ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE
ENGINEERING AND TECHNOLOGY

DEVELOPMENT OF MICROFLUIDIC BASED SINGLE CELL CAPTURING
SYSTEMS FOR EARLY DETECTION OF DISEASES

Ph.D. THESIS

Emre ALTINAGAG

Department of Nanoscience and Nanoengineering

Nanoscience and Nanoengineering Programme

OCTOBER 2020






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE
ENGINEERING AND TECHNOLOGY

DEVELOPMENT OF MICROFLUIDIC BASED SINGLE CELL CAPTURING
SYSTEMS FOR EARLY DETECTION OF DISEASES

Ph.D. THESIS

Emre ALTINAGAG
(513132005)

Department of Nanoscience and Nanoengineering

Nanoscience and Nanoengineering Programme

Thesis Advisor: Prof. Dr. Hiiseyin KIZIL

OCTOBER 2020






ISTANBUL TEKNiK UNIVERSITESi * FEN BIiLIMLERi ENSTITUSU

ERKEN TESHISE YONELIK MIKROAKISKAN TABANLI
TEK HUCRE YAKALAMA SISTEMLERININ GELISTIRILMESI

DOKTORA TEZi

Emre ALTINAGAG
(513132005)

Nanobilim ve Nanomiihendislik Anabilimdali

Nanobilim ve Nanomuhendislik Programi

Tez Danigmani: Prof. Dr. Hiiseyin KIZIL

EKIM 2020






Emre ALTINAGAG, a Ph.D. student of ITU Graduate School of Science Engineering
and Technology student ID 513132005, successfully defended the thesis/dissertation
entitled “DEVELOPMENT OF MICROFLUIDIC BASED SINGLE CELL CAPTURING
SYSTEMS FOR EARLY DETECTION OF DISEASES”, which he prepared after
fulfilling the requirements specified in the associated legislations, before the jury
whose signatures are below.

Thesis Advisor: Prof. Dr. Hiiseyin KIZIL
Istanbul Technical University

Jury Members: Prof. Dr. Esra ZAYIM
Istanbul Technical University

Prof. Dr. Arda Deniz YALCINKAYA
Bogazici University

Prof. Dr. Gizem Dinler DOGANAY
Istanbul Technical University

Prof. Dr. Alper KIRAZ
Koc University

Date of Submission: 07 September 2020
Date of Defense: 30 September 2020






to my spouse Duygu
and my son Tuna,

Vii






FOREWORD

Prof. Dr. Huseyin KIZIL has made a great contribution throughout my academic career
as well as my personal development since | had the opportunity to start studying under
his supervision in 2012. It has been my honor to be advised by his visionary guidance
and | am thankful to him being patient as | have been gaining experience in the field.
Knowing that there are still a lot to learn, feeling the presence of the support he
continuously provides, encourages me to welcome new challenges.

Prof. Dr. Esra ZAYIM has always inspired me with her academic commitment and
passion, and | feel fortunate as | attended a few classes she lectured. | would like to
thank her for her criticisms during this process.

There have been incentive discussions | had with Prof. Dr. Arda Deniz YALCINKAYA
with his sincere approach to the steps | took. | would like to thank him for being greatly
contributor to make this work better with his criticism and suggestions.

| owe Assoc. Prof. Dr. Murat DEMIRBILEK a gratitude for his unlimited support in
experiments with biological cells. | am influenced by his work discipline and academic
perspective.

| would like to thank all the people | had the opportunity to meet during my studies.
Each of them contributed to this study, perhaps without even realizing it. | would like
to thank my friends who made the busy lab environment enjoyable.

| especially thank Mimin BALABAN as our friendship did not start with this journey
and | believe it will not end here. | will be enjoying his conversations and listening to
his perspective on life.

Omer EROGLU, Ergin Cagan DURAN and Kadriye OLMEZ are my colleagues that |
am very happy to had the opportunity to meet. | would like to thank them very much
for the good times we had. | would like to thank Yalin SONMEZ for his support during
the experimental studies. He was with me during many experimental studies and | will
always recall him in a joking, upbeat mood.

It cannot be described in words that how much my wife, my son and my family
supported me, and | am thankful to them. Throughout this whole process, | have tried
to be worthy of their support and their patience whenever | was with them. Although
it is nice to feel the support of the family and cheer up a little when things get worse,
there is nothing like having a wonderful celebration with them when things go well. It
might be because things are always less likely to go well in academia. However, this
increases the value of the final achievement even more, and provides motivation to
do more experiments and work harder which leads to more celebrations.

This study was granted by ITU Scientific Research Office (BAP) projects under grant
numbers 39065 and MDK-2017-40897 “Development of Microfluidic Based Single
Cell Capturing Systems for Early Detection of Diseases”.

Chapters 3, 4-5 and 6 of this study was also supported by The Scientific and
Technological Research Council of Turkey (TUBITAK) under grant numbers
114M730, 114M802 and 117M296 respectively.

October 2020 Emre ALTINAGAC






TABLE OF CONTENTS

Page

FOREWORD ...ttt iX
TABLE OF CONTENTS ..ot Xi
ABBREVIATIONS ..ottt ettt e e e e e e e e e e e e aeeaaaeeeeaeaeeeeraeeeeaeeeees Xiii
SYMB O S . e XV
LIST OF TABLES. ... .o ittt sssssssssnssssnnsnnes XVii
LIST OF FIGURES ......ouuuuititiiiniititiitnieieiannaaeaeaasassasaassessaaesassssssssssssssssssssssssssnnnsnnnns XiX
SUMMARY e aaaan XXV
(0.4 =3 LR XXVii
IO | N = (0 1 1L @3 I ] R 1
2. LITERATURE REVIEW ... 3
3. DIELECTROPHORESIS........coiiiiiiii e 19
3.1 Design and SIMUIAtIONS..........cooouiiiiiiii e 19
BT = o] = [ o 26
B3 EXPEIMENTAL ... ..o 28
4. IMPEDANCE ANALYSIS ... 37
4.1 Design and SIMUIATIONS. .......cceviiiiiiiiiiiiiiiiie et 37
A = Vo] o= 11 0] o SRR 43
4.3 EXPEIMENTAL ......ooiiiiiiii e e e et e e e e e e e b e aaaaaanae 43
5. DIELECTROPHORESIS AND IMPEDANCE ANALYSIS....ccoiiiiieieeeee, 53
5.1 Design and SIMUIALIONS.........cooiiiiiieieeeeeee 53
5.2 FabriCAtiON .o 54
5.3 EXPEIMENTAL......coiiiiiiiiiee e 54
6. ORGAN-ON-A-CHIP ... e 67
8.1 DESION. ..ottt e e e e e e e a e 67
6.2 FabIiCAtION ..o 70
6.3 EXPerimental ... 74
6.3.1 Cell adhesion on PC Membranes..........ccovvuviiiiiiiieeeeeieiiiee e 75
6.3.2 KidNEY-0N-8-ChiP .....couviiiiiii e e e e 77
6.3.3 LUNG-0N-8-ChlP e 81

7. CONCLUSION L. e e e e e e e 85
L o N 89
APPENDICES .....ooiiitiiiieiiieeeeeeeee ettt ettt ettt e et e ettt e e et e e et e e e et e e et ea et e e et e e aeaaaaes 97
____APPENDIX A: Characteristic Properties Of Cell Lines Used in Thesis............. 99
CURRICULUM VITAE ...ttt e e et e e e e eeas 109

Xi






ABBREVIATIONS

CFU
CM
CTC
DEP
DMEM
EIS
FBS
1A
IMCD
LOC
nDEP
0oC
PBC
pDEP
PDMS
REGM
TEER

: Colony forming unit

: Clausius-Mossotti

: Circulating Tumor Cells

: DEP

: Dulbecco's Modified Eagle Medium
: Electrical Impedance Spectroscopy
: Fetal Bovine Serum

. Impedance Analysis

: Inner medullary collecting duct

: Lab-on-a-chip

: negative Dielectrophoresis

: Organ-on-a-Chip

: Periodic boundary conditions

: positive Dielectrophoresis

: Polydimethylsiloxane

: Renal epithelial growth medium

: Trans Epithelial Electric Resistance

Xiii






SYMBOLS

C : Capacitance

KOH . Potassium Hydroxide

MTT : 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
CdTe : Cadmium telluride

HCT116 : Human colorectal carcinoma cell line

HEK-293 : Human epithelial embryonic kidney cell line

HelLa 229 : Human epithelial adenocarcinoma cell line

MDA-MB-231 : Human breast cancer cell line

K-562 : Human chronic myelogenic lymphoblast

K-562AR : Drug resistant human chronic myelogenic lymphoblast
HCC1143 BL : Human B lymphoblast

XV






LIST OF TABLES

Page

Table 2.1: Electrical properties of K562 and K562AR leukemia cells (Demircan et al.,
200D i 5

Table 3.1: Material Properties...........couviiiiiiiiiiiii 23
Table 3.2: Equations solved in MOdelS............ouuiiiiiiiiiiiccen e 24
Table 3.3: DEP force directions on biological cells depending on frequency in different
CONAUCEIVILY MEIA. ...cceeiiiiiiiiiiiie 31

Table 3.4: Concentration distributions of Jurkat and Daudi cells............cccccccevvveeen. 32
Table 3.5: Enrichment ratios of Daudi cells from each outlet..............ccccoeevevinennn. 35
Table 4.1: Medium conductivities used in experimental studies..............cccccevvveenn. 46
Table 6.1: Polycarbonate membrane properties. ..........ccccvvvvviiiiiiiiiiiiiiiiiiiieee 69
Table 6.2: SU-8 3050 with 200um thickness mold fabrication parameters.............. 70
Table 6.3: Readings of Formazan Absorbance on 4 samples from 0.2um and 0.4um
porous membranes for 24 hours with HaCaT cells...........cccccceeeeiieeereennns 75

Table 6.4: Formazan absorbance values of renal cells on the PC membrane for the
specified time intervals. 3 membranes were used for each time interval. 76

= 1o FST N T | 1O TR 99
Table A 2: Jurkat (Clone EB-1)........ccooiviiiiiiiiiiiii 100
IR= o] FSI N T I = 10 [ | 101
I 1o LN S I = |t T 101
I 1o Ll N T = O I 1 T 102
LI o] (SN AN T (] T 103
Table A 7: HEK20OSG ... et e et e et et eeaaa s 104
Table A 8: IMDA-MB-23L ...ttt e et e e e et e et e et e aaaes 105
LI o] (SN N R F= (7= | S 105
TaDIE A 10: RPTEC ..ot e et e e et e e e s 106
I 1o LN I A N 107
I Lo LN 2 Y, = O T 108

XVii






LIST OF FIGURES

Figure 2.1: Phases of drug development (Dietzel, 2016)..........ccccoeeveeviiviiiiiiiieneeenns. 9

Figure 2.2: Schematic representation of two-dimensional and three-dimensional cell
cultures (A) Two-dimensional uniform cell culture sample in a Petri dish
(B) Three-dimensional cell culture sample formed with hydrogel. (C)
Three-dimensional cell culture sample formed in a porous scaffold. Cells
retain their three-dimensional structure without flattening in the porous
scaffold and mimic the three-dimensional tissue structure by establishing

inter-pore bonding (Knight and Przyborski, 2015)..........ccccccceeiiieeiininnn, 10
Figure 2.3: Organ-on-a-chip concept and schematic representation of the studied
organs [Meer and Berg, 2012]. ..........uuuuuummmmmmmmimiiiiiiiiiiiniiiieininieeeeeeeees 12

Figure 2.4: Schematic representation of nephron structures in vivo and in vitro.....13
Figure 2.5: Schematic drawing explaining the nephron structure in the kidney

functionally (Weinberg et al, 2008)..........cccooeeiiiiiiiie, 14
Figure 2.6: Microfluidic based kidney-on-a-chip system created by using a porous
membrane for the first time in literature. (Jang and Suh, 2010)............. 15

Figure 2.7: IMCD cells were formed a) on a membrane and a glass surface. b)
AQP2 (apical marker) and Na-K-pump (basolateral marker) show the
structure change of cells after 5 hours of flow. ¢) Quantitative analysis of
cell lengths in both environments. [Jang and Suh, 2010]. ..................... 16

Figure 2.8: Microfluidic-based kidney-on-a-chip system with a porous membrane
generated by human epithelial proximal tubule cells [Jang et al., 2013].

