and organelles). Thanks

to this contrast, microwave-based resonators can be also used to measure cells
28, 29, 30, 31, 32, 33].

In this thesis, a microwave resonator is proposed to detect cells and answer
to the question of whether the electrical volume of a cell (microwave response),
correlates to the geometrical size of a cell (optical microscope images) was in-
vestigated. By synchronizing the optical imaging with microwave sensing, it was
verified that the electrical and geometrical volume of a cell is correlated. With
results obtained, Microfluidics-Integrated Microwave Sensors (MIMS) can be pro-
posed as a new sensor technology for single-cell biophysics with a lower cost and

easier fabrication steps.

1.2 Nanomechanical Flow Rate Sensor

In the second application, microwave sensing is integrated on a nanomembrane
to determine the effective flow rate inside a microchannel. In this way, more

sensitive flow rate measurement was aimed at.

Mechanisms of nanomechanical resonators working in a fluid [34, 35, 36] and
suspended microchannel resonators filled with fluid [37, 38, 39] have been high-
lighted to understand the interaction between fluid flow and mechanical struc-
tures. In these studies, the mechanical bridge was driven externally and the
fluid was the source of dissipation and changed the effective mass of the element.
However, as in the case of fluttering of a flag or paper, simple fluid flow can also
induce an instability [40, 41, 42], and excite the motion instead of damping. To
observe flow-induced instability, a low-stress silicon nitride (Si3N4) membrane
having 220 nm thickness was elaborated under the fluid flow. While one side of
the membrane was in the interaction with the fluid within a microfluidic channel,
the other side was in touch with the room conditions. When the flow was on,
cyclic patterns were observed on the membrane and the cycling rate was propor-

tional to the effective flow rate which can be proposed as an on-chip flow rate



measurement sensor.

Flow rate measurement is crucial for several biomedical applications of mi-
crofluidics such as the adhesion rate of the cells on a substrate, concentration
of a cell inside a test volume, and sorting the cells according to their size. For
organ-on-chip and tumor on-chip applications, cells should be supplied with the
optimized amount of nutrition to maintain their viability. Doses of the tested drug
should be inserted to the cell in a controlled fashion to obtain the most accurate
cellular response [12, 43]. In discrete microfluidics area, with a finely controlled
flow rate, droplets having similar composition can be generated at different flow
rate value [44, 45, 46]. In most of these studies, syringe pumps or peristaltic
pumps are being used, yet, fluctuations and low response time in those devices
decrease the productivity of the target application. Commercial flow rate sensors
are placed outside of the target channel, generally in between the flow source and
the chip. The robust on-chip flow rate sensor should be within the microchannel

to determine the effective flow rate accurately.

Commercial flow rate sensors work based on different mechanisms: thermal, ca-
pacitive, and optical sensing. Thermal sensors work based on hot wire anemome-
ter where there is a heat source in the middle, two temperature sensors are placed
at two different locations, and based on the speed of the heat convection profile,
the flow rate is determined [47, 48, 49, 50]. Capacitive based flow sensors work
by shifting the thickness of the dielectric material or the surface of the electrode
[51]. Different techniques are used in optical flow sensors to measure the flow
rate. Some examples are microbubble image velocimetry [52, 53], microparticle
velocimetry[54, 55] and Doppler Velocimetry [56, 57]. Optofluidic sensors are
also used for flow rate measurement and the working mechanism is based on the
deflection of the cantilever induced by drag force. Minimum detectable flow rate

was 1.3 pL./min [58] with an incremental change of 4 L /min.

Mechanical flow rate sensors are based on the perforated cantilever with vari-
able sized holes and changes in the flow rate are quantified by correlating the
deflection of the cantilever to the flow [59]. With those structures, an aston-

ishing flow rate in the order of nL/min was achieved, however, the fabrication

4



and operation of such perforated cantilever are stringent as there is a need for
directing the flow through a nanostructure. Also, to readout the deflection of the
cantilever, a microscope is needed. There are several other flow sensors integrated
with electronics operating in the radio frequency reported [60, 61]. In a recent
work Zarifi et. al.[61] utilized the deflection of a PDMS layer and coupled it to a

microwave circuitry. The sensitivity of this method is 0.5 pL/min.

In this thesis, observation of the flow-induced states led to converting it into
a flow sensing mechanism by patterning a CPW microwave sensing electrodes
on top of the membrane. Changes in the resonance frequency induced by the
membrane pulsations were recorded at different flow rate values. Different sized
membranes were employed to span fine and coarse flow profile. At the end of the
experiments, the microwave integrated sensor could detect a minimum flow rate

of 0.4 pL/min with an incremental change of 0.1 uL/min.

1.3 Nanopore Sensing of Viruses

In the third application, nanopore sensing is utilized to detect and character-
ize single molecules using microwave signals. Nanopores are used for Single-
Molecule/DNA sequencing, detection of biological analytes [63]. Recently, the
field of nanopore sensing has attracted wide attention thanks to high sensitiv-
ity and high throughput at low cost offered by the sensing modality [62]. Fur-
thermore, the ongoing COVID-19 pandemic has shown a need for low cost and
point-of-care biosensors. With the proposed technique, testing capacity could

have been increased by using such a physical sensor.

Nanopore DNA sequencing works as follows: each nucleotide passing through
the pore has a different amplitude and duration observed through the current
which can be then converted into DNA sequencing information [64, 65, 66, 67].
Recently, nanopore sequencing is highlighted as it is PCR & label-free, can read
long chains, and gives high throughput. These features facilitate the genome

reading procedure and nominate the nanopore technique for personal genome uses



(68, 69, 70]. More importantly, as nanopore sequencing engenders fast results at
low costs, it is also useful for on-site diagnosis of infection such as COVID-19.
In fact, Ebola samples that were collected on-site in Africa were detected by a

nanopore sequencer [71].

Biological modifications caused by a disease or a drug delivery modulates
the concentration of a protein and also its expression. Using nanopore sensing,
these modifications can be quantified [72, 73]. While a protein passes through
a nanopore, constrictions inside the pore can excite protein unfolding, denatur-
ing, and translocation [74]. With this, the detection of the thermal unfolding of
a protein can be examined. In addition to sensing, nanopores can be used for

protein sequencing as well [75, 76].

Nanopore applications mentioned so far were performed by bio-nanopores.
Sensing modality can be enhanced by the integration of a functional structure or
a detection method using solid-state nanopores. In a recent work [77], the solid-
state nanopores integrated with macromolecular crowding technique were used to
detect proteins and DNA plasmids. Optical detection circuitry can also be built
around the nanopore, and when a target molecule flow through the pore, optical
signals were recorded using optical detectors |78, 79]. Optical nanopore sensing
enhanced with plasmonic nanopore can identify DNA sequencing as well [80, 81,
82]. Nanopores can be also co-integrated with force measurement techniques
such as atomic force microscopy, magnetic tweezers, and optical trapping by
controlling the applied electrophoretic force on a charged analyte by the electric
field generated. The detected signals are force signals which are correlated to

molecular interaction between the pore and analytes during the passage [83].

As the key components of any nanopore/channel-based application, solid-state
type membrane can be used thanks to its advantages of excellent durability, ro-
bustness, as well as seamless integration with existing semiconductor and mi-
crofluidics systems. For a sensitive measurement with nanopores, it is crucial to
match the size of the pore to the size of the analyte, so that the analyte blocks
almost the entire nanopore and induces higher conductivity change across the

nanopore. To avoid this stringent condition between the size of the nanopore



and the analyte, resonant microwave circuitry was built around the solid-state
nanopore. The fabrication of the sensor is also simple compared to suspended
graphite [84] and nanoribbon [85] sheets, as well as, mechanically controlled break
junctions (MCBJ) [86, 87, 88].

Similar microwave circuitry has been built by Bhat et. al. [89] using a vector
network analyzer as a measurement tool and the nanopore was drilled by laser
ablation. The pore size reported was 2 pm and polystyrene particles having a size
of 500 nm and 1 pum were detected. In another study [90], viruses were detected
solid-state nanopores yet the sensing modality was resistive pulse sensing. In this
thesis, a PLL circuitry was integrated around the nanopore so that continuous
microwave measurement was enabled. In the experiments, nanoparticles and
viruses were translocated using electrokinetic motion, and each particle/virus

induced a shift in the resonance.

1.4 Thesis Outline

This thesis explains three different applications of the microwave resonator there-
fore it has 3 different chapters: Singe Cell Detection, Nanomechanical Flow Rate
Sensor, Nanopore Sensing of Viruses. In the first chapter for each application:

motivation, detailed literature review, and novelty is explained.

In Chapter 2, details of the single-cell detection is explained starting with the
device design and its fabrication. Then, the experimental setup and procedure
are explained. Experimental results with size correlation, particle experiments,

single-cell trapping, and DMSO experiments are illustrated.

In Chapter 3, the same microwave design in Chapter 2 was patterned on a
nanomechanical membrane to convert membrane topology to determine the ef-
fective flow rate. First, the detailed fabrication procedure of the sensor was

explained then the experimental setup was illustrated. In the experiments, two



different sensing mechanisms were used: Pulsation Frequency and Reset Condi-
tion. Initial experiments were tested by pressurizing DI water using both mech-
anisms, then the air was blown through the channel, and using the secondary

mechanism frequency shifts were recorded.

In Chapter 4, a similar microwave design was used, however, this time elec-
trodes were only hundreds of nanometer apart. A nanopore was drilled on the
membrane and by using electrokinetic motion analytes were driven through the
pore. For the experiments, gold nanoparticles, polystyrene particles, vaccine

viruses were employed.

In Chapter 5, for all chapters summary of the work was given and some po-

tential improvements and future applications were proposed.



Chapter 2

Single Cell Detection

The first application of bow tie coplanar waveguide (CPW) resonator is to detect
individual cells without any labeling process in real-time. The proposed platform
can observe the morphology of a single cell over time. In fact, the current COVID-
19 pandemic has shown that low cost and point-of-care biosensors are essential.

Testing capacity could have been increased by using physical sensors.

In the literature survey part, efforts to detect individual cells using microwave
signals were reported [28, 29, 30, 31, 32, 33]. However, there were not many
studies that relate microwave signals to the optical image. This study integrates
microwave detection & optical imaging and differs from two commonly used tech-
niques: coulter counters and suspended microchannel resonator. First, coulter
counters measure the conductance change induced by a cell through a constric-
tion, however, this constriction should closely match to cell size [91] and what is
measured is the cross-section of the sample rather than its actual size. Since it
only considers the conductance change, other particles such as dust and bacteria
inside the electrolyte cannot be distinguished. Secondly, suspended microchannel
resonators require complex fabrication steps, and a vacuum system required for
sensitive measurement limits the widespread usage. Typically, optical readout
techniques are employed in the measurement which increases the form factor of

the technology.



2.1 Resonant Microwave Sensor Design

The designed sensor is based on bow tie CPW where the electric field is generated
planar rather than out of the plane as in the case with microstrip line based
resonators. To enhance the sensitivity of the measurement, signal and ground

electrodes were separated by a distance down to cellular size scale (=~ 50 pm).

microfluidic
channel

Top View

Design Parameters
..... h: 250 um, w: 1.6 cm, s: 400 pm,

......... Fused Silica L:2.5-5cm, g: 50 um
Wafer

100 nm thick gold

Figure 2.1: Dimensions of the designed resonator

For reducing the losses and noise level due to impedance mismatch with the
measurement circuitry, design parameters were calculated such that the overall

impedance matched to 50 ). Figure 2.1 shows the details of the device dimen-

sions.
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Figure 2.2: Electric field distribution

Same dimensions were exported to COMSOL to illustrate the electric field
distribution. Figure 2.2 illusrates an example of normalized electric field distri-
bution at 2.1 GHz resonance. As the signal and ground lines converge, electric

field is intensified.

2.2 Fabrication Steps

Fabrication of the sensor consists of two sub-fabrication steps: chip fabrication
& soft lithography. For the chip fabrication, 250 pum thick 4 inch fused silica
wafer was diced into half and coated with the photoresist (AZ-5214) spin speed
of 1000 rpm for 20 seconds. Then, the designed mask (Figure A.1) was used and
aligned on the photoresist coated wafer and upon UV exposure polymer chains
were weakened. Exposure parameters were as follows: Proximity & Separation:
200 pm, Thickness of the Resist: 1.3 pum, Dose: 150 mJ/cm?. In Appendix
A, Figure A.1, the mask used in photolithography is illustrated with 4 different
sensing gaps: 10, 20, 30, 50 um for the same bow tie CPW design having 50 2

impedance.

To fully obtain the desired pattern, the developer (AZ 400K, ratio 4:1) was
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prepared and about 40 seconds, the chip was dipped into the developer solution.
Then the sensing region was checked under the optical microscope unless the gap
was obtained the chip was dipped into the developer solution for additional 10-
20 seconds Figure 2.3a illustrates the schematic representation of the chip after
the photolithography step. Once the bow tie pattern was obtained, the chip was
placed inside the thermal evaporator. First, it was coated 10 nm Chromium for
better sticking of Gold, then 100 nm Gold was coated. Afterwards, the chip was
immersed into the acetone bath and left for liftoff for about 1-2 hours. Signal

and ground paths were obtained on the chip as in Figure 2.3b.

b

Figure 2.3: Fabrication steps

In the second part of the fabrication, a full Si wafer was used to prepare a mold
for Polydimethylsiloxane(PDMS) microchannel fabrication. SU-8 (MicroChem
2050) was poured on to wafer and two steps of the spin coating were operated. In
the first spin 500 rpm & 10 seconds, then 2000 rpm & 30 seconds was used. The
wafer was left for soft baking for about 20 minutes at 95°C. After soft bake, the

12



wafer was UV exposed with the desired microchannel mask with the following
exposure parameters: Proximity & Separation: 999 um, Thickness of the Resist:
200 pm, Dose: 250 mJ/cm?. Next, the wafer was left for post-exposure bake for 10
minutes at 95°C and if the exposure was successful, patterns become visible within
a minute during post-baking. Once the post-baking was performed, the wafer
was developed using SUS8 developer for 15 minutes. To check the development,
isopropyl alcohol can be sprayed, if the color of the wafer changes to white,
continue rinsing into the developer solution. Once the SU8 mold was ready,
PDMS (Sylgard 184, 10:1) was prepared to pour into the mold and baked for half
an hour (Figure 2.3c). By following the aforementioned fabrication parameters,
at the end, the height of the channel will be around 100 - 120 pm.

When PDMS was cured, it was peeled from the mold, and using oxygen plasma,
fabricated chip and PDMS channel was bonded. Plasma bonding parameters are
as follows: RF Power: 83 Watt, Oy: 25 sccm, No: 5 scem, Chamber & Substrate
Temperature: 30°C'. PDMS with microchannel was aligned to the electrodes un-
der a microscope. The channel was juxtaposed to the sensing region manually
and two PDMS ports were also bonded to the inlet and outlet ports for rigid
tubing connection (Figure 2.3d). There can be some air stuck between the chip
and PDMS, to get rid of those, the fabricated chip was placed on a hot plate
overnight at 80°C to achieve a better bonding at the interface of PDMS & fused
silica chip with gold patterns. Sides of the PDMS ports were sealed with a sec-
ondary PDMS, the aim of this is to maintain the connection of PDMS ports on
PDMS. As the tubing is inserted /extracted this bonding degrades over time, how-
ever, this secondary sealing enables flexibility for repetitive tubing connections.
In Appendix A, Figure A.2, shows an example of the fabricated chip after the

cleanroom process.

2.3 Experimental Procedure

The experimental setup consists of 3 main subsystems: electronic measurement,

microfluidics, and optical imaging (Figure 2.4). The fabricated chip was placed
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on the microscope stage with all necessary electronic and microfluidic connections
and it was encapsulated inside a Faraday cage to forestall microwave interference
from external sources. A pressure controller (Fluigent; MFCS) was used to pres-
surize air to the reservoir to transfer cells to the sensing region. Here, the syringe
pump was not used so the frequency shifts do not stem from the pulsations oc-
curring in the syringe pump mechanism. In the meantime, incubated cell lines

were passaged and added to the reservoir just before the experiment starts.

Passaged
{—\ =~ |
‘\\
cel L

Culture Plate Reservoir \

Microwave
Signal

Figure 2.4: Experimental setup

2.3.1 Electronic Measurement

Initially, the resonance frequency of the microwave sensor was determined on
the Vector Network Analyzer (VNA) by considering the single port measurement
with S11 (or S22) parameter. S11 resonance of the designed resonator turned out
to be between 2-3 GHz, so a circulator that operates in the interval of 2-4 GHz
was employed to read S11 response of the sensor. An example of S21 response

of the sensor when the circulator was inserted, is illustrated in Figure 2.5 having
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resonance at 2.12 GHz. The quality factor of the resonator in Figure 2.5 is around

75.
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Figure 2.5: 521 VNA response

For the electronic measurement, narrow-band phase-sensitive detection cir-
cuitry was employed. Phase-sensitive detection was performed using lock-in am-
plifier, however, the upper-frequency limitation of the lock-in amplifier (5 MHz)
requires an external heterodyne RF circuitry operating around the resonance fre-
quency of the microwave resonator i.e. 2 - 4 GHz. For this reason, the driving
signal from the signal generator, which is in the GHz range, was first upcon-
verted with the constant frequency signal output from the lock-in amplifier (e.g.