Figure 3.1: Preferred DEP-based separation design under continuous flow a)
Schematic view is shown in different colors to indicate that the electrode
pair has opposite polarity applied. In the detail in the figure, it is shown
that the width of the electrode fingers and the gap between them is
50um. b) System for DEP-based separation.............ccccceeeeieeeeeveeininnnnnn. 19

Figure 3.2: In the case where the fluid velocity is zero, a) boundary conditions for
electrostatic simulations. b) The particles are attracted towards the
electrode edges under the pDEP conditions. c) A pushing force is
generated outward from the electrode edges under the nDEP conditions.

Figure 3.3: Variation of electric field strength due to microchannel height. (y-axis
10gartNMIC). ..ccoiiiiiiiii 21
Figure 3.4: When the fluid velocity is different from zero, the direction of the
resultant force Ft formed by the hydrodynamic force (Fup) and DEP force
(Foep) is in the direction of the electrode angle............ccccceviieeiiiiinnee. 22
Figure 3.5: Numerically calculated CM factor for polystyrene particle in DI-water. .24
Figure 3.6: The result from which the orientation of polystyrene particles of 3.2 um
and 9.8 um in DI-water is obtained. The paths of the particles along the
microchannel are plotted. ... 25
Figure 3.7: Time-dependent positions of particles on y-axis.............ccceeeviviinnnee.n. 25
Figure 3.8: Fabrication steps of PDMS microchannels. A) Desired pattern is
transferred onto the photoresist by UV optical lithography. B) Patterned
photoresist is solidified on the hot plate to be used as a mold. C) PDMS

XiX



is poured onto the mold and solidified on the hot plate. D) PDMS is
peeled from the mold and adhered to a glass slide if there is no metal
electrodes needed in the design...........covvvvviiiiiiiiiiiie 27
Figure 3.9: Fabrication steps of microchannels with metal electrodes placed on
bottom side. A) Desired electrode pattern is transferred onto the
photoresist by UV optical lithography. B) Preferred metal (Ti or Cr / Au)
is coated on the photoresist coated sample by physical vapor deposition
method. C) The electrodes of the desired pattern are provided on the
glass slide with the removal of photoresist. D) Alignment and assembly
of the prepared PDMS microchannels and metal electrodes. ............... 28
Figure 3.10: Variation of the CM factor depending on the electric field frequency for
particles in DI- water (2.50x10* S / m). pDEP is effective if CM> 0 and
NDEP is effective if CM <O........cooviiiiiiiiii e 29
Figure 3.11: Experimental setup for systems with continuous flow. ....................... 29
Figure 3.12: Once polystyrene particles meet the electrodes, they are oriented
depending on their size. a) the region where the particles meet the
electrodes in the microchannel, b) the center of the microchannel, c)
waste and collection outlets at the end of the microchannel. ................ 30
Figure 3.13: 3ul / min flow rate and 10V, a) At 700kHz; Jurkat and Daudi cells were
observed to be collected on the electrode surface under the influence of
pDEP b) When the applied frequency was reduced to 620 kHz; Jurkat
cells were observed to be directed under nDEP where Daudi cells were
not affected by this change..............cc 33
Figure 3.14: There are three outlets of equal width at the end of the microchannel.
Outlet 1 is intended to collect Jurkat cells while outlets 2 and 3 are Daudi
cells colleCtion OQULIET. ........ccoeeeiieeeeieee e e e e 33
Figure 3.15: Flow cytometer count results of cells collected from outlet 1. While
11.6% of the collected cells were Jurkat cells, 59.2% of CFSE non-
irradiating cells were Daudi Cells. ... 34
Figure 3.16: Flow cytometer count results of cells collected from outlet 2 and 3.
While 44.7% of the collected cells are Daudi cells, 3.41% of the cells that
do not make Far Red radiation are Jurkat cells. .............cccccvvviiiiinnnnnns 35
Figure 3.17: Experimental results for Jurkat cells. The enrichment of cells is
expressed with yellow line and the microchannel sidewalls are
expressed with white dash a—c Cells with larger diameters are focused
on one side of the microchannel along microelectrode geometry d, e
Cells with smaller diameter (expressed with blue circle) are not affected
by a dominant dielectrophoretic force..........cccoovvieeeiiieiiiiiiiiee e, 36
Figure 4.1: a) Schematic drawing of the design in Wang's work; and b) fluid velocity
profile. c) The geometric information of our design based on Wang's
work, r = 50um and d) the actual image of the system produced. A pair
of electrodes placed under the obstacles is highlighted by dashed white
TSRS 38
Figure 4.2: Efforts to improve Wang's design a) An attempt was made to balance
the flow profile by extending the obstacles in the middle of the
microchannel towards the outer walls. b) The pressure in the middle lane
is reduced by minimizing the obstacle placed in the center to the
minimum possible size. ¢) Simulation output of the developed design. It
is seen that the fluid velocities in the middle and outer lanes converge.39
Figure 4.3: Takeuchi's design for single-cell capture. A) After capturing single cells
in path 1, it is ensured that other cells are sequentially captured
individually by following path 2. B) The flow rate of path 1 should be
greater than path 2 as a condition for single cell capture. (Tan, 2007)..40
Figure 4.4: The length of narrow neck on path 1 of Takeuchi’s design is extended to
better penetrate the SU-8 developer and to produce the desired

XX



geometry. a) Three-dimensional overview b) geometric information of
the design c¢) Simulation output of the design. ..., 40
Figure 4.5: A 3D approach to Takeuchi's design. a) The narrow neck width after the
reservoir is increased but the height is limited to 5um. Microchannel
height is 20um on all other surfaces. b) geometric information of the
design c) simulation output of the design: It is seen that the cell / particle
will be captured in high efficiency in path 1. By extending the length of
path 2, the capture efficiency increases. ..........cccceeeeeeiiiiiiiiiiiiii e, 41
Figure 4.6: (a) Triangular chamber placed in path 1 b) Flow was examined using
three different base angles (a = 30 °, 45 °, 60 °). c) unchanged path 2 for
a =45 °; and d) examination of flow by extended length of path 2. ....... 42
Figure 4.7: Trapping of more than one cell in the triangular region with a stepped
angle (a <B) was prevented. After cell number 1 has been captured,
following cell (number 2) is dragged under the main stream to the next
(o2 0110 | (<3040 ] 1= PSP 43
Figure 4.8: The preliminary designs fabricated for the analysis zone. At a flow rate
of 3ul/min, particles of 9.8um diameter were captured in trap-sites.
These designs have been improved since some of the sites seem to

capture multiple PartiCles. ...............uuuuuuimiiiiiiiiiii e 44
Figure 4.9: Impedance values of polystyrene particles in DI water in the frequency
range 10-500KHZ. ........oouuiiiiii e 45

Figure 4.10: Individual capture of HCT116 cells in PBS in a microchannel with a
stepped angle (a1 =30 °, p1 = 45 °) triangular trap-sites. The cells in the
sites highlighted in red are not in contact with the microelectrodes. ...... 46
Figure 4.11: Frequency-dependent impedance deviation (AZ) of HCT116 cells in
IXPBS and 0.1XPBS........cooiiiiiiieeeeeeeeeeeeeeeeeeeeee et 47
Figure 4.12: MDA-MB-231 cells were individually captured at trap-sites. The cell is
not in contact with the microelectrodes in the site highlighted in yellow.47
Figure 4.13: Frequency-dependent impedance deviation (AZ) of MDA-MB-231 cells

iN IXPBS and 0.1XPBS........o oottt 48
Figure 4.14: Frequency-dependent impedance deviation (AZ) of HEK293 cells in
IXPBS and 0.1XPBS.......ooii e 48
Figure 4.15: Frequency-dependent impedance deviation (AZ) of various cells in
IXPBS SOIULION....cciiiiiiiceeeeeeeeee e 49
Figure 4.16: Frequency-dependent impedance deviation (AZ) of various cells in
(00D o = ST o ] 011 o 1 49

Figure 4.17: a) Impedance shifts recorded in the frequency range of 0.1-500kHz for
K562, MDA-MB-231 and CLR cells in 200mM sucrose solution. b) More
detailed representation of the results for the frequency range 10-500kHz.

Figure 5.1: Schematic view of the final design for the separation of the target cell by
dielectrophoresis and for individual impedance analysis on trap-sites. A)
Separation of target cells under nDEP B) A trap-station for impedance
analysis of a captured cell by hydrodynamic methods. .............cccceeee.. 54

Figure 5.2: DEP + IA LOC (right) obtained by aligning and bonding Ti
microelectrodes (left) fabricated on a glass slide and PDMS
microchannels. The microelectrodes are connected to copper cables
with epoxy-based silver adhesive. ..........ccooiiiiiiiii e 55

Figure 5.3: When the signal A) applied to the microelectrodes is closed, the
particles leave the channel at all outlets in free state. B) When the signal
is turned on, 9.8um (green) particles are directed to channel 3, while
3.2um (red) particles are less directed and leave the system from
(o] 0= 1 1= PR 56

Figure 5.4: Alternative designs of the final system were produced. Impedance data
can be recorded from 8 stations (x8) at the same time, as well as

XXi



variations that record impedance data from 4 stations (1x4) for recording
individual impedance data and 4 stations (4) at the same time............. 56
Figure 5.5: K562 cells under nDEP were directed and collected at trap stations. A)
K562 cells at the channel entrance were seen to be directed under
nDEP, B) all cells were aligned along the microchannel border towards

the end of the channel.............cooo i, 57
Figure 5.6: Equivalent circuit models of 2- and 4-terminal configuration for

impedance measurements. (Justin, et al 2011) ..........cccovvviiieiieeeennennnn, 58
Figure 5.7: Schematic view of four-terminal impedance measuring system for

{=ToTo] a6 I 7=To [ o] o FHUURT O TP P TP TP TRTTTPRTRRTRRRTRIN 59

Figure 5.8: Detailed view of the four-terminal impedance measurement system....59
Figure 5.9: The signal is collected from two stations simultaneously (left) or only

from one station (FgNT). .........uuuemmiii 60
Figure 5.10: Microfluidic chip with four-terminal electrode design. .............ccc......... 60
Figure 5.11: The microfluidic chip with PCB circuit with and BNC connections on a