2.5 MHz), then similarly downconverted.

Using Phase Locked Loop (PLL), the resonator has been continuously kept
at its first resonance mode. PLL has been controlled through LabVIEW with a
custom-built code that can read the demodulated signal from the lock-in ampli-
fier, any deviation from 0 degrees was multiplied with the control parameters and
lastly, the driving signal on the signal generator was updated[92]. Schematics
for PLL and measurement circuitry are illustrated in Figure 2.6. Parts that are

controlled through LabVIEW software were depicted within yellow box.
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Figure 2.6: Measurement circuitry

At this point, it is important to elaborate on the noise level in the measurement
system. Noise in the measurement system is expressed by Allan Deviation which
is defined as instability of the frequency over a time period [93]. It is formulated

as in Equation 2.1:

1
oy(1) = \/2_7_2 < (Tngo — 2041 + 2)% > (2.1)

Here, 7 is the observation time. For our measurement setup, it also determines
the minimum resolvable frequency shift. The resonance frequency of 2 GHz with
Allan Deviation 1 x 1078, by simply multiplying two values, corresponds to the
minimum resolvable frequency of 20 Hz. Therefore, Allan Deviation should be
as small as possible for a sensitive measurement. Typically, Allan Deviation was
around 1 — 4 x 1078, and the best Allan Deviation value achieved with these

devices and the circuitry was 5 x 107 with PLL time of 400 ms.
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2.3.2 Cell Culturing

Human breast cancer cell line MDA-MB-231 was purchased from ATCC (Manas-
sas, VA, USA). It was labeled with a green fluorescent protein (GFP). Cells were
cultured in Dulbecco’s modified Eagle’s medium (Biowest, Nuaille, France), sup-
plemented with 10% filtered fetal bovine serum (FBS, Biowest), 1% non-essential
amino acid (Biowest), and 50 U/ml penicillin/streptomycin (P/S, Biowest). FBS
was filtered with a sterile filter having 0.22 pm pore size before it was added to
DMEM. Content of the prepared DMEM solution is summarized in Table 2.1.

DMEM | P/S | NEAA | FBS
500 mL | 5 mL | 5mL | 50 mL

Table 2.1: Content of the DMEM solution

The presence of mycoplasma in cells was tested regularly using MycoAlert
Mycoplasma Detection Kit (Lonza, NJ, USA). The cells were incubated at 37°C
incubator (Thermo Scientific, IL, USA) under a humidified atmosphere of 5%
CO2. For the experiments, cells were trypsinized (Biowest) and collected with
a growth medium as a cell suspension. They were then counted and typically

90,000 — 500,000 cells/mL solution was prepared for experiments.

Cells were cultured in 4 different culture plates: 35 - 100 - 150 mm culture
dish & 6 well culture plate. In Figure 2.7, details of the amount of buffer used
for maintaining cell culture are provided. Cells were kept within the incubator
(Thermo Scientific - Steri Cycle i160) and their medium is changed regularly, dead
cells were washed with PBS (Biowest - Dulbecco’s Phosphate Buffered Saline).
Cells were passaged and cultured in the new plates inside the Biosafety Level 2
culture cabinet (Thermo Scientific Safe 2020). For the experiments, cells were
cleaned up and passaged using Trypsin (Biowest - EDTA 10x), and to cease the

toxic effect of Trypsin, the medium was added to the reservoir.
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Figure 2.7: Plate sizes & buffer amounts

6-well
Culture Plate

DMEM PBS | Trypsin
150 mm Culture Dish | 10-12 mL | 5-6 mL | 2-3 mL
100 mm Culture Dish | 5-6 mL 2-3 mL | 1-2 mL
35 mm Culture Dish | 1 mL 1 mL 0.5 mL
6 Well Culture Plate |1 mL 1 mL 0.5 mL

Table 2.2: Buffer amounts according to the plate size
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2.3.2.1 Cell Freezing Protocol

Once the cells were cultured, surplus cell lines can be frozen and stored in —80°C
fridge. To freeze the cells, first cells should be passaged and put into a falcon tube.
Then using a centrifuge, cells should be sedimented and they should form a pellet
at the bottom of the falcon tube. Spin parameters for the centrifugation process
are as follows: Temperature: 4°C', Speed: 1500 rpm, Duration: 5 minutes. Falcon
tube containing cells should be balanced with another tube having a similar

weight.

After the centrifugation, the medium should be disposed and a new medium
with the following content: 10% DMSO, 10% filtered FBS, 80% DMEM should be
prepared. This new medium is added to the falcon tube containing cell pellets and
using a pipette the solution should be mixed. Then cryo vials are labeled properly
(name, passage number, date) and cells in the new medium are distributed to the
cryovials. Typically, 1 mL of cell solution is added to 6 different cryo vials,
therefore, 6 mL of the new medium is needed to be prepared containing: 600 pL
DMSO, 600 pL filtered FBS, and 4.8 mL. DMEM.

2.3.2.2 Cell Defreezing Protocol

When needed, cells stored at —80°C' can be de-frozen and cultured again. To do
that: cryo should be taken out from the fridge and waited until the cryo melts,
meanwhile 5 mL. of DMEM should be added to a falcon tube. Once the cryo
melts fully, cell should be added to the falcon tube having 5 mL. DMEM with the
pipette. Typically cryo’s have 1 mL of the solution therefore 6 mL of the solution
should be achieved at the end.

Then the same centrifugation process should be followed with the same param-
eters used in the freezing protocol. After the centrifugation, cells should remain
at the bottom of the falcon tube and the medium should be disposed. Add 5-6
mL fresh medium and stir the cells with a pipette. Then, cells with the medium

can be spread to the culture dish or plate.
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2.4 Experimental Results

2.4.1 Size Correlation Experiments

In the first resonance mode of the resonator, the geometrical volume of a cell
obtained from optical microscope images was correlated to its electrical volume
which will be expressed in terms of the microwave signals. Figure 2.8 shows
three consecutive frequency shifts: 0.81 kHz, 1.16 kHz and 1.27 kHz. As the

amount of shift increases, the area of the corresponding cell seen under the optical

microscope also widened.

0.81 kHz 1.16 kHz 1.27 kHz

Figure 2.8: Size correlation

Optical microscope images of the cell, namely MDA-MB 231 LUC2 GFP, and
electronic data were recorded simultaneously. From the bright field images, the
number of pixels for each cell is calculated on MATLAB. Each measurement

was carried out repetitively so that a mean and standard deviation value were
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estimated. The size of a pixel was extracted from the device dimensions, with that
pixelated area was converted to the actual area, and then assuming a spherical

shape, it was converted to volume.

In the first experiment, the resonance frequency was tracked at 2.19 GHz with
a frequency stability of 1.8 x 1078, After optical images were processed, the
volume of each cell was matched with the frequency shift and as a result an
almost linear relation was obtained as in Figure 2.9a. Some cells were larger as
the cell division was seized at a certain phase, so few data points are having a
large volume. In Figure 2.9b, some cells, depicted in circle in Figure 2.9a, show
linear relation between volume and induced frequency shift 2.9b. The linear trend
is stronger for the cells passing in between two sensing electrodes (red data points
in Figure 2.9a), however, as the cells pass through electrodes(blue data points in
Figure 2.9a), dispersion increases. The root mean square value for the goodness
of fitting is 0.1 kHz for the nonoverlapping cells, 0.44 kHz for the overlapping

cells and the overall dispersion value is 0.26 kHz.

PLL time, that is the time passing when phase re-locks to zero degrees under
a given offset, is 500 ms. In the analysis, cells passing faster than the PLL time
are extracted as data for both microwave and size in optical microscopy were less
reliable. Sensitivity of the sensor in Figure 2.9a is on average 0.33 Hz/um?. For
a given Allan Deviation and resonance frequency value, the minimum resolvable
volume is around 180 pm?. This resolution corresponds to a minimum detectable

difference of 150 nm in the cell radius for a cell having 10 pm radius.
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Figure 2.9: Size correlation experiments

In the first experiment height of the microfluidic channel was 110 pm, to see the
effect of the channel height, another device was fabricated with channel height of
55 pm and the first resonance mode of this new device was at 2.72 GHz. The same
experimental procedure was followed and a similar linear relation was obtained
as in Figure 2.9¢c. The dispersion value for non-overlapping cells is 0.43 kHz and
for overlapping cells, its 1.23 kHz, overall dispersion is 0.92 kHz. The sensitivity

of this device on average was 1.2 Hz/um3.

When the results of the two experiments were plotted on the same graph
(Figure 2.9d), it is obvious that frequency shifts increase when cells pass closer

to the sensing electrodes.
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2.4.2 Calibration Experiments with Microparticles

In the next step, in order to elucidate the positional dependency in the lateral
direction, standard-sized 20 pum micro-particles (Sigma, Supelco - 74491) were
used. The original solution was diluted with deionized water at a ratio of 40:1.
Using another device with a resonance frequency of 2.52 GHz, the same experi-
mental procedure was repeated as with the cells and recorded the frequency shifts
at different points along the sensing region. Each particle was trapped near the
sensing region and repeatedly moved it back and forth several times along the
transition location by reversing the direction of the applied pressure with respect
to the reservoir. While the pressure was reversed, no significant change in the

horizontal position of the trapped particle was observed.

To obtain the trend line, statistics of different particles were obtained, each of
which transited at a different position along the sensing region. The positional
sensitivity is shown in Figure 2.10a by partitioning the sensing region into eleven
different subsections — along the most densely visited trajectories of the particle

flow for each experiment.