3D-PriNtEA DOAY.....eeieeiiiiiiiiiiiiiiiiiiiii bbb 61
Figure 5.12: The image taken during the experiments under the microscope after

the completed pProduction. ............cooiiiiiiiiiii e 62

Figure 5.13: One of the existing measuring stations was refabricated in such a way
that the cell could not be captured and it was intended to be a reference
to the cell-captured station by taking measurements from the medium

ONiV ... W S == N . e 63
Figure 5.14: Impedance results in the frequency range of 1kHz to 1MHz in 200mM
sucrose solution (cellfree) and K562 cells (w CellS)......ccceeveeeeiiievinnnnnnn. 64
Figure 5.15: Impedance results in the frequency range of 1MHz to 20MHz in
200mM sucrose solution (cellfree) and K562 cells (w Cells)................. 64
Figure 5.16: Total impedance change of the system for K562 cells in 200mM
S U (o (0 151K ] 0] 1T o RSP 65
Figure 6.1: Mask patterns for kidney-on-a-Chip.................uuuuviiiiiiiiiiiiiniiiiiiiiiiiennn. 68
Figure 6.2: Mask patterns for [ung-0n-a-Chip. ...............uuueeiiiiiiiiiiiiiiiiiiie. 69
Figure 6.3: Adhesion interfaces formed after oxygen plasma by reducing the
dimensions of PC membrane. ...........ccco oo 71
Figure 6.4: A) Porous PDMS membrane and B) an example of a kidney-on-a-chip
LSS 1.0 71
Figure 6.5: Electrode-free on-chip kidney system A) fabrication steps C) with a
PDMS membrane and D) with a PC membrane in the center............... 72

Figure 6.6: (A-B) Fabrication steps of PDMS membrane covering the entire surface
between two microchannels. C) Kidney-on-a-chip and D) Lung-on-a-chip

are fabricated by this method. ...........cccooiii 73
Figure 6.7: (A-D) On-chip kidney and lung fabrication steps to be used in TEER
measurements and (E-F) examples of the systems produced. ............. 74
Figure 6.8: The viability results measured for 3 days on both PC membrane types
according to the MTT test results of the HacaT cell line. ..................... 76
Figure 6.9: The 9-day viability results of the RPTEC cell line on the PC membrane.
3 membranes were used for each time interval. ...............ccccciiiiiinnnns 77
Figure 6.10: Incubation chamber on microscope stage and syringe pump setup for
AYNAMIC CONAITIONS. ...ttt eeeeennee 77
Figure 6.11: Kidney-on-chip systems under static and dynamic conditions within the
microscope stage top incubator SYStem ... 78
Figure 6.12: Cell viability in PC and PDMS membrane based kidney-on-chip
V] (=] 0 0 OO P PP TUPPPRTRPPPIR 78
Figure 6.13: Monitoring of cell viability by MTT test in kidney-on-chip systems for
the 0-48 hour interval. ...........uuiiiii e 79
Figure 6.14: Cell barrier resistance values recorded under static and dynamic
conditions for kidney-on-chip systems in the range of 0-48 hours......... 80

XXii



Figure 6.15: MTT test and TEER values recorded under static and dynamic

coNditions fOr 0-24 NOUIS. .......oouuieiiie e 80
Figure 6.16: Cell viability obtained after co-cultivation of the MRC-5 and NCI-82 cell
line in lung-on-a-chip lung for 0-24 hour interval. ...........ccccccceeiiiiiennnnn, 81
Figure 6.17: TEER values recorded for the lung-on-a-chip system in the range of 0-
G 3 [0 11 ] 82
Figure 6.18: Experimental setup for lung-on-a-chip system in an incubator. .......... 83

XXili






DEVELOPMENT OF MICROFLUIDIC BASED SINGLE CELL CAPTURING
SYSTEMS FOR EARLY DETECTION OF DISEASES

SUMMARY

It is known that cancer cells in the bloodstream are quite low compared to other cells
in the blood. Microfluidic based systems have been studied for diagnosis, follow-up of
the disease and new drug tests to be performed on this disease. A microfluidic based
system with two successive regions for separation and analysis has been developed.
In the first region, the target cell type is differentiated from a complex mixture
containing multiple cells by dielectrophoresis, which allows an insulating particle to be
polarized under an electric field. Since different cell types can be polarized at different
rates under the same electric field, this method allows the separation of the cells from
each other under suitable conditions.

In this study, a microfluidic system consists of two consecutive regions, namely the
separation and analysis regions are demonstrated. In the first region, the target cell
type is separated by dielectrophoresis from a complex cell mixture. The target cells
collected in the first region are continuously transferred to the second region and are
captured in a single cell array formation at the hydrodynamic capture stations placed
on the measuring electrodes. Impedance analysis was performed to establish a
platform for detection and drug screening. While both regions were integrated on a
single chip in the final device, each region were examined separately during our study.
The results of impedance analysis obtained from different cells based on different
medium conductivities with a frequency range of 0.1kHz — 500kHz are presented
here.

We recorded impedance measurements at stations where cells were individually
captured before and after cell entrapment. Experimental results are divided into cases
where the conductivity of the medium is higher and lower than the cell conductance.
Overall magnitude of impedance shift is significantly higher when the medium
conductivity is lower than the cell conductance. When all results are evaluated, it can
be seen that depending on the target cell type, an optimum medium conductivity and
frequency range can be selected so as to obtain the measurement result with the
highest sensitivity.

A microfluidic cell culture platform, named as organ-on-a-chip in the literature, has
been increasingly studied over the last few years to mimic tissue and organ-level
physiology, containing a membrane with a continuous and porous structure inhabited
by living cells, and with microfluidic channels to mimic the mechanical effects and to
supply the necessary nutrients. These platforms create tissue and organ
environments that are not possible with traditional 2D or 3D culture systems, and
enable real time imaging and analysis of biochemical, genetic and metabolic activities
of living cells.

In this project, present fabrication techniques of microfluidic devices are used for the
fabrication of organ-on-a-chip platforms. The tissue structure was imitated by coating
a single-layer cell on the upper and lower sides of the membrane in the structures of
the renal chip tubules and lung alveoli on organ-on-a-chip platforms. The cell viability
was characterized by MTT test and the cell viability was maintained by providing
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oxygen, carbon dioxide and nutrient exchange under incubation conditions by means
of nutrient medium flow provided into the upper and lower channels, and the barrier
property of the cell tissue was measured by electrical resistance (TEER)
measurements.

The viability of the renal tubules cultured in the microfluidic system between 0-48
hours was recorded by MTT assay. TEER results showed that the tight-junctions of
cell tissue were different under static and dynamic conditions in the kidney-on-chip
systems. The results obtained by MTT test to measure cell viability were in agreement
with TEER and the viability of kidney cells was higher in 48 hours under dynamic
conditions compared to static conditions.

With the successful culturing of two different cell types under static conditions in lung-
on-chip systems, their viability and cell barrier resistance values were recorded by
TEER measurement for 0-48 hours. The results obtained by MTT test and TEER
measurements showed that lung cells under shear stress and mechanical stress had
higher viability than cells under static conditions.

Key words: microfluidic systems, organ-on-a-chip, kidney-on-a-chip, lung- on-a-chip,
MTT assay, TEER.
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ERKEN TESHISE YONELIK MIKROAKISKAN TABANLI TEK HUCRE
YAKALAMA SISTEMLERININ GELISTIRILMESi

OzZET

Kan dolagimindaki kanser hicrelerinin, kandaki diger hucrelere gore oldukga dusuk
sayida oldugu bilinmektedir. Hastaligin tanilanmasi, takibi ve bu hastalik Gzerinde
gerceklestirilecek yeni ilag testlerine yonelik mikroakiskan tabanl sistemler Uzerinde
calisiimigtir. Ayristirma ve analize yonelik birbirini takip eden iki bdlgenin yer aldig
mikroakiskan tabanl bir sistem gelistirilmistir. ilk bolgede, hedef hiicre tipi, birden
fazla hicre tipini barindiran karmasik bir topluluktan dielektrofrez ile ayristiriimaktadir.
Dielektrofrez, yalitkan bir parcacigin elektriksel alan altinda kutuplanarak
yoénlendiriimesine imkan vermektedir. Farkli hicre tipleri ayni sartlar altinda farkl
oranlarda kutuplanabildiginden, uygun sartlarda hucrelerin birbirlerinden ayrilmasi bu
ydntemle saglanabilmektedir.

Bu calismada, birinci bdlgede (ayristirma bdlgesi) dielektrofrez ile ayrilan hedef
hicreler kesintisiz olarak ikinci bolgeye (analiz bolgesi) iletilerek burada hidrodinamik
yakalama istasyonlarinda tekil olarak yakalanmakta ve her bir hicre 6lgim
elektrotlarinin  Gzerine yerlesmektedir. Analiz bdlgesinde, hedef hicrenin
tanilanmasina ve ilag testlerine yonelik olarak bu elektrotlar Uzerinden empedans
analizi gergeklestiriimektedir. Arastirmamizda her iki bolge de ayri olarak ele alinmisg,
en iyi sonucu veren tasarimlar son drlinde bir araya getirilmigtir. Farkli medyum
iletkenlikleri ve farkli tipte hucreler ile yapilan deneysel calismalar bu tezde
sunulmustur.

Analiz bolgesinde, istasyonlarda yer alan elektrotlar Gzerinden, hiicre yakalanmadan
once ve sonra empedans verileri kaydedilmistir. Deneysel ¢alismalarimiz medyum
iletkenliginin hdcre iletkenliginden daha ylksek ya da dusuk oldugu durumlar olarak
iki gruba ayrilmaktadir. Medyum iletkenligi hucre iletkenliginden dusik oldugunda
empedans kaymasindaki toplam degisim oldukg¢a yiksek oldugu gérilmustiar. TUm
sonugclar degerlendirildiginde, hedef hicre tipine bagli olarak, en ylksek hassasiyette
tanilamaya yodnelik olarak optimum bir medyum iletkenligi ve frekans arahginin
belirlenebilecegi gorulmektedir.

HCT116 hacreleri igcin empedans sapmasi ¢ozelti iletkenligi azaldikgca azalirken,
MDA-MB-231 hdcreleri icin empedans sapmasi c¢ozelti iletkenligi ile arttig
kaydedilmistir. HEK293 hucreleri ise incelenen iki ¢ozelti iletkenlik seviyesinde benzer
empedans sapmalari g0Ostermistir. Hlcre tipleri birbirleriyle karsilastirildiginda
HCT116 ve HEK293 hicre hatlari, 1XPBS solisyonunda benzer empedans
sapmalari uretirken, 0.1XPBS konsantrasyona sahip sollsyonlarda aralarindaki
empedans sapmalarinda belirgin bir fark meydana gelmistir.