In Figure 2.10, the blue data points indicate a vertical transition path along
the sensing electrodes, the red data points are for the particles passing in between
two electrodes without any overlap, and the green data points are when a fraction
of the particle overlaps with the top of the signal or ground electrode. The shift
in the resonance frequency turns out to be larger near the edge of the ground
electrode. The frequency responsivity is reduced by more than half over the
signal electrode. However, the responsivity at the center of the sensor, where
there is no overlap with the electrodes, is almost constant within the noise level
(Figure 2.10). This result indicates that microwave measurements can be used
for size measurements, without any need for additional microscopy for position
determination, as long as the particle flow is confined between the electrodes

which can be achieved by minor changes in the design.
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Figure 2.10: Positional dependence

Standard-sized particles were also used to investigate the effect of channel
height for the particular case. The particle was trapped in between the electrodes
for different channel heights: 35 pm, 55 pm, 110 gm. From Figure 2.10b, as
the channel height increases, that means the particle is potentially further away
from the sensing electrodes, the amount of frequency shifts recorded decreases.
However, as the channel height was reduced, due to increased channel resistance

and clusters, the control of the particles becomes stringent.

Then the behavior obtained in Figure 2.10a was elaborated more and a sensor
that had a reversed PDMS alignment was fabricated with same channel height.
In other words, this time ground electrode remained more within the channel.
Similar transition positions were spanned as in the case of Figure 2.10c and the

trend in frequency modulations was also reversed (Figure 2.10c-d).
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2.4.3 Single Cell Trapping

After standard-sized micro-particle experiments were performed, using the same
device single-cell trapping experiments were conducted. By fine-tuning the ap-
plied pressure dynamically, a single cell was trapped and made to pass back and
forth between the sensing electrodes. Fluorescent optical images of the same cell
were processed through a custom-built image processing algorithm. The algo-
rithm counts the number of white pixels corresponding to the geometrical size of
the cell and calculates the area of the fluorescent cell by considering 20 consec-
utive frames as in Figure 2.11. Through the algorithm, the transition position,
dwelling time, and velocity of the cell can also be obtained. A detailed schematics
for the image processing algorithm is provided in the appendix section (Appendix
A, Figure A.3).

1st Frame 4th Frame 8th Frame

-

12th Frame 16th Frame 20th Frame

Figure 2.11: Image processing algorithm

While data were recorded for 30 minutes, the applied pressure with respect to
the reservoir was continuously changed and the target cell made several passes
from the sensing electrodes. The mean value for the frequency shifts turned out
to be 4.67 kHz (for a 2.515 GHz resonance frequency) with a standard deviation
of 0.63 kHz (Figure 2.12a). In the beginning, the cell was trapped toward the
signal electrode, and by time, the cell skidded toward the ground electrode due
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to fluctuations in the applied pressure. During the relocation, the amount of
the shift increases as expected by the increasing sensitivity of the sensor on the
ground electrode and maintains the same trend until the end of the experiment

(Figure 2.12b). From here, positional dependence as in the case with micropar-

ticle experiments was reaffirmed.
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Figure 2.12: Single cell trapping

The size of the trapped cell was estimated by an image processing algorithm
and compared with the frequency shift statistics. It is expected the algorithm
to yield close volume values as the same cell is processed in different frames. In

fact, Figure 2.12c illustrates the volume concentrated to approximately 1.2 x 10%
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wm? which can be seen at the bottom histogram as well in Figure 2.12. Both
histograms have certain peaks in the size distribution just below the average of

the mean value.

2.4.4 DMSO Experiments

After it has been shown that single cells can be trapped and their frequency
shift statistics can be achieved, another experiment was designed to detect the
biophysical change of a single cell. Using a new device, resonance frequency was
tracked at 2.72 GHz with frequency stability of 1 x 1078,

Dimethyl sulfoxide (DMSO, ChemCruz), a chemical that accelerates dehydra-
tion, was added to assess the change in the size of the cells [94]. The effect of
DMSO was optimal when pretreating the cells within a large reservoir for approx-
imately half an hour. Then, pretreated cells were transferred to the microchannel,
and a target cell was selected and trapped around the sensing region. Then, the

applied pressure was reversed dynamically, and the electronic data were recorded.

As DMSO causes contraction of the water lipid interfacial region [95], shrinkage
in the lipid bilayer of the cells was expected to be observed which causes decreases
in the volume of the cell. Cells were treated with DMSO in a large reservoir and
transferred to the microchannel. Ten points moving average was used and it was
observed that the average of frequency shifts decreased from 6.43 kHz to 4.64 kHz
within half an hour (Figure 2.13a). Similarly, using the same device, a control
run was also recorded with DMEM and cells were treated for 15 minutes. After
30 minutes, the change in the average frequency shift was only 350 Hz which is

close to the noise level (Figure 2.13b).
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Figure 2.13: DMSO experiments

With this experiment, Microfluidics Integrated Microwave Sensors (MIMS)
can be proposed as a physical sensor that can sense morphological changes of
a single cell in real-time. With further investigation and optimizations, drug

response/resistance of a single cell can be observed using MIMS.

2.5 Analytical Calculations for Frequency Shifts

Resonant microwave sensors can be modeled as RLC systems as depicted in Equa-
tion 2.2. This formulation is analogous to NEMS which can be modeled as a

mass-spring-dashpot system.

1

fo= 2mvV LC

(2.2)

In the proposed microwave sensor, the sensing was based on permittivity dif-
ference between cell and fluid which modulates the capacitance of the overall

system. This can be formulated as in Equation 2.3
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Af  1AC
=T (2.3)

Capacitance change can be calculated by the Equation 2.4 provided by Ferrier
et al. [28] .

Egms (Tcell)
U2

ms

AC = 47T€fluid( )TSKcm (2'4>

where r is the radius of the cell, U, is the applied voltage, K, is the Clausius-

Mossotti factor that is a function of permittivity of fluid and cell (Equation 2.5).

€cell — €fluid

Kcm =
€cell T 2€ fluid

(2.5)

Capacitance for the overall sensor was calculated by taking the volume integral

as in Equation 2.6.

Cepp = (j;ff / E?,dV (2.6)

rms
Here €. is the effective permittivity of whole sensor, i.e. microfluidic channel

& fused silica chip. Effective capacitance of the sensor is formulated as follows:

E?ms (rcell)
U2

rms

Ceff = Oty f ‘/sensor (27)

where Ve,s0r is the entire volume of the chip and « is called the enhancement
factor, i.e. ratio of the normal gap which is 400 pum for this design to the sensing
gap which is 50 um. Therefore, the enhancement factor for the proposed design
is 8.

Using Equation 2.4 & Equation 2.7, capacitance ratio can be rewritten as in

Equation 2.8:
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AC ut ‘/ce
_ X lid g Veell (2.8)
Ceff 3 €eff ‘/sensor

The volume of the sensor was calculated by signal length, the gap between
signal - ground, and height of the channel. Here, the full height of the channel
(100 pm) is considered as it is the maximum distance for detection. The volume

ratio of cells having 10 um radius to sensor turns out to be around 1.54 x 107°.

Taking relative permittivity of cell as 50 [96] and considering effective permit-
tivity of sensor as 42 which is the average of water and fused silica (€yater = 80 &
€sitica = 4), ratio of the permittivity values turns out to be ~ 2 and K, = —0.143.
Inserting all these values into Equation 2.8, the capacitance ratio turns out be

—1.12 x 107%. From here, the frequency ratio turns out 5.58 x 1077,

af_ 5.58 x 1077 (2.9)
Jo

For a resonance frequency, fy, around 2.19 GHz as in Figure 2.9a, the frequency

shift is estimated to be in the order of a few kHz.

Af ~1.22 kHz (2.10)

In the estimation, the same parameters in Figure 2.9a were used. As a next
step, cell radius 3 pm to 20 pm was spanned with an increment of 1 ym and
illustrated with yellow data points in Figure 2.14. Uncertainty in the shift was
calculated with the experimental values and corresponds to the noise level of the
measurement. Deviation in the cell size was estimated with minimum resolvable
change in the radius which was 150 nm for the experiment as explained in the
size correlation part. Estimated values are in concordance with the experimental

data.
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Chapter 3

Nanomechanical Flow Rate

Sensor

In the second application of the bow tie shaped CPW microwave resonator, a novel
approach to flow rate sensor will be envisaged. Most of the commercial flow rate
sensors work based on hot wire anemometer. One of the well-known technology
is Sensirion’s CMOSens. In this case, the flow rate is measured by considering
the heat dissipation profile at two different locations. Herein, a flow rate sensor
based on nanomechanics & microwave will be envisioned. In nanomechanics,
the effects of fluids in nanomechanical systems have been investigated broadly,
however, in most of these studies, the fluid played the secondary role, for instance,
in suspended microchannel resonators fluid causes damping which reduces the

quality factor of the resonator [5].