Ortam iletkenligi hucre iletiminden daha dusuk oldugunda, hicreden daha fazla akim
gecer ve empedans kaymasi negatiftir. Boylelikle hiicre tipi hakkinda daha fazla bilgi
toplanir ve tanisal duyarhlik artar. 200 mM slkroz ¢ozeltisinde kanserli lenfosit
hucreleri ile saghkli kan hiucreleri arasinda belirgin bir empedans sapmasi farki vardir.
Uretilen sistemin saglikli kan hiicrelerini ayirt etmede en yliksek hassasiyete sahip
oldugu aralik 200mM sulkroz ¢ozeltisi igin 0.1kHz ve 10kHz frekans araldidir.
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Belirli bir frekansta kaydedilen empedans kaymasi hedef hiicre tipi ve evresine
yénelik tanilama olanagdr sunmaktadir. Kanser hicrelerinin tanilanmasi ilag
testlerinde, ilacin ¢alisma mekanizmasi ve hiicre biyolojinin anlasiimasinda oldukga
kritiktir. Farkli kimyasal ve ilag konsantrasyonlarinin hiicre Uzerindeki etkisinin bu
proje ile geligtirilen sistem ile takip edilmesi, tanilanmasi ve iyilestiriimesi mimkin
kilinmaktadir.

Dielektrofrez ile ayristirma bdlgesi icin numerik analizler ile ayristirma parametreleri
arastinimistir. Uretilecek mikrokanal ve mikroelektrot geometrileri bu analizler
sonucunda belirlenmigtir. Deneysel ¢alismalar farkli ¢aptaki polistren parcaciklar ile
baslayip, ¢esitli biyolojik hiicreler icin de ayristirma kosullari belirlenmis ve bu kosullar
g6z 6niunde tutularak strekli akisin oldugu sistemlerde ayristirma gergeklestirilmistir.
Polistren parcaciklar icin %100 verimle ayristirma gergeklestirilirken Jurkat, Daudi,
HL-60 ve THP-1 hucreleri ile yapilan calismalarda da frekansa bagh ayristirma
bdlgeleri incelenmis, Jurkat ve Daudi ile yapilan deneylerde ayristirma saglanmis ve
Daudi hucresinde 23 kat zenginlestirme gerceklestiriimistir.

Dielektroforez ile ayirma ve empedans analizli sistemler de Uretiimis olup, K562
hlcrelerinin  bu sistemle yonlendirildigi ve istasyonlarda toplandigi deneysel
galismalarda kayit altina alinmigtir. Nihai sistemin ayristirma verimlili§ini 6lgmek igin,
sisteme entegre edilen her hicre tipi farkli bir renkli floresan boya ile etiketlenmeli ve
floresan mikroskop altinda izlenmelidir. Ayrica dielektroforez ile ayirma sonrasi
¢lkislardan toplanan hucreler akis sitometrisi ile sayllmali ve ayirma etkinligi
gOsterilmelidir.

Bu tezde mikro Uretim teknolojileri kullanilarak ¢ip-Ustl organ sistemleri gelistiriimesi
hedeflenerek surekli akis iceren dinamik kosullar ve akis olmayan statik kosullar
altinda hicre farklilasmasina yonelik sonuclar da toplanmistir. Bobrek proksimal tibdl
hicreleri kullanilarak cip-usti bobrek sistemleri Uretilmis, mikroakiskan sistem icinde
ve akis altinda kultire edilmis, canlliklari ve hiucre dokusunun bariyer o6zelligi
elektriksel direng degerleri ile takip edilmistir. Cip-Ustu akciger sistemlerinde insan
alveol hacreleri kullanilarak statik kosullar altinda iki farkli tipte hdcre ayni
mikroakiskan sistemde kultire alinmis ve canliliklari, hiicre dokusuna ait bariyer
Ozelligi ayni yontemler ile takip edilmigtir.

Literatirde ¢ip Ustl organ (organ-on-a-chip) olarak adlandiran, doku ve organ
seviyesi fizyolojisini simuile etmek igin dizenlenmig, farkli hicrelerin canlih@ini
korudugu, hucrelerin tek katmanlh olarak yizeyinde barindigi surekli ve bosluklu
yaplya sahip membran iceren, mikrokanallarda ortam igin gerekli sivi akisinin ve
mekanik etkilerin olusturuldugu bir mikroakigkan hiicre kultart platformu gelistiriimesi
son birkag yildir arastirmalarin giderek arttigi guncel bir konu haline gelmistir. Cok
hicreli mimarileriyle doku-doku araylzlerini, fizyokimyasal mikro ortamlari ve doku
hicreleriyle temas eden kilcal damar gegcirgenligini simile eden bu platformlar,
geleneksel 2D veya 3D kultur sistemleri ile mimkin olmayan doku ve organ ortami
olusturarak, canh hacrelerin biyokimyasal, genetik ve metabolik aktivitelerinin,
fonksiyonel doku ve organ baglaminda ger¢cek zamanh goruntilemesine ve analizine
olanak saglarlar.

Bu calismada, mikroakigkan sistemleri Uretiminde yaygin olarak kullanilan mikro
dretim asamalari kullaniimistir. Gelistirilecek ¢ip Ustl organ platformunda, bdbrek
tubulleri ve akciger alveolleri yapilarinda membranin alt ve Ust tarafinda tek katmanl
hicre kaplanmasiyla doku yapisi taklit edilmistir. Alt ve Ust kanal igerisine saglanan
besiyer akigi ile inkibasyon kosullarinda oksijen, karbondioksit ve besin aligverigi
saglanarak htcresel canliidinin korunup korunmadigi MTT testi ile ve hicre
dokusunun bariyer o6zelligi elektriksel direng (TEER) Olgumleriyle karakterize
edilmigtir.
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Mikrokanalin alt ve Ust ylzeylerinde metal elektrotlar bulunan ve ortasinda membran
bulunan mikroakigkan sistemler, ¢ip Ustl organ platformlari igin basariyla Uretilmistir.
Ozellikle ¢ip lizerinde bdbrek uygulamasinda tatmin edici sonuglar kaydedilmis ve
dinamik kosullarda mikroakiskan sistemdeki hiicre kultirlerinin siki bag dokularindaki
artis elektriksel dl¢cimlerle kaydedilmistir. Cip Ustl bdbrekte dinamik kosullarda
baslangicta bir miktar hucre canliligi kaybi olmasina ragmen, hicre canlihginin hizla
dizeldigi ve arttigi gorilmektedir. Hlcre konsantrasyonlari ayni olmasina ragmen
dinamik kosullarda hiicrelerden elde edilen direng degerleri statik kosullara gore 7 kat
daha yuUksektir. Bu durum, hicre farklilasmasinin gergeklestigini ve siki bag
dokularinin olustugunu géstermektedir.

0-48 saat araliginda cip-Ustlu bobrek sistemlerinde statik ve dinamik kosullar altinda
kiltire edilen bodbrek tubdllerinin canliliklart MTT testi ile kaydedilmis, siki bag
olusturma oranlarinin farkli oldugu TEER sonuglari ile kaydedilmistir. Hlcre
canliliklar1 6lgemeye yonelik MTT testi ile elde edilen sonuclar TEER ile uyum iginde
olup, dinamik kosullar altinda 48 saat icerisinde bdbrek hucrelerinin canliliklarinin
statik kosullara kiyasla daha yuksek oldugu goéralmustr.

Cip-ustl akciger sistemlerinde, iki farkl hicre tipi birlikte basarili bir sekilde
kultdrlenmigtir. Canlilik ve hilicre bariyer direnci degerleri statik ve dinamik kosullar
altinda kaydedilmistir. MTT testi sonuglari incelendiginde, statik kosullarda hiicre
canhligi dinamik kosullara gore ilk 24 saat daha dusiuk kalmis ancak hicre canhligt,
bdbrek uygulamasinda goruldtugu gibi 48 saat sonunda statik ve dinamik kosullar icin
yakin degerler gostermistir. Cip-tstl akciger sistemi (lzerinde, statik ve dinamik
kosullar icin alinan TEER degerleri, hlcre bariyerinden okunan diren¢ degerinin
dinamik kosullardan daha yuksek oldugunu ve hiicre aralarinda siki bag dokularin
olustugunu gostermektedir ve hicre farkhlasmasinin gerceklestigini goéstermektedir.

Uretilen gip-Ustl akciger sistemlerinde statik kosullar altinda iki farkl hiicre tipinin bir
arada basari ile kiltire edilmesi ile 0-48 saat araliginda canlliklari ve hicre bariyeri
direng degerleri TEER o6lgcumu ile kaydedilmigtir. MTT testi ve TEER oOl¢cUmileri ile
alinan sonuclarda kayma gerilmesi ve mekanik gerilme altindaki akciger hucrelerinin,
statik kosullardaki hiicrelere goére daha ylksek canliliga sahip oldugu gértlmustir.

Proje ciktisi olarak urettigimiz ¢ boyutlu mikroakiskan doku/organ ¢ip Ustu kuiltir
sistemi prototip Urtn olarak geligtirilmis olup doku gelistirme, organ fizyolojisi, ilag
tarama ve gelistirme arastirmasi, molekiler tasima mekanizmalari, toksisite testi ve
biyobelirte¢ tanimlama gibi farkli alanlarda kullanilabilecek bir teknoloji platformudur.
Ozellikle ilag gelistirme, nihai ilacin pazara sunulma sirecini kisaltarak ve kigiye 6zel
ilag gelistirme alaninda arastirmacilarin ve bilgi birikiminin gelismesine énemli katki
saglayacak Urunler igin yeni projeler ve ig birlikleri yaratacaktir.
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1. INTRODUCTION

Significant advances in understanding of cancer diseases at molecular level have led
to the development of effective new therapies based on tumor cell specific changes.
However, there may also be cases in which cancer cells are resistant to treatment.
The formation of resistant subclones within heterogeneous tumors poses a significant

barrier to the effective treatment of cancer (Haber et al. 2011; Hyman et al. 2017).

Sampling of circulating tumor cells (CTCs) provides a suitable solution for studying
tumor heterogeneity. Circulating tumor cells can be an example that represent tumor
cells spread to different tissues of a single patient. In addition, it is possible to examine
the tumor metamorphosis over time with samples taken from the patient's blood at

regular intervals.

The measurement method applied in a cell population may be designed to cover all
cells and give a single average value for the population. However, such
measurements do not record changes from cell to cell within the same population.
Cell variations can be recorded statistically in cell populations where cells are
measured individually. Since direct measurements are taken from each of the cells
in the population, the noise from the environment and the error that may occur in the
measurement are minimized. The response of each cell in the population which is
sensitive to external stimuli or changing ambient conditions can be accurately

measured.

Recent advances in microfluidic-based systems have enabled the development of
highly efficient platforms capable of capturing and isolating circulating tumor cells,
which are very rare in blood. Thus, the study of CTCs as a single cell has led to an

idea of tumor heterogeneity and treatment resistance in various cancers.

If it is desired to obtain individual information from the cells in the population, the cells
must be separated individually and captured in the measurement areas or passed
through the measurement area in sequence. ldeally, the proposed method should
keep the need for skilled people and equipment to a minimum, and the results should
be more efficient than conventional methods. Microfluidic-based systems can be
designed to suit a single cell size, cells can be captured individually at stations or

passed through the individual measuring area in a sequence. It produces fast and



reliable results with systems that are produced in much smaller volumes than

conventional laboratory equipment and with a low sample volume in microliters.

Lab-on-a-chip (LOC) can meet the need for high-efficiency, low-production, portable
systems for point of care applications and rare cell detection. It is possible to produce
these systems in a few centimeters as an integrated system that can meet several
different laboratory conditions together (Neuzil et al., 2012; Rios et al., 2012; Trietsch
et al., 2011). LOCs are able to offer faster and cheaper solutions as they achieve
results with low volume samples. LOCs are effectively used in biomedical and
environmental applications such as fluid transport, drug transport, virus and bacteria
identification and cell / particle orientation, focusing and separation.

The main objective of this study was to separate the cell type of interest from a
population containing various types of cells by dielectrophoresis (DEP) based
methods followed by individual capture of this cell type and performing a secondary
physical / chemical analysis on it. Although the prototypes for this purpose are
examined separately as separation region (1st region) and analysis region (2nd

region) for ease of research, the final product is integrated on a single chip.

The Clausius-Mossotti (CM) factor, which determines the DEP behavior (positive or
negative) of different cells for the separation zone was investigated. Depending on
the numerical results obtained for the systems with continuous flow, the conditions
enabling particle and cell separation in the selected design were investigated. In the
analysis region, impedance spectrometers of different types of cell groups in media

with different conductivities were recorded on the cells captured individually.

The cells are not found in the body in a stationary environment. Therefore,
experimental studies conducted in stationary cell culture environments cannot go
beyond providing a preliminary idea about the possible drug effect. In addition to
stationary two-dimensional cell cultures, systems have been developed that include
fluid flow in order to make the living environment more accurate. Microfabrication
methods can be used to develop systems that are compatible with biological systems,
with proper shear stresses, cell-liquid ratios, and the time of physiological fluid in
tissue reservoirs. It has been seen that cellular functions and gene expressions differ
even with the shear stress effect of the medium passing over the cells alone (Zhang
et al., 2009; Galbraith et al., 1998; Fernandez et al., 2007).

In addition to the DEP + EIS based microfluidic system, experimental studies have
been carried out on the development of potential organ-on-a-chip systems to increase

the accuracy of drug screening tests.



2. LITERATURE REVIEW

In drug and biotechnology applications, the interest in cell behavior and biochemical
analysis of the cell is increasing day by day (Mateo et al., 2014; Karabacak et al.,
2014; Alix-Panabiéres et al., 2014). Different types of cells have different
characteristics and depending on these unique features, cell enrichment, orientation
or separation is possible in microfluidic based systems. (Jin et al., 2014; Hajba et al.,
2014; Cemazar et al., 2013; Chen et al., 2012). The ability to individually isolate /
capture cells of a particular cell type from a complex cell population is critical for the
diagnostic analysis of target cells. The ability to individually isolate / capture cells of a
particular cell type from a complex cell population is critical for the diagnostic analysis
of target cells.

Microfluidic based cell separation methods can be examined roughly in two main
categories as labeled and label-free methods (Shields et al., 2015). Systems without
any labeling do not cause a change in properties such as cell viability, size, shape,
density, elasticity, and polarity. This means that the cell is only separated based on
its specific physical / chemical properties. Therefore, these methods gain importance
and attract attention. In microfluidic-based systems, cells can be separated by
hydrodynamic forces, without labeling and applying any external force. Depending on
the method to be preferred, high flow rates up to 2000 ul/min are applied and the flow
rate can cause physical damage to the cell and reduce cell viability. Active systems
with external force applied to the microfluidic system are the solutions that can be
applied at low flow rates where cell viability is not affected. These systems can be
listed as acoustophoresis, magnetophoresis, dielectrophoresis and optophoresis
based systems. While acoustophoresis can be applied to separate cells of different
sizes, magnetophoresis is a method that requires labeling of cells with magnetic
beads. As an example of electrokinetic-based systems in said methods, cell
separation by dielectrophoresis enables efficient cell separation in a much wider

range of cell types.

The dielectrophoresis is a force acting on a patrticle/cell under an inhomogeneous
electric field (alternating current or direct current). When a particle/cell is polarized

under an inhomogeneous electric field, a net polar moment (dipole moment) act on it.
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Each cell type has a unique polarity, which makes it possible to efficiently target the

selected cell type (Gascoyne and Shim, 2014).

If the applied electric field is provided with alternating current, DEP behavior varies
positively or negatively depending on the electrical properties of the particles and the
surrounding medium as well as the frequency applied. The dielectrophoretic force

(2.1) is given as follows (Yun et al., 2013):
Fpep = 21T €0&m 8.3 Re(fcm) VE2 (21)

VE? is the gradient of the square of the electric field applied, a is the diameter of a
particle, €o, the electrical permeability (permittivity) of the vacuum, &, the permeability
of the liquid medium in which the particle is, Re(fcm) refers to the real part of the
Clausius-Mossotti (2.2) factor and is defined as follows:

Re(fom) = (€5* - €n*)/ (Ep* + 2€m*) (2.2)

Here ¢,* and en* are the complex electrical permeability of the particle and its
environment (2.3), respectively, and is defined as follows:

o
ef=¢ —j; (2.3)
The complex electrical permeability depends on the frequency (w) of the alternative
electric field applied and the conductivity of the medium (o). This affects the polarity
depending on the conductivity of the environment in which the cell or particle is located
and the frequency of the applied electrical field which determines whether the DEP
force acting on the cell will act positively or negatively depending on whether the CM
factor is positive or negative, and thus the direction of the force. If the particle's
polarization is larger (fzar = 1) than the polarity of the medium, positive DEP (pDEP)
occurs and the particle moves into areas where the electric field is dense. In cases
where the polarization of the particle is less than the polarization of the medium (
ferr < 1), negative DEP (nDEP) occurs and the particle is pushed from the areas

where the electric field is dense.

One of the reasons why cancer recurrence and cancer treatment is not successful is
the formation of metastases and the resistance of cancer cells to the drugs
administered. Metastasis is the spread of the cancer cell from the organ in which it
first formed to another organ. Drug-resistant cancer cells cannot be completely
treated (Zhou, 2010) and the detection of very few remaining cancer cells is quite

difficult by conventional methods. DEP based microfluidic systems offer a possible
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solution since it is effective in detecting and separating rare cells (Gascoyne and
Shim, 2014).

Although K562 and K562AR cells are both the same type of leukemia cells, they differ
in their dimensional and internal structural features. K562 cell is sensitive to drugs
while K562AR cell is resistant to drugs during cancer treatment. Identification of
K562AR leukemia cells is important for successful cancer treatment. The properties
of K562 and K562AR cells are given in Table 1.

Table 2.1 : Electrical properties of K562 and K562AR leukemia cells (Demircan et

al., 2015).
Cell Type | Ocytoplasm  Ecytoplasm  Omembrane  Emembrane I cell
K562 0.23 40 1.8x10° 8 8.35um
K562AR 0.5 40 2x10° 9 8.35um

In line with studies with K562 and K562AR cells, the dielectrophoretic behavior of
K562 and K562AR leukemia cells at different frequencies has been presented
(Demircan vd., 2015). At the frequency value of 48.64MHz, K562 cell was recorded
at threshold frequency value (fcm = 0, Foer = 0), and K562AR cell was affected by
pDEP and it has been shown that these two cell types can be separated by DEP.

Fang Yang et al. (Yang et al., 2013) aimed to separate two similar cancer cells from
each other. One of these cancer cells is LNCap, the prostate cancer cell, and the
other is the large intestine cancer cell HCT116. Since the DEP force depends on the
diameter of the cells and the dielectric properties of the cells, they continued their
work by predicting that two cancer cells will separate with the frequency applied. They
presented a persuasive study that if two cancer cells with a size of approximately
20um can be separated, other cancer cells can also be separated. First, they
observed how both cancer cells behave at which frequencies. The cells affected by
different DEP strengths in three solutions prepared with different conductivities
(0.025X PBS-Phosphate buffered saline solution 600us / cm conductivity, 0.05X PBS
solution 900us / cm conductivity and 0.1X PBS solution 3000us / cm conductivity). In
0.1X PBS solution, it was observed that the difference between the DEP forces acting
on HCT116 and LNCap cells was highest. While the DEP power of HCT116 cells at
2.5MHz frequency is zero, n-DEP was effective on LNCap cells. While LNCap cells
are directed at a frequency of 2.5MHz, it is predicted that HCT116 cells will be
dragged along with the flow without being affected.



Another research group, Mohammed A. and his team (Alshareef et al., 2013), aimed
at separating and identifying MCF7 breast cancer cell and HCT116 large intestine
cancer cells using DEP force. The margin of error in defining metastasis by traditional
methods is high. With the determination of the characteristics of cancer cells, they
considered two different cancer cells with the idea of making a more accurate
diagnosis. Firstly, studies were carried out for each cell to understand the frequency
- DEP force relationship in different PBS solutions (0.025X PBS solution, 0.05X PBS
solution, 0.1X PBS solution). In this study, it is seen that the difference between DEP
forces is higher in low frequency ranges (<5MHz). In 0.1X PBS solution, it was
preferred in experiments because there is more difference between the threshold
frequencies of the cells. As a result of the studies carried out in the range of 1-5MHZ,
it was found that the separation in the frequency value of 3.2MHZ is the most effective.
It is shown that MCF7 cells are directed in the microchannel under the influence of
nDEP, since HCT116 cells are not affected by DEP at the selected frequency value.

Electrochemical impedance spectroscopy (EIS) is an important measurement system
in cell biology in the analysis of cellular structure, cell physiology and cell-disease
interaction studies. When recording impedance values, they are plotted as time-
dependent or frequency-dependent values. These data from the expanded
parameters give information about the capacity and resistance of the cell. In these
simple equivalent circuit models (Randles circuit model), the dielectric and electrical

properties of the cells are determined by using these values (Park et al., 2010).

Measuring cellular resistance without the need for any molecular labeling can provide
important information for researchers, especially about the mechanisms of cell
functioning in the occurrence and progression of a disease. For example, the
membrane specific capacity of cancerous tissue cells differs from normal cell
membranes. White blood cells are known to have different capacitance values among
themselves depending on the surface geometry of the cell membrane, and cell
membranes with specific apoptosis or necrosis conditions have different capacitance
and conductivity values compared to those in normal mode. In a study (Anh-Nguyen,
2016), MCF-7 breast cancer cell attachment, adhesion, spreading and long-term
monitoring of the response of these cells to anticancer drug Cisplatin are presented
on the same platform. These cellular activities and responses of cancer cells to drug
therapy are demonstrated by the impedance spectrum of the target cells. In another
study (Dastider, 2016), a microfluidic platform consisting of two consecutive
dielectrophoresis and impedance measurements for the detection of E.coli, a low

concentration (39 CFU / mL - CFU: colony forming unit, number of live cells)



foodborne pathogen, was presented. While the positive dielectrophoresis pulls the
bacteria towards the center of the microchannel, anti-E.coli coated finger electrodes

in the consecutive region detect the bacteria flowing along the microchannel.