Using the same microwave design explained in Chapter 2, an exquisite sensing
mechanism was patterned on a membrane with wrinkles and when the flow is
on bistable states are observed on wrinkles. These flow-induced states, to our
knowledge, are the first time used as a flow rate sensor. The formation rate of
these bistable states depends on the effective flow rate, i.e. higher the flow rate,

the more frequently those states are observed.
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All operations are implemented on-chip which is crucial for the ventilation
machines widely used during the COVID-19 pandemic, drug delivery, organ-on-
a-chip, and droplet generation applications. What is measured by a commercial
flow rate sensor might be different from the actual flow rate which impairs the
precise delivery of oxygen level, amount of the drug & nutrients for the target

application.

3.1 Device Fabrication

In the previous chapter, to detect single cells, bow tie CPW was patterned on a
fused silica wafer. However, for the flow rate sensor, Silicon(S7) substrate that
is 500 pm thick was used. 2.2 pm oxide layer(Si0O,) was sandwiched between Si
substrate at the core and 220 nm thick Silicon Nitride (Si3/N4) at the outer layer.

Figure 3.1a illustrates layers of the used wafer (not scale).
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Figure 3.1: Fabrication steps of the flow rate sensor
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As a first step, a window for the membrane formation was masked with the
desired dimensions and exposed to the UV light with photolithography. For this
application, the size of the membrane is quite large (order of mm) to increase the

wrinkle formation.

From the bottom of the wafer 220 nm thick nitride layer was anisotropically
etched (Figure 3.1b) using Inductively Coupled Plasma (ICP) with the following
etching recipe: Gases: C'Fy: 20 sccm, C'HF3: 3 scem; Coil Power: 400 Watt,
Platen Power: 100 Watt, Duration: 5 minutes. Unless the color change was
observed at the end of 5 minutes, the same recipe was repeated for additional
1-2 minutes. Once nitride was successfully etched, the color of the target region

changes from grey to pink which means the oxide layer is unveiled.

When the nitride at the bottom was etched, the nitride layer at the top could
be suspended to form a membrane through wet etching of SiOy & Si (Figure
3.1c). KOH solution is composed of 100 gr of KOH & 300 mL DI water. KOH
should be added slowly and with a stirrer and it should be mixed slowly to
forestall splashing. The wafer was left within the KOH solution for 24 - 48 hours,
and checked every 12 hours. Once the membrane was formed, the chip was
ascended from KOH solution and dipped into DI water to get rid of KOH residues.
The most critical step is after that: the liquid inside the pyramid (membrane
window) should be absorbed with a tissue slowly and gently, otherwise, such a
large membrane explodes. Pressurized nitrogen or air should not be used to dry

out the chip.

In the next step, the top of the chip was coated photoresist (AZ5214) with the
following spin parameters: Speed: 1000 rpm, Time: 20 seconds, Acceleration:
200 rpm. Then, the microwave design was patterned using photolithography and
the sensing electrodes were aligned on the membrane (Figure 3.1d). Then, UV
exposed chip was coated with 10 nm Chromium and 100 nm Gold, using thermal

evaporation and left for the overnight lift-off (Figure 3.1e).

In the last step, the soft lithography process for the PDMS microchannel fabri-

cation was performed by following a similar procedure with the same parameters
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explained in Chapter 2.2. The fabricated chip and PDMS microchannel were
plasma-activated and under a microscope microfluidic channel was aligned on

both sensing electrodes & the membrane (Figure 3.1f).

Top View Cross Sectional View

PDMS
Gold SGN GND

310
SiO,

Si

o .

Figure 3.2: Layers of flow rate sensor

The top & side view of the final sensor is illustrated in Figure 3.2. In the
Top View: red dots are the points where the membrane was clamped by only
electrodes; green dots are the points where the membrane was clamped both
by electrodes & PDMS; orange squares are the points where the membrane was
clamped by only PDMS.

3.2 Experimental Setup

Experimental Setup used for the proposed flow rate sensor is so similar to the
setup described in Chapter 2.3. However, this time there is a reference flow rate
sensor (Fluigent FRP) which is critical for comparing proposed sensor perfor-
mance. The reference sensor works based on hot wire anemometer and it can
measure up to 120 pL/min (calibrated with DI water) within a glass capillary
having 430 pm inner diameter. The flow was driven by a pressure controller

(Fluigent MFCS) instead of a syringe pump that can could alter the frequency
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response of the resonator. However, a stable pressure controller response of the

resonator was isolated from the pressure source.

Optical
Reference Imaging
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Figure 3.3: Experimental setup

Similar to the previous chapter, the chip was placed under microscope and
the required electronic connections were made. The same circuitry explained in

Chapter 2.3.1 was employed for microwave measurements.

3.3 Experimental Results

Once the experiment has started and the flow was on, the membrane was buckled
and wrinkles on the membrane constantly cycled within the 3 different states.
When the flow rate was changed, the period of these state transitions also
changed. Therefore, the flow-induced instability can be utilized to determine

the effective flow rate.
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Figure 3.4: State transitions

Optical microscopy clearly showed cyclic deformation of the membrane. The
membrane illustrated in Figure 3.4 had dimensions of 1.5 mm x 0.3 mm with
220 nm thickness. The period of the transitions between the states and pulsation

periods matched one another.

Simultaneously, the microwave response of the sensor was recorded together
with the flow rate read by the commercial flow sensor. An example of flow-induced
modulation is illustrated in Figure 3.5. The figure shows the relation between the
phase response of the resonator and the effective flow rate. Two different flow
rates, 10 and 5 pL/min, were shown as an example: for each flow rate, the time
between two consecutive pulses, named as pulse interval (7;), remained constant.
As the flow rate decreased, it was observed that the pulse intervals dilated. When
the flow rate was set to 10 uL/min, pulse interval T} was approximately 7 seconds,
whereas at a 5 pul./min flow rate, pulse interval 75 increased to approximately 14

seconds (Figure 3.5a).
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Figure 3.5: Microwave response of the flow rate sensor

Another important observation was that first resonance frequency of the res-
onator was modulated, then, a small perturbation in the commercial sensor was
observed (Figure 3.5b). The deformations of the membrane altered the distance
between electrodes at the micro level which results in the resonance modulation
of the overall sensor. The sudden peaks in the flow rate that occurred right after
the pulsation also supported this hypothesis since a deflected membrane resulted
in an enlarged channel, which then reduced the channel resistance and caused an
increase in the flow rate driven under constant pressure conditions. The pertur-
bation of the fluid flow by the action of the sensor constitutes one limitation for
this specific application; however, the design space, in terms of the composition
and geometry of the membrane, is still open to striking a balance between the

sensitivity and back action.

To give more insight, a full spectrum of the PLL sweep was illustrated in Figure

3.6. Pulse intervals in the resonance become more distinguishable.
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Figure 3.6: Full spectrum of the microwave response

With this further evidence, it can be concluded that the pulsations were origi-
nated from the microscale deformation of the wrinkles on the membrane. Hence,
it can be proposed that a nanomembrane integrated microwave sensor (NIMS)
can be used for flow rate measurements integrated on-chip. At this point, it is
important to re-emphasize that these pulsations cannot be sourced from a syringe

pump as no syringe pump was integrated into the experimental setup.

3.3.1 First Sensing Mechanism: Pulsation Frequency

In order to reach a minimum & maximum detectable flow rate, three different
devices were fabricated to observe pulsation behavior and each time, pulsations
were observed. Time interval (T;), that is the time between two consecutive pulses

converted to the frequency and named as pulsation frequency in the unit of Hz.

To enhance the sensitivity of the resonator, a large membrane, illustrated
in Figure 3.4, was fabricated and used to resolve the slight increments in the
flow rate. The resonance frequency of the microwave sensor coupled to the first

membrane was 3.66 GHz and the dimensions of the membrane were 1.5 mm X
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0.3 mm. Results obtained with this first membrane was illustrated with the blue

dots in Figure 3.7.

In the first experiment, the flow rate was set to an interval of 0 - 1 uL/min with
an incremental change of 0.1 pL/min via the reference sensor. Until 0.3 pL/min,
the sensor did not register any pulsation in the resonance. In fact, the reference
flow sensor, which was used to set the flow rate of the pump, does not work
well at this low flow rates: for a 0.3 uL/min set value, the error reported in the
commercial flow sensor is +0.12 pL/min. Therefore, the flow condition at these
small values was not reliably controlled due to the limitations of the commercial
sensor; however, the absence of the pulsation might also be related to a possible
critical flow speed for inducing mechanical instability. After reaching a flow rate
of 0.4 pLi/min, the resonator began to exhibit discernible pulses. Then, the flow
rate increment was changed to 0.5 pL/min and spanned until 3.5 pL/min. All
in all, an almost linear relation was observed between flow rate and pulsation

frequency.