There are also notable examples of microfluidic systems in combination with DEP +
EIS. In a study with a simple design (Hamada, et al. 2013), Escherichia coli (E.coli)
bacteria were directed in the microchannels by negative DEP, and impedance
measurement was performed by capturing the bacteria under positive DEP on
secondary electrode region. Under the effect of nDEP in the first part, bacteria are
pushed towards the lower part of the microchannels away from the electrodes, where
its concentration is increased and it is made easier to trap with pDEP. It was stated
that by adding the nDEP region to the system, the capture efficiency in the pDEP
region is doubled. The signal collected in the pDEP region was monitored on the
computer and the impedance shift that occurred when the bacteria was captured was
examined. It was emphasized that the number of captured E. coli bacteria should be
above a certain threshold concentration value in order to be measurable. This study
proposed a solution with a DEP + EIS integrated system to a priority issue such as
the detection of E.coli bacteria in drinking water, but as stated, the measurement
accuracy should be increased. In another design (Kim, et al. 2015) aimed at
determining the concentration of E.coli bacteria in drinking water, it operates in two
stages and under the influence of pDEP as a pre-concentration and capture region.
In this study, it was emphasized that E.coli bacteria were detected with a sensitivity
of 300 CFU / mL.

In many biological studies, cell lysis method is used to extract cell proteins or DNA. In
an exemplary study (Ameri, et al. 2014), red blood cells were directed to the
microwells by alternating current (AC) DEP and cell lysis was achieved by applying
direct current (DC) through the same electrodes in these wells. In that study,
impedance measurements were made before and after the signal was applied and it
was recorded that the impedance value decreases as the cells fill the microwells, and
reaches to minimun when the cell lysis was achieved. It is also emphasized that the
system can meet all power needs with a single AA battery. The study suggests a
solution as a portable system for researches where the target cell capture and cell

lysis is critical.

In another study based on DEP + EIS (Wagenaar, et al. 2016), it was aimed to
separate the sperms with morphological disorders from healthy sperms. This system,
which operates fully automatically, healthy sperm cells was separated from 3um

polystyrene particles for proof of concept. In this method, there are three active
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regions in order as focusing by nDEP, classification by EIS and spearation by nDEP.
In the first region, all particles and sperm are focused in the microchannel center to
pass through the measurement electrodes in the second region in a concentrated
single row. The measurement electrodes identify these structures due to the
impedance shift that occurs when the cell / particle passes and determine which of
the two separate electrode pairs that will be activated and lead to two different
collection outputs. The entire system is controlled by an algorithm written on LabView
and offers a high potential for similar work.

The effects of the drugs used in the treatment of diseases on the real patient should
be predicted in the most accurate way in preclinical studies. With the methods used
in the studies conducted for this purpose, the drug trials foreseen reach high costs.
Moreover, experimental methods on animals to verify drug effect are often very long,
expensive and ethically controversial, and do not always reflect human physiology.
Since the methods applied in the pharmaceutical industry, as well as the chemical
and cosmetic industries, cause similar problems, alternative methods with higher
clinical accuracy are sought. As a method that can put aside all these high costs, long
trial-verification times and unethical decisions, it is possible to carry out low-cost,
faster and more accurate drug development research with an optimum platform.
These platforms are called in literature as “organ-on-a-chip”, “body-on-a-chip” or
“human-on-a-chip”. These unigue platforms are the systems that model the most
realistic, physiologically correct, functional, single or multiple tissues, organs or
diseases (Swinney and Anthony 2011; Wu et al., 2010). These platforms provide
faster results in the screening of possible drug combinations and provide a solution
for the development of individual drug by creating tissue / organ sample of the real
patient (Esch et al, 2011).

Today, drug development studies consist of various stages such as preclinical, clinical
and marketing as shown in Figure 2.1 (Dietzel, 2016). The first step in drug
development is to identify the most suitable compounds by verifying the large number
of compounds envisaged by in vitro experiments. With animal trials to observe the in
vivo drug effect of these compounds, the number of suitable drug compositions is
further reduced and the next step is to proceed to the clinical stages. In clinical stages,
suitable drug composition is sought after testing on human subjects. Preclinical
stages require much higher cost and time than clinical stages. Inaccurate selection of
the methods to be applied in the preclinical stage and failure of the medication
prescribed at other stages increases the costs and may cause significant damages

on the patients, and may even lead to the results that require the withdrawal of the



drug from the shelves after it is placed on the market. Therefore, from simple two-
dimensional cell cultures to on-chip organ systems, existing methods for optimal
representation in-vitro and in-vivo pre-clinical studies are the most important steps in

the discovery of potential drugs.

Pre-Clinical . 1 2 .2: .3:
Drug Discovery Phase Clinical Clinical | Clinical Market
Phase Phase | Phase large-scale
animal manufacturin
ot experiments 20-100  100-500 1000-5000 9
target validation human  human = human pharmacovigilance

high-throughput

screening subjects  subjects = subjects

5,000-10,000
compounds

250

SO 5 3 122 one approved
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Number of compounds

Time
Figure 2.1 : Phases of drug development (Dietzel, 2016).

Experiments on two-dimensional static cell cultures provide an impression of the
therapeutic effect of potential compounds on the targeted tissue. However, it is not
predictable how the whole body will be affected by these compounds (Esch et al.,
2011). The clinical benefit or toxicity of a drug cannot be guaranteed by numerous
non-clinical experiments and animal tests. Since animal tissues differ physiologically
and do not match the complexity of human tissue, they cannot be an alternative (Meer
and Berg, 2012; Boughton et al., 2011). Especially in advanced drug trials, the results
show that the study of human diseases on animal tissues is not sufficient. (Huh et al.,
2011). Oncology drugs have a 5% success rate. Only this rate shows that the success

of such a preliminary study is very low (Esch et al., 2011).

One way to improve the drug-screening method is to work with three-dimensional cell
cultures that better reflect in-vivo conditions rather than working with two-dimensional
cell cultures in uniform and monolayer form. Multicellular spheroids (spherical

structures), hydrogels, natural (usually animal) intercellular matter (connective tissue)



and polymer or animal porous scaffolds are widely used in studies with three-
dimensional cell cultures (Gurski et al., 2009; Kievit et al., 2010; Hutmacher, 2010).
Three-dimensional cell cultures have many advantages over two-dimensional cell
cultures. For example, the mechanical properties of hydrogels can be precisely
controlled, and phenotypic behavior of the cells can be defined (Engler et al., 2006;
Discher et al., 2005; Huebsch et al.,, 2010). Various hierarchical structures and
geometric shapes can be created to form a targeted tissue type. Figure 2.2 shows a
schematic representation of two-dimensional and three-dimensional cell cultures. Like
two-dimensional cell cultures, three-dimensional cell cultures are far from
representing a realistic structure when they are considered only in static conditions
and the mechanical and dynamic flow conditions to which the cells are exposed are
ignored.

A

Figure 2.2 : Schematic representation of two-dimensional and three-dimensional
cell cultures (A) Two-dimensional uniform cell culture sample in a Petri dish (B)
Three-dimensional cell culture sample formed with hydrogel. (C) Three-dimensional
cell culture sample formed in a porous scaffold. Cells retain their three-dimensional
structure without flattening in the porous scaffold and mimic the three-dimensional
tissue structure by establishing inter-pore bonding (Knight and Przyborski, 2015).
Liver poisoning is one of the primary parameters examined in the emergence of new
drugs. For this reason, intensive research has been carried out in the development of
three-dimensional hepatic spheroids (liver spherical tissue) in drug development
studies (Leite et al., 2012; Yip and Cho, 2013; Tostoes et al., 2012) and high yield
commercial products. In literature, there are studies that draw attention to the
differences between two-dimensional and three-dimensional cell cultures (Lee et al.,
2009). The toxic effects of gold and CdTe (cadmium telluride) nanopatrticles on two-
dimensional cell cultures and three-dimensional spheroids were investigated. The
results showed that the toxicity in spheroids decreased significantly compared to two-
dimensional cell cultures. The toxic effect of the three-dimensional structures caused
the phenotype to change and the transport of nanoparticles within the tissue was

prevented due to complex cell relationships.
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In addition to two-dimensional and three-dimensional cell cultures, it is also possible
to examine living tissues taken in biopsy or cross-section of a tissue in an in vitro
experiment. However, since these tissues lose their vitality within a few days, it is not

possible to make a long-term and high-yield study (Midwoud et al., 2010).

It is not possible to mimic a living organ even if some elements of tissue-specific
microenvironment can be provided in studies with a uniform cell culture. Studies with
cell cultures lack tissue-tissue interactions within a multi-scale architectural structure.
An example of the interaction between parenchymal cells and connective tissue
providing the vascular endothelium (vascular endothelial cells) and its surroundings
can be shown. Such interaction is highly critical for the functioning of almost all
organs. Generally, cell cultures are not exposed to mechanical effects, liquid shear
stress, stress and compression that must be exposed in vivo (Mammoto et al., 2013;
Ingber, 2003). In the absence of fluid flow, it is not possible to investigate the
interaction of culture cells with blood circulation and cells in the immune system
(Bhatia and Ingber, 2014).

The organ is composed of two or more tissues that come together in a hierarchical
structure and the tissues are composed of different types of cell groups. The basic
way to mimic organ functions is to combine two or more tissues. In recent years, great

steps have been taken in this field.

Organ-on-a-chip (or on-chip organ) systems combine the key elements of a particular
human tissue or organ and the interaction between them in physiological detail. Figure
2.3 shows a schematic description of the on-chip organs from two- and three-
dimensional cell cultures and their functions studied in the literature (Meer and Berg,
2012). These systems are much more accurate models mechanically and
physiologically that perform tissue-organ activities compared to three-dimensional or
two-dimensional cell culture models (Huh et al., 2011). When we look at the latest
studies in this field, it is not correct to evaluate the structures produced as a complete
organ. However, it is seen that the microarchitecture of the functional unit of a
particular organ or tissue-tissue interface is likened, and the structures of the organ
that are artificially designed with dynamic mechanical and biochemical stimuli are
produced on this architectural structure. Generally, on-chip organ systems are formed
by utilizing biological microelectromechanical systems (Bashir, 2004), microfluidics
(Whitesides, 2006) and biomimicking (Bhushan, 2009).
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Figure 2.3 : Organ-on-a-chip concept and schematic representation of the studied
organs (Meer and Berg, 2012).

The simplest system that can be considered as an on-chip organ is a system in which
uniform culture cells are found in a single microfluidic reservoir and perform tissue-
specific functions. Examples of cells herein are hepatocyte or tubular epithelial cells.
A typical approach to forming an endothelial barrier is the creation of an air-liquid
interface with a porous membrane layer between two microchannels (Jang et al.,
2013; Huh et al., 2012; Huh et al., 2007). In more complex designs, there are systems
in which two or more microchannels are connected to porous membranes and
different types of cells are lined up on both sides of the membrane for inter-tissue
interaction (Huh et al., 2012; Huh et al., 2010; Kim et al., 2012). The capillary interface
with the alveoli of the lung or the blood-brain barrier can be examined on these
systems. These systems can be constructed to include physical forces such as

physiologically relevant fluid shear stress, repeated stress and mechanical stress.

There are many on-chip organ systems in the literature, but the first lung-on-a-chip
study (Huh et al., 2010), published by Science magazine as the first organ-on-a-chip,
stands out. Since this study, published in 2010, many organ types have been

developed on microfluidic-based chips.

The general approach in on-chip kidney applications is to produce a homogeneous
tissue layer on the upper surface of the membrane. When the structure of the kidney
is examined, the nephron is seen as the functional building block. It provides blood

filtration by considering the balancing of water and soluble substances in the blood. It
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ensures the reabsorption of useful substances into the blood, while removing other
wastes as urine. The nephron can be examined as three main structures. The first
section provides passive mechanical filtration of the glomeruli, blood, and retention of
cells and large proteins. In the second section, the blood and filtered fluid reach the
proximal tubule, where reabsorption occurs. Finally, all filtration is complemented by
osmosis, diffusion and reabsorption in the Henle loop. Figure 2.4 shows the schematic

representation of the nephron forming parts in in vivo and how it is modeled in vitro.

Nephron Proximal tubule
(cross section)

Glomerule

“1 Tubular fluid . J»> Shear
3 = stress

o~ —+— Endothelial cells
) JE) () )
e A=, Porous membrane

Proximal
tubule

Distal tubule

Bloodstream
Henle
loop

Collecting
duct

Figure 2.4 : Schematic representation of nephron structures in vivo and in vitro.

Although a system in which various structures forming the nephron are connected in
series and studied numerically (Weinberg et al. 2008), no experimental study has
been produced in the literature on a whole nephron structure. Generally, it was
observed that proximal tubule cells were cultured on one surface of the membrane
and over-chip organ systems were studied. The important elements that make up the
nephron are summarized in Figure 2.5. In Weinberg’s study (Weiberg et ali 2008), an
integrated nephron structure was examined numerically and the dimensions and
filtration parameters of the substances in the blood that could be applied on an on-
chip organ platform were determined.
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Figure 2.5 : Schematic drawing explaining the nephron structure in the kidney

functionally (Weinberg et al, 2008).

The simplest approach of the kidney-on-chip platforms which is separated by

membrane for the first time in the literature appears to be a microfluidic system with

mouse cells, where dynamic conditions in the upper part and static conditions in the

lower part takes place (Jang and Suh, 2010). Figure 2.6 shows this system in detail.
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Figure 2.6 : Microfluidic based kidney-on-a-chip system created by using a porous
membrane for the first time in literature (Jang and Suh, 2010).

Under the effect of shear stress, it was investigated whether the mouse cells fulfilled
renal cell function. The top microchannel width is 1mm, length is 1cm and depth is
100um. The lower chamber was cut into a coarser structure (2mm width, 0.6cm
length, 1-2mm depth) and a 10um thick Transwell polyester membrane with 0.4um
diameter pores was used. Tissue was cultured from mouse kidneys to cultivate inner
medullary collecting duct (IMCD) cell culture. IMCD cells were incubated in hypertonic
cell culture for 3 days at 37°C and 5% CO.. After 3 days, a conformal cell layer was
obtained on the membrane. The cells were then subjected to shear stress of 1
dyne/cm? with a syringe pump and hypertonic medium (Dulbecco's Modified Eagle
Medium (DMEM) / F12 with 1% fetal bovine serum (FBS), 640 mOsm / kgH20) at
37°C for 5 hours. Cells exposed to the flow for 5 hours show a very clear apical and

basal cell polarization as shown in Figure 2.7 and vertical elongation.
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Figure 2.7 : IMCD cells were formed a) on a membrane and a glass surface. b)
AQP2 (apical marker) and Na-K-pump (basolateral marker) show the structure
change of cells after 5 hours of flow. c) Quantitative analysis of cell lengths in both
environments (Jang and Suh, 2010).

In literature, the first study with human cells emerges as the study of the same group
(Jang et al., 2013). Primary human proximal tubule epithelial cells were used in this
study (Figure 2.8). Cells cultured in renal epithelial growth medium (REGM; Lonza)
with FBS (0.5%), human transferrin (10 mg mL™), hydrocortisone (0.5 mg mL?),
insulin (5 mg mL™2), triiodothyronine (5x1012 M), epinephrine (0.5 mg mL?), epidermal
growth factor (EGF) (10 mg mL™?), and antibiotics (100 U mL™* penicillin and 100 mg
mL* streptomycin). Cells (2x10 5 cells / cm-2) were incubated at 37°C and 5% CO,
in REGM for 3 days. At the end of day 3, following the forming a conformal cell layer,

the cells were exposed to a shear stress of 0.2dyne/cm? by syringe pump at 37°C.
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Figure 2.8 : Microfluidic-based kidney-on-a-chip system with a porous membrane
generated by human epithelial proximal tubule cells (Jang et al., 2013).
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Some researchers have attempted to model renal pathological diseases such as renal
fibrosis (Moll et al. 2013) and kidney stone formation (Wei et al. 2012). These studies
aim to reproduce a specific disease state. Particularly in the study of Wei et al., A
design very close to that presented above. It can be seen that the above-chip kidney
systems can provide answers for monitoring the effects of physiological conditions on

the tissue/organ as well as being a platform for studying various diseases.
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3. DIELECTROPHORESIS

The main purpose of this study is to capture the cell type of interest from a population
containing various types of cells by dielectrophoresis (DEP) based methods and to
perform a secondary physical / chemical analysis on this cell type. Although the
designs produced for this purpose are examined separately as separation region
(region 1) and analysis region (region 2) for the convenience of the research, they are

integrated together on a single chip in the final product.

3.1 Design and Simulations

The design to be used for DEP-based cell separation is provided in the Figure 3.1.
While a planar microelectrode array placed on the microchannel bottom surface is
enough to generate an effective DEP force, it does not involve complex fabrication
steps and is cost-effective considering single-use chips. In the system to be produced,
there are interdigitated titanium electrodes and PDMS (polydimethylsiloxane)

microchannels on the glass base.
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Figure 3.1 : Preferred DEP-based separation design under continuous flow
a) Schematic view is shown in different colors to indicate that the electrode pair has
opposite polarity applied. In the detail in the figure, it is shown that the width of the
electrode fingers and the gap between them is 50um. b) System for DEP-based
separation.
Figure 3.2 shows the orientation under the force pDEP and nDEP when the fluid
velocity is zero. Also shown are the boundary conditions for two-dimensional

electrostatic simulations. The initial conditions are zero (¢ = 0) for all surfaces except
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electrodes. The electrode pair is of equal size but opposite polarity. Since the
microchannel bottom surface was covered with electrodes, periodic boundary
conditions (PBC) were also applied, assuming that a single pair of electrodes was
repeated infinitely. The electrode width (w) and the gap between the electrodes (g)

are equal and 50 um.
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Figure 3.2 : In the case where the fluid velocity is zero, a) boundary conditions for
electrostatic simulations. b) The particles are attracted towards the electrode edges
under the pDEP conditions. c) A pushing force is generated outward from the
electrode edges under the nDEP conditions.

The microchannel is 500 pm wide and 1 mm long. Since the electrodes are placed on
the lower surface of the microchannel, the electric field strength reaches the highest
value on the lower surface and there is a significant loss in the electric field strength
towards the upper surface as seen in Figure 3.3. An effective electric field strength

that can provide cell / particle orientation must be maintained throughout the channel
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height. Therefore, the microchannel height is limited to 20 ym in the system to be
produced. If the microchannel height is 50 um or 100 pm, the cells / particles pushed
to the surface under the effect of nDEP are moved away from the lane where DEP

force is effective and drift through the microchannel.
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Figure 3.3 : Variation of electric field strength due to microchannel height. (y-axis
logarithmic).
The total force acting on the cell / particle is also a combination of the hydrodynamic
drag force and the DEP force with the fluid velocity being different from zero.
Interdigitated electrodes were placed on the microchannel bottom surface at a 45°
angle to the flow direction to provide DEP force. The particles in the microchannel are
under the influence of dielectrophoresis and hydrodynamic forces. In situations where
the patrticle is less polarizable than the liquid medium, the dielectrophoretic force will
exert a pushing force out of the microelectrodes as the negative dielectrophoresis will
be effective on the particle. Since the hydrodynamic force simultaneously push the
particles along the flow, these two main forces acting on the particle conflict with each
other. The ability to direct the particle with the net force acting on it varies depending
on which of these two forces is dominant. In the case where the hydrodynamic force
is bigger, Fup = Fpep follows the particle flow path since the dielectrophoretic force
barrier will be overcome, and in the case where the hydrodynamic force is low, it is
possible to direct the particle with the dielectrophoresis. As shown in Figure 3.4, under
these conditions the net force acts along the angle of the electrode and enables cell /

particle orientation under nDEP conditions. The flow velocity exceeding the
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dielectrophoretic force barrier is called the threshold velocity (3.1) and is expressed

as follows:

FDEP

- 6mnasind (3.1)

Vin
where n is the viscosity of the liquid and a is the patrticle radius. The threshold velocity
depends on the dielectrophoretic force, viscosity of the liquid, the particle radius and
the angle of arrangement of the electrodes. At flows faster than the threshold velocity,
since the dielectrophoretic force barrier will be overcome, the particles will be
entrained along the flow and will not be directed as desired by the dielectrophoresis.
Since different particles have different threshold velocities, it is possible to separate
the particles by regulating the fluid flow even if they are subjected to dielectrophoresis
force of the same type (positive or negative) (Oh et al., 2009; Wu, 2008; Meinhart et
al., 2003; Castellanos et al., 2003).
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Figure 3.4 : When the fluid velocity is different from zero, the direction of the
resultant force Ft formed by the hydrodynamic force (Fup) and DEP force (Fpep) is in
the direction of the electrode angle.

In order to investigate the forces that occur on particles of different sizes, where the
fluid velocity is different from zero, using finite element methods including multiple
physics and simulations are made to contribute to the development of experimental
studies. The electrostatic boundary conditions applied in these simulations are given
in Figure 2 before. Simulations are designed to compute the electrostatic and laminar
flow together and examine the movement of particles in an environment of such
properties. The electric field is formed using the alternating current voltage applied to
the electrodes and is not affected by the flow and computed with static solver.
Likewise, a static solver is used for the flow profile regime. The motions of the particles

were solved as time-dependent by adding electrical field and flow profile equations,
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adding the properties of the particle, dielectrophoresis force, flow dependent drag

force to the model.
The operation steps are listed below.
For the computation of electric field and fluid flow;

Selection of effective physics and solvers in the system

Creation of geometry

Definition of material properties and materials

Boundary conditions of the electric field and flow on the geometry,
determination of inputs and outputs

Establishment of mesh

Determination of the solution method (static or time dependent) and solving
the problem

O O O O

o O

To monitor particle movements in the next step;

o Solving time-dependent particle positions

o Graphical acquisition and interpretation of results
The material information used in the simulations is given in Table 3.1, with a few of
the known biological cell parameters and Table 3.2 shows the solved equations. The
CM factor of the polystyrene particle in DI-water was calculated numerically and is
shown in Figure 3.5. Considering this graph, it is possible to direct the polystyrene
particles under the influence of nDEP by applying the electric field at the frequency of
2 MHz.

Table 3.1 : Material properties.