In the second device, channel width was kept constant (250 pm), however,
membrane dimensions were reduced to 800 pm by 350 pm and it was used to
span a higher flow rate range. Its resonance frequency was tracked at 2.36 GHz
and starting from 5 plL/min and pulses were recorded for 300 seconds at each
flow rate value. Then, the current flow rate was increased with 5 pL/min steps
until reaching the flow rate of 50 uL/min. A similar trend was observed with the

second device depicted with the red data points in Figure 3.7.
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Figure 3.7: Pulsation frequency with 3 different devices

The third device was used to span until the full range of the commercial flow
rate sensor (120 pL/min). The dimensions of the membrane were 3 mm x 1 mm
with a fluidic channel width of 1.3 mm. With the smallest effective pressure, the
flow rate started from 24 pl/min and increased up to 120 pL/min. As the flow
rate increased, pulsation frequency also increased monotonically as depicted with

green data points in Figure 3.7.

Figure 3.7 shows that, apart from an effective flow rate, the size of the mem-
brane and width of the channel are also a crucial factor affecting the working
mechanism of these on-chip microwave flow sensors. For instance, the orange
dashed line in Figure 3.7 shows the same pulsation frequency for sensors having a
different geometry. The same pulsation frequency was achieved at 2 pL/min, 28
pL/min, and ~ 100 pL/min consecutively for the three sensors explained. There-
fore, sensors with different geometries can be designed for different target flow
ranges. Similarly, commercially available flow sensors have been manufactured

according to the intended flow rate with alternating flow ranges.

After investigating the pulsation period of the phase variable of the microwave
sensor, attention was turned to the shift in the resonance frequency of the mi-

crowave sensor during pulsation. The amount of frequency shift was also specific
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to the effective flow rate (Figure 3.8) during pulsations. For small increments in
the flow rates (0.1 uL/min), the frequency shifts do not vary remarkably (Figure
3.8a); however, for larger incremental steps, e.g. 5 pL/min, a downward trend in

the frequency modulations is discernible (Figure 3.8b).
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Figure 3.8: Frequency shifts during pulsations

3.3.2 Secondary Sensing Mechanism: Reset Condition

The response of the device was also investigated from the reset condition (where
there was no fluid flow) to the target flow rate while driving the resonator at its
resonance frequency. When the flow rate reached the target value, instant shifts
in the resonance were observed. Each of these shifts depended on the magnitude
of the flow rate. Therefore, the amount of frequency shift can be used as a

secondary measurement method for the target flow rate.

42



=y
-
I
=)

160 + 80 I
=120 i
_120 60 . !
N = N 90
o = T
= ) I I
« 80 40 £ o« i
4 | £ 4 60
g i
40 208 30
/ =
0 I Il 0 0
0 100 200 300 400 500 0 10 20 30 40 50
Time [sec] Flow Rate [pL/min]
€ 2
0
W@ -2}
&)
a
o 4
§
A -6
8t
-10
0 100 200 300 400 500 0 2 4 6
Time [sec] Time [sec]

Figure 3.9: Reset condition

However, the sensitivity in this second mechanism was not as precise as that
in the first mechanism (pulsation frequency). The baseline frequency fluctuations
were about 1 kHz which can be extrapolated to the sensitivity level of 0.5 pL/min,
which is on a par with the first mechanism (Figure 3.10). However, as shown
with the error bars of Figure 3.9b, repeating the experiment at the same flow
rate resulted in dispersion in the frequency shifts with a standard deviation of

5.5 kHz that was larger than the baseline frequency noise.
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Figure 3.10: Minimum sensitivity level for the secondary mechanism

The second operation mode of the sensor was similar to a mechanism recently
reported in the literature [61], which used PDMS instead of silicon nitride. How-
ever, the sensor demonstrated here exhibited a time resolution of milliseconds
(Figure 3.9c-d) when the flow rate was increased step-wise. When the flow was
stopped, we observed drift in the frequency that lasts for approximately 50 sec-
onds; however, additional flow rate measurements can still be conducted during

the recovery period (Figure 3.11).
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Figure 3.11: Repeatability of the secondary sensing mechanism

Average of the frequency shifts in Figure 3.11 was 10 kHz with a standard
deviation of 1.5 kHz.

3.3.3 Air Flow Experiments with Secondary Mechanism

The current COVID-19 pandemic necessitated ventilation machines which are
essential to keep patients alive and maintain their oxygen level stable in blood
for effective treatment. For these machines, the flow sensor is the most critical
component as it accurately adjusts the oxygen level. Concordantly, additional
experiments have been carried on pressurizing air instead of DI water. Here,
the potential of microwave resonators was shown as a flow rate sensor in the

ventilation machines.
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Figure 3.12: Membrane fabricated for air flow experiments

The membrane that was fabricated for this purpose has the following dimen-
sions: 1.7 mm x 1 mm x 220 nm and two sensing electrodes were placed 25 pm
apart (Figure 3.12). For airflow experiments, the third device explained in the

pulsation response was also used to cover up higher flow rate values.

Since the commercial flow rate sensor cannot measure the airflow rate, a cal-
ibration process was carried to estimate the airflow rate. First, DI water was
pressurized through the channel and flow rate values were recorded. Then, the
flow rate values were matched with the applied pressure and overall resistance of
the microfluidic components were estimated. In the resistance formula, the vis-
cosity of the DI water was replaced with the viscosity of air and a new resistance

value for air was estimated.
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Figure 3.13: Frequency response vs Applied air pressure

In the first experiment, the device illustrated in Figure 3.12 was used and
the resonance frequency was tracked at 2.54 GHz with Allan deviation of 4 X
1078, First, 20 mbar was applied, however, frequency response was buried in the
noise. Starting from 30 mbar, frequency shifts were observed in the microwave
measurement. At 30 mbar, the flow rate of the air was estimated to be 1.3
mL/min and the applied pressure was increased by 10 mbar until 100 mbar. At
low flow rates, the linear relation between flow rate and frequency shift partially
collapsed (Inset Figure 3.13a), however, at higher flow rates linear relation was
conserved with an overall root mean squared (rms) dispersion value of 0.58 kHz
(Figure 3.13a).

In the second airflow experiment, the device having the membrane dimensions
of 3 mm x 1 mm (the third device used in liquid experiments) was employed
to span higher flow rates and tested durability of the low-stress nitride mem-
brane. The pressure value started from 100 mbar and increased up to 4 bar and
corresponding flow rates were estimated to be between 5 - 220 mL/min by fol-
lowing the same calibration procedure. As the flow rate increased, amount of the
frequency shift was also increased (inset Figure 3.13b) and by spanning the full
pressure spectrum a monotonic increase in the frequency response was observed

and it was noted that the membrane could endure up to 4 bar (Figure 3.13b).
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Chapter 4

Nanopore Sensing of Viruses

In the last application of the bow tie CPW resonator, nanoscale biological sam-
ples and particles were detected using microwave resonators. NEMS technology
has already been used to detect molecules such as gold nanoparticles [97] or single
proteins [98, 99]. By transferring the analytes either by Electro Spray Ionization
(ESI) [16] or Matrix-Assisted Laser Desorption Ionization (MALDI) [97], the par-
ticle landed on the mechanical beam modulates the resonance of the NEMS. The
amount of the shift gave spatial and inertial information about the analyte landed
on the NEMS [100, 101]. Similarly, as explained earlier with the cells, nanopore
integrated microwave resonators can be utilized to detect such analytes. Herein,
the experiments were tested using the gold nanoparticles, polystyrene nanopar-
ticles, and viruses. With further investigation and optimization, microwave inte-
grated nanopore technology can pave the way to a novel biophysical sensor that

can be used to characterize single viruses such as SARS-CoV-2.
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4.1 Device Fabrication

Fabrication of the chip was similar to Chapter 3 and the same wafer used for
the flow sensor was used: Si substrate that is 500 pum thick, 2.2 ym SiO, layer
sandwiched between Si and 220 nm thick SizN, at the outer (Figure 4.1a).
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Figure 4.1: Flow schematics for fabrication

In this case, two sensing electrodes were separated by hundreds of nanometer
instead of dozens of micrometer, therefore, an additional electron beam lithogra-
phy (EBL) step was performed to pattern electrodes (Figure 4.1b). Figure 4.2
shows the SEM image of the electrodes separated by 500 nm patterned after EBL,

here the membrane & nanopore have not been formed yet.
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Figure 4.2: Electrodes after EBL process

EBL generally do not have a very large write field area so only a small portion
of the electrodes was patterned and coated with 10 nm chromium & 100 nm
gold with thermal evaporation (Figure 4.1c). TheN, with the designed mask, the
rest of the electrodes were patterned and aligned to the prior electrodes with
photolithography process (Figure 4.1d). UV exposed chip was coated with 10 nm
chromium & 100 nm gold. At the bottom of the wafer, a window was opened with
the anisotropic etching of Siz Ny (Figure 4.1e). From this window, the membrane
was suspended by KOH wet etching of Si & SiO5 until the top Siz Ny layer (Figure
4.1f). The membrane window should be aligned with the electrodes at the top so
that the nanopore can be drilled in between the sensing electrodes. In the last
step, the chip was placed inside the Focused Ion Beam (FIB) chamber, and by
bombarding the electrons, a hole was formed on the membrane in between the
sensing electrodes (Figure 4.1g). In the final configuration, electrodes were aligned
on the membrane and the nanopore was in between the electrodes having typically
200 - 700 nm diameter depending on the separation between the electrodes after
EBL (i.e. accuracy of EBL step).
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Figure 4.3: Fabricated electrodes

After the cleanroom process, a reservoir that will be referred to as particle
reservoir in the upcoming sections was sealed to the bottom of the wafer aligned

to the membrane window and finally SMA connection was made.

4.2 Experimental Setup

Contrary to previous chapters, the chip was not placed under the optical micro-
scope, yet, it was still inside the Faraday cage during the experiments. Sensing
electrodes and the membrane region of the chip were submerged into an ionic
liquid solution, namely Dulbecco’s Phosphate Buffered Saline (DPBS), but SMA
connection remained outside of the liquid (Figure 4.4a). Realize that in Figure
4.4a, the bottom of the chip is seen, and top of the chip where the electrodes and

membranes were patterned were submerged into the liquid.

Then required electronic connections were made together with an electrokinetic
setup consisting of a sourcemeter (Keithley 2401) and two copper wires: top and
bottom wires. The bottom wire was placed inside the large reservoir where the
sensing region and membrane of the chip were also dipped into and the top wire

was placed inside the particle reservoir (Figure 4.4b).
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Figure 4.4: Experimental configuration

4.3 Nanopore and I-V Curve Measurements

For electrokinetic motion, several nanopore applications use Ag/AgCl reference
electrodes to overcome electrical double layer formation. However, after esti-
mating the resistance of the nanopore and recording the I-V curve, copper wires

seemed to give accurate current values.

The resistance of the pore was estimated using Equation 4.1 where p is the
resistivity of PBS solution, in the datasheet conductivity of PBS (o = l) was
reported as 16 mS/cm and it was 15.67 mS/cm when it was measured %y the
conductivity meter. L is the length of the pore which corresponds to the mem-
brane thickness: 220 nm and A represents the area of the pore, here the pore was

assumed to have a square area with a side length of 400 nm.

L
R= P (4.1)

The resistance of the nanopore, R, turns out to be &~ 1.0 M2 and uncertainty
in the nanopore resistance, which comes from the size variations (~ 20 nm) in
each SEM measurements, is estimated to be around ~ 0.1 Mf). Then using one

of the newly fabricated devices, having the same dimensions in the estimation,
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the I-V curve was recorded as depicted in Figure 4.5. Both estimated values from
Equation 4.1 and experimental values were plotted on the same graph (Figure

4.5). A linear fit to the experimental data was also illustrated.
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Figure 4.5: I-V curve measurement

When -1 V was applied, the current value on the sourcemeter was -1.06 uA, in
fact, the resistance of the nanopore, was ~ 1.0 M), therefore, the current value
should be around -1.0 pA which is the case in the experimental setup. When
+1.0 V was applied, the current value was +0.88 pA. Therefore, there is a linear
relation between the source voltage and the measured current when copper wires

were employed.

For the validation and accuracy of the experiment, electrodes were placed to
different locations while applying -0.5 V, and measured current values were noted
in different trials. If two electrodes were placed inside the large reservoir filled
with PBS, the current value was typically around 30 — 50 pA. If two electrodes
were placed into different reservoir and if two reservoirs were interconnected at
nanopore, the current value was typically between 10 — 200 nA depending on the

pore size.
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If there were no connection between the large reservoir and particle reservoir
(e.g. pore was clogged or the device was not submerged deep enough into PBS),
the current value fluctuates in the order of dozens of pA. If the membrane was
broken, the current value was around 5 — 10 pA. PLL would not be able to lock
to resonance frequency as the sensing electrodes were also on the membrane in
the case of the membrane was broken. Additionally, there might be leakage from
the sealing of the particle reservoir to the large reservoir which can happen after
several experiments. In this case, the measured current value is around 5 — 10 pA.
Therefore, before starting the experiment, the interconnection of the reservoirs

and integrity of the membrane should be double-checked.

4.4 Experimental Results

In the first trials with gold nanoparticles, neither PBS nor sourcemeter were in-
tegrated into the experimental setup. Instead, DI water and voltage source were
used in the system and positive voltage value was applied. After the optimiza-
tions, data taken with polystyrene particles, and Felocell Vaccine were recorded

with PBS and sourcemeter.

4.4.1 Gold Nanoparticle Experiments

20 nm gold nanoparticles were employed in the earlier experiments and the res-
onance frequency of the fabricated device was tracked at 7.06 GHz with Allan

Deviation of 1 x 1078, Then 0.8 V was applied from voltage source.

In the control run, the particle reservoir was filled with DI water and no par-
ticle was added. While the resonance frequency was tracked with PLL circuitry,
no precipitous jumps were recorded, however, after adding the particles to the
reservoir and translocating them electrokinetically, sudden jumps were observed

in the frequency track. Figure 4.6 shows an example of the recorded data.
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Figure 4.6: Gold nanoparticle experiment

In the particle run, more drift was observed in the frequency which might be

a case due to particle passages through the pore.
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Figure 4.7: Histogram of gold nanoparticles

Data obtained were analyzed and the histogram for the frequency shifts were
extracted as in Figure 4.7. The shifts were concentrated around 3 kHz, however,
there were larger shifts (e.g. 36 kHz) which were thought to be induced by chains

of gold nanoparticles (e.g. chain with 12 gold nanoparticles). In fact, other large
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shifts were also multiple of 3 kHz that can represent different chain lengths. After
the experiment, the sensing region of the device was checked under SEM, however,

there was no gold nanoparticle aggregated around the sensing electrodes.

4.4.2 Design Optimization & Faster Data Recording

In the first design (Figure 4.8a), the resonance amplitude of the S21 parameter
was around -5 dB and some devices did not have any resonant point. To have an
explicit and sensitive resonance, the electric field was intensified by patterning
sharper electrodes around the nanopore. For that purpose, two electrodes were
patterned such that they started to converge each other at an earlier point (Figure

4.8b) as a result -15 to -20 dB resonance was achieved.

a 1st Generation Design: b 2nd Generation Design: C 3rd Generation Design:

Figure 4.8: Design improvement

As a slight improvement, a protrusion was introduced to concentrate the elec-
tric field at the sharp tip (Figure 4.8c). This improved resonance amplitude to
-20 to -25 dB in S21 parameter (Figure 4.9).
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Figure 4.9: S21 VNA response after optimizations

After optimizing the resonance of the device, the data transfer rate was also
enhanced using a CompactRIO(cRIO) with an analog input module (NI 9775).
In this way, the phase response of the resonator can be recorded every 20 us
while the lock-in amplifier time constant was set to 50 pus. The AUX output of
the lock-in amplifier was connected to the analog input module on cRIO to read

phase value.

At high sampling rates and small lock in time constant values, at the end of
each LabVIEW loop (& 50 ms), there was an interference between LabVIEW &
cRio and spikes were observed in the phase data. In the short term, this problem
was forestalled by locking the resonator to the resonance frequency then stop-
ping LabVIEW loop. Since the proposed resonator has low-quality factor(a100),
compared to a NEMS resonator, the resonator still dwells around the resonance

frequency and responsive to the external effects.
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4.4.3 Polystyrene Particle Experiments

After device & measurement improvements, early experiments were performed by
using standard-sized polystyrene nanoparticle (50 and 100 nm). Samples prepared
for the experiments were diluted with PBS and particle solution formed 1 - 2% of
the overall solution. The original particle solution consists of 99% of DI water and
1% polystyrene solid content. The sample was mixed with pipetting to separate

clustered particles. Typically, 25 — 50 uL. was added to the particle reservoir.

4.4.3.1 100 nm Polystyrene Nanoparticle Experiment

The resonance frequency of the device was tracked at 6.61 GHz with a lock-in
time constant of 50 ps and the sampling rate of cRIO was 50 kSa/s. The solution
used in the experiment had a concentration of 1.5% polystyrene particle. The

measured current value in the sourcemeter was in between 12 — 14 nA.

Phase [deg]

0 100 200 300 400 500 0 100 200 300 400
Time [sec] Time [sec]

Figure 4.10: 100 nm polystyrene particle

To check the control of the electrokinetic motion, the voltage supplied was
decreased to -0.3 V (Figure 4.11a). A dramatic decrease in the phase shifts
was observed, then voltage supplied was increased to -0.5 V and more phase
modulations were observed (Figure 4.11b). Lastly, the applied voltage was set

to -1 V, and compared to Figure 4.11b, more phase shifts were recorded (Figure
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4.11c).

0 0

Phase [deg]
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Figure 4.11: Control over electrokinetic motion

Therefore, there was control over the particle transition through the nanopore.
After data were recorded and analyzed, the histogram phase shifts were concen-
trated around 1.1 degrees which was expected as polystyrene nanoparticles were

similarly sized (Figure 4.12).
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Figure 4.12: Histogram for 100 nm polystyrene particle
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4.4.3.2 50 nm Polystyrene Nanoparticle Experiment

The resonance frequency of the resonator was tracked at 7.19 GHz with lock-in
time constant of 50 us and sampling rate of 50 kSa/s. The solution used in
the experiment had a concentration of 1% polystyrene particle. The measured

current value in the sourcemeter was in between 170 — 185 nA.

In the control run, there was not any sudden jump in the phase, yet, when
particles were added due to the particle transition phase of the resonator was

modulated (Figure 4.13).

0 100 200 300 0 100 200 300
Time [sec] Time [sec]

Figure 4.13: 50 nm polystyrene particle

Compared to phase shifts in Figure 4.10 and Figure 4.11, there were fewer
jumps this might happen as the new solution was less concentrated (1%) com-

pared to the previous solution(1.5%).
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Figure 4.14: Histogram for 50 nm polystyrene particle

After data were recorded and analyzed, in the histogram (Figure 4.14) phase
shifts were concentrated around 1.1 degrees which was expected as polystyrene
nanoparticles almost have a similar size. Using the same analysis method, control
runs were also analyzed and most of the shifts were around 0.3 degrees which was

the noise level during the experiment.

4.4.4 Felocell Vaccine Experiments

To assess the performance of the microwave resonator with biological samples,
Felocell CVR which is a generic vaccine for cats was used. Felocell CVR consists of
Feline Rhinotracheitis Virus, Calicivirus, and Panleukopenia Virus which are not
hazardous to humans. The vaccine was in lyophilized form, so it was reconstituted
with PBS and filtered with a 220 nm pore sized filter. The reported diameter
of the viruses are as follows: Feline Rhinotracheitis: 150-200 nm, Calicivirus:
35-39 nm, Panleukopenia: 18-22 nm. After the mixture was pipetted to forestall

clustering, 50 uL of viruses in PBS was added to the particle reservoir.
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Figure 4.15: Felocell CVR experiment

The resonance frequency was tracked at 5.18 GHz and a similar experimental
procedure was followed yielding similar results. There were no precipitous jumps
in the control run where there were no viruses, however, after viruses were added

to the reservoir, the phase of the resonator was modulated.

30 —
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Figure 4.16: Histogram of the phase shifts in Felocell CVR experiment

As explained earlier, there are 3 different viruses in the vaccine, and 3 distinct

peaks around 0.7, 1 and 3.1 degrees may correspond to the response of each type
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of virus (Figure 4.16). The size of the smallest one (Panleukopenia) was 18-22
nm and 0.7 degree shift might be induced by that one. Mid-one was 35-39 nm
and 1 degree shift might be induced by that one which is close to the previous
one in size but slightly larger. The largest one (Rhinotracheitis) has the largest
dispersion 150-200 nm and wide distribution around 3 degrees may be interpreted

as the response induced by the Rhinotracheitis virus.
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Chapter 5

Conclusion & Future Perspective

In this chapter, a summary of the proposed applications will be given and their

future perspective will be envisaged.

5.1 Single Cell Detection

The first application was to detect single cells and relate their electrical volume to
the geometrical volume. For the electrical volume, cells were made a pass through
the sensing electrodes and the frequency changes of the resonator were recorded.
Dispersions due to sensor geometry were elucidated by changing the dimensions of
the device and using standard-sized particles. The frequency response of a single
cell was also recorded over a while and its optical images were analyzed through
a custom-built image processing algorithm. Cells were also treated with DMSO
to observe the change in their morphology and as DMSO expedites cytolysis, the

expected decrease in the resonance shifts was observed over a time period.

The priority should be eliminating the positional dependency and designing a
more sensitive microwave resonator. The aforementioned suspended microchan-
nel resonators are one order more sensitive than the proposed microwave res-

onator. However, thanks to the ease of fabrication of the microwave resonators,
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improvements in the device volume and noise level can be made expeditiously.

In the next generation, a split ring resonator (SRR) design was proposed. This
time, microwave signal does not propagate through the electrodes, rather, it is
coupled to a split ring resonator that has the closest gap of 20 pum. With this
device, the first experiments were done using standard-sized particles again and
the resonance frequency of the design was around 5 GHz. Considering the same
channel height for two different designs (Bow tie CPW and SRR), the amount of
the shift increased to ~ 160 kHz from ~ 30 kHz. On average, the sensitivity of the
resonator was improved 4 times. (From 1 x 102kHz/um? to 4 x 1073k H z/ um?)
However, the noise level in the new design was around 1 - 1.5 kHz, therefore,
there was not a significant improvement in the signal to noise ratio (SNR). Yet,

more investigation is still needed to reduce noise levels.

By integrating a more complex microchannel geometry, the response of a single
cell to a certain drug can be examined. This can be crucial to determine the most
effective drug for a chemotheraphy treatment at a single-cell level. To observe
the response over a long period, an incubation system is needed to maintain cell
vitality. Commercial microscopy integrated incubator disturbed the microwave
signals when the chip was placed on it, so in the next step more effective in-
cubation system should be built. Then, cell response to a specific drug can be

observed.

At this point, the cell line to be used is important. In this thesis, MDA-MB-
231-LUC2-GFP breast cancer cell line was cultured which was previously and
stably labeled with luciferase and green fluorescent protein (GFP). This cell line
grows as a monolayer enabling to culture them in cell culture dishes where the
surface is pre-treated to allow the adhesion of anchor-dependent cells. Although
this system has been used for several years and is still a dominant cell culture
method, it is two-dimensional (2D) which has a low capacity to imitate in vivo
conditions. Recently, three-dimensional (3D) cell culture methods are being used
to mimic the proper tissue physiology and multicellular organisms [102]. In other
words, cells grown in 3D cultures show more adaptive characteristics to their

environment than the ones grown in 2D cultures [103]. To create 3D cultures,
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dishes can be coated with a matrix gel such as fibronectin (an extracellular ma-
trix protein) which will increase the rate of cell adhesion [102, 104]. Similarly,
microchannel can be coated with a matrix gel and cells can be cultured within

the channel and simultaneously their microwave response can be observed.

5.2 Nanomechanical Flow Rate Sensor

In the second application, wrinkles on a nanomembrane were converted to a flow
rate sensing mechanism. The instability induced by the fluid flow modulates
the resonance of the sensor within a time proportional to the flow rate. Then
by fabricating devices with different membrane and channel dimensions, various
flow rate intervals were spanned until the upper limit of the reference flow rate
sensor. It was observed that for each flow rate value there is a specific pulsation
frequency in the resonance. Then a secondary sensing mechanism was proposed
to determine the flow rate from reset. The amount of frequency shift until the
target flow rate value is distinct to the effective flow rate inside the channel. In
the next step, similar experiments were conducted by pressurizing air instead
of DI water using the secondary sensing mechanism. While the reference sensor
cannot measure the airflow rate, the flow rate was estimated through a calibration
procedure using DI water. It was recorded that for each airflow rate, the amount
of shift is again specific. The membrane could also endure up to 4 bars during

the experiment.

The proposed technology can be converted to an on-chip flow rate sensor
platform just by design optimizations and packaging of the measurement cir-
cuitry. On-chip flow rate sensors are extremely useful for the precise delivery of
drug/nutrients in lab/organ-on-a-chip applications as the actual flow rate within

the microchannel might be different from what is read by a commercial sensor.

The sensor can be also used for observing fluid-fluid interaction such as droplet
formation. The size of the droplet depends on the effective flow rate and for

precise droplet formation, the proposed sensor can be used to determine the
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effective flow rate and can also measure the size of the droplet as explained earlier
with cells. The pulsation behavior of the membrane can be also utilized as an

on-chip pump in more advanced applications.

5.3 Nanopore Sensing of Viruses

In the last application, a nanopore integrated microwave resonator was employed
to detect nanoscale analytes. The same bow tie electrodes this time narrowed
down to hundreds of nanometer and a pore was drilled in between the elec-
trodes. Using electrokinetic motion, analytes were made a pass through a pore
which modulates the phase of the chip. Initial experiments were done with gold
nanoparticles and after the design and experimental setup improvements, exper-

iments were conducted with polystyrene particles and viruses.

The sensitivity of the resonator can be enhanced by building the electrodes
encapsulating the nanopore with a semi-circle shape. For this, first, fine control
in EBL and FIB steps is primarily required. Also, a microwave resonator with a
split ring design (that is explained in Chapter 5.1) can be fabricated to enhance

the sensitivity.

Lastly, building a nanochannel around the sensing electrodes and translocating
the analytes as explained in the cell part can alleviate the ambiguity of nanopore

and fluidic damping.
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Appendix A

Supplementary Materials for Cell
Detection Part

Figure A.1: Photolithography mask used for cell detection & flow rate sensor
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Figure A.2: An example of device after cleanroom fabrication
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Figure A.4: Boxplots for the Histogram in Figure 2.12
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Figure A.5: Frequency shift trend obtained with different cells and devices
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Appendix B

Supplementary Materials for

Flow Sensor Part
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Figure B.1: An example of block diagram used for automatically adjusting flow

rate using Fluigent software