Material Property Value Unit
Density 1000 kg/m3
Dl-water D.y”a”."c 0.001 Pa*s
viscosity
Permittivity 120 1
Density 1050 kg/m3
Polys;yrene Diameter 9.8, 3.2 um
particles o
Permittivity 2.55 1
Membrane 1x10°6 S/m
conductivity
Red blood cells Membrane 4.44
permittivity '
Diameter 5 Mm
Membrane -
conductivity 1x10 Sim
Thrombocyte Membrane 5 1
permittivity
Diameter 1.8 Mm
Membrane 4
. conductivity 7x10 Sim
K562 IellIJkemla Membrane Lo.15 .
cells permittivity
Diameter 17-22 Mm
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Table 3.2: Equations solved in models

Definition Equation
Dielectrophoresis Fpogp = 2mr3sge, KV|VV|2, E = —VV
Classius-Mossotti factor Re(fry) = Re[(e,* — en*)/(5,* + 25, 7)]

Firag = r-i'.rnp'[:u —v),
Hydrodynamic drag force :

_ Ppdp”
Tp = 18,

I - - —— T
e Re[fCM]
wesses Im[fCM)]
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Figure 3.5 : Numerically calculated CM factor for polystyrene patrticle in DI-water.

Instead of using the actual geometry, which is intended to be fabricated for
experimental studies, a characteristic element is selected and studied on it. In the
formed geometry, two interdigitated electrodes were placed on the microchannel
bottom surface and the total amount of orientation in the unit path was examined. As
the number of electrodes increases, the total amount of orientation will increase. Since
the electrode heights are quite small compared to the channel height, they are
neglected in the simulations. In the analysis, a fine meshed triangle element network
was used. The largest element size was 11.1 um, the smallest element size was 1.2
pm and the largest element growth rate was 1.1 ym. As can be seen in Figure 3.6,
there is a DEP force acting on the 9.8 um particles but not enough DEP force is
generated for the 3.2 ym particles. It is seen that a size-based separation is possible.
In addition to the electrostatic conditions, the velocity of the fluid is given as flow rate

and is 5 yl/min and the voltage applied to the electrodes is 10 Vy, at 2 MHz.
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Figure 3.6 : The result from which the orientation of polystyrene particles of 3.2 ym

and 9.8 um in DI-water is obtained. The paths of the particles along the

microchannel are plotted.

Figure 3.7 shows the time-dependent position change due to the DEP force acting on
the particles of different sizes. Based on these results, it has been shown that
polystyrene particles of different sizes can be oriented with the determined design and

the fabrication of the selected design is made and the experimental outputs are

compared with the simulations.
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Figure 3.7 : Time-dependent positions of particles on y-axis.
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3.2 Fabrication

The fabrication of the designed systems begins with the fabrication of chrome masks
containing electrode and microchannel designs. Heidelberg “DWL 66FS - Heidelberg
Instruments” is used to transfer the pattern on to the AZ1500 series photoresist coated
mask.surface. AZ351B developer was applied, and the areas exposed to UV light
were removed from the surface by wet etching and exposing Cr surface. The
fabrication of the glass mask was completed by removing Cr under the patterned
photoresist layer by Etch 18. As a final product, the patterns transferred to the mask

were transparent.

For the production of microelectrodes, glass slides are coated with photoresist,
patterned and metal coating was made. Cleaning the glass slides is very important in
order to obtain a homogeneous photoresist thickness. The glass slides were placed
in 1 molar KOH (potassium hydroxide) solution for 10 minutes in an ultrasonic mixer
and rinsed with DI-water. After that, glass slides were placed in acetone for 10 minutes
in an ultrasonic mixer and rinsed with isopropyl alcohol and DI-water, respectively.
Here, KOH has been used to remove organic dirt from the surface, and acetone to
remove inorganic dirt. 400nm thick AZ 1505 positive photoresist (AZ Electronic
Materials) was coated on the glass substrate with a "Laurell WS-400E" spin coating
device. “SUSS MA6 Mask Aligner” was used for photolithography. Mid UV (260nm-
325nm) wavelength light source, which can provide 24mJ / cm energy per second,
was used. After UV expose, microelectrode patterns were made by AZ351B

developer applied to glass slides.

Ti coating was made on photoresist-coated glass slides with physical vapor
deposition. Ti target materials were evaporated by direct current (DC) magnetron
sputtering. After 200 nm Ti was coated on photoresist coated glass slides, the
photoresist was removed from the surface with acetone and electrodes were obtained

on the glass surface in desired designs.

PDMS, is a commercially available silicon-based polymer with its curing-agent. PDMS
is mixed by adding a curing-agent in the ratio of 1:10 (w/w). In order to remove air
bubbles formed during mixing, degassing process is applied in vacuum environment.
Then the mixture is poured to a SU-8 mold and left in an oven at 65°C for 4 hours to
solidify. SU-8 is a widely used negative photoresist as a mold material in the
fabrication of microfluidic-based systems. PDMS microchannels peeled from the SU-
8 mold and are adhered to the microelectrode coated glass surface with oxygen

plasma. A few drops of methanol are poured onto the glass surface prior to bonding
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to obtain a lubricating interface. Microchannel and microelectrodes are aligned under
optical microscope. Subsequently, methanol was removed from the interface by
placing the microfluidic chips in a vacuum oven at 50°C for 15 minutes. Copper wires
are fixed with silver-epoxy mixture on the connection pads on the chip so that the
electrodes can be signaled over copper wires. Schematic view of fabrication steps of
PDMS microchannels and microchannels with metal electrodes placed on bottom side

are shown in Figure 3.8 and Figure 3.9 respectively.

B,

—
Cr Mask
- SU-8 Photoresist
© TN Silicon Wafer
PDMS
D) Glass Slide

Figure 3.8 : Fabrication steps of PDMS microchannels. A) Desired pattern is
transferred onto the photoresist by UV optical lithography. B) Patterned photoresist
is solidified on the hot plate to be used as a mold. C) PDMS is poured onto the mold
and solidified on the hot plate. D) PDMS is peeled from the mold and adhered to a

glass slide if there is no metal electrodes needed in the design.
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Figure 3.9 : Fabrication steps of microchannels with metal electrodes placed on
bottom side. A) Desired electrode pattern is transferred onto the photoresist by UV
optical lithography. B) Preferred metal (Ti or Cr / Au) is coated on the photoresist
coated sample by physical vapor deposition method. C) The electrodes of the
desired pattern are provided on the glass slide with the removal of photoresist. D)
Alignment and assembly of the prepared PDMS microchannels and metal
electrodes.

3.3 Experimental

The behavior in DI-water was examined in the experiments carried out with
polystyrene particles, and in the next steps the effect of the particles on the
electrokinetic transport was investigated by changing the conductivity of the medium.
Dl-water conductivity was measured as 2.5x10-4 S / m with “HC 3010 conductivity
meter, Trans Instruments (Singapore)”. The CM factor of the polystyrene particles in
Dl-water was calculated numerically by the software MathWorks Matlab R2013a
(USA) and as shown in Figure 3.10, pDEP is active at low frequencies and nDEP is
active at high frequencies. In the experimental studies, the opposite phase signal at
the 5 Vyp sine wavelength was applied to the electrode pair at different frequency

ranges.
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Figure 3.10 : Variation of the CM factor depending on the electric field frequency for
particles in DI- water (2.50x10* S / m). pDEP is effective if CM> 0 and nDEP is
effective if CM <0.

The LOC presented in Figure 3.1 is placed under a fluorescent microscope and
copper wires (50um in diameter) are fixed to the titanium electrode connection pads
with silver epoxy. 81150A Pulse Function Arbitrary Noise Generator, Agilent
Technologies (USA) signal generator and crocodile-end jumper cables were
connected to the electrode pair and an alternating current at 10V, is applied. The test

apparatus is shown in Figure 3.11.

Flourescent
microscope

Figure 3.11 : Experimental setup for systems with continuous flow.
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In the preliminary studies, the frequency ranges where polystyrene particles were
affected under pDEP and nDEP were determined and it was observed that nDEP was
effective over 700 kHz in DI-water. The frequency of 2MHz, where nDEP is most
effective, has been kept constant in experimental studies. Fluid velocity is provided
by a “Harvard Pump 11 Plus Dual Syringe” syringe pump and Hamilton 100 ul
syringes connected to both ports of the microchannel. In the experimental results
presented in Figure 3.12, it was observed that the separation between 1-10 ul / min
was realized at high efficiency and the separation decreases at higher flow rates.

Flow rate: 1ul/min

Applied signal:
10V, at 2MHz

Figure 3.12 : Once polystyrene particles meet the electrodes, they are oriented
depending on their size. a) the region where the particles meet the electrodes in the
microchannel, b) the center of the microchannel, c) waste and collection outlets at
the end of the microchannel.

In order to be able to direct live cells under continuous flow, the separation parameters
must be determined. Among these parameters, the characteristic CM frequency
(frequency value where CM = 0) of each cell which has an important place in the
orientation with DEP should be determined. For this purpose, the medium and the
electric field frequency that cells can be directed by DEP were investigated. The
medium in which the living cells will be placed during the experiment must be isotonic
so that the cells do not undergo physical change and should be at a conductivity level
where they can be directed under an effective DEP force, as we examine with
polystyrene particles. The media prepared for the cells we studied in the literature are
quite similar (Yasukawa et al., 2013; Shafiee et al., 2010; Sano et al., 2011; Yasukawa
et al., 2012). Basically, while preparing the isotonic solution with sucrose, glucose or
dextrose, it is seen that a certain ratio of PBS (phosphate buffered saline) or RPMI
medium is added to keep the medium at the desired conductivity. For live cell studies,
2.5% by volume and 10% by volume of PBS were added to 200 mM sucrose solution,
and values close to the conductivity values in the literature were obtained. These
values were 0.4 mS / cm and 1.604 mS / cm, respectively. Thus, it is aimed to
investigate the direction of effective DEP force in different conductivity media.

According to the experiments, the results in Table 3.3 were collected.
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Table 3.3 : DEP force directions on biological cells depending on frequency in
different conductivity media.

Medium

L 0.4 mS/cm 1.604 mS/cm
Conductivity
Frequency/ 50 500 750 kHz 1 5 50 500 750 1 5
Cell Type kHz kHz MHz MHz | kHz kHz kHz MHz MHz
HL-60 -- - ++ ++ ++ -- -- -- + ++
Jurkat -- - *600 | ++ ++ ++ -- -- - -- ++
kHz
-- ++
Daudi -- --  *600 | *700 ++ ++ -- -- -- -- ++
kHz | kHz
THP-1 -- -- | *700 | ++ ++ ++ - -- - - ++
kHz

++ = pDEP, + = weak pDEP, -- = nDEP, - = weak nDEP

As can be seen here, nDEP is active on biological cells at low frequencies and pDEP
is active at high frequencies. As the conductivity of the medium increases, the
characteristic CM factor shifts towards high frequencies. The main conclusion to be
drawn from Table 3.3 is that the cells in the respective medium can be separated from
each other at the frequency value in the regions highlighted in green. It is envisaged
that THP-1 and Daudi cells can be separated at 700 kHz in medium with a conductivity
of 0.4 mS/cm and HL-60 cell type at 1 MHz frequency can be separated from Jurkat
and Daudi in medium with conductivity of 1.604 mS / cm. In addition, in the regions
highlighted with blue, it is envisaged that the relevant cells will be separated, although
the force direction acting on the cells at the current frequency values are the same,
magnitudes of DEP force is at different intensities. Accordingly, in the medium with a
conductivity of 0.4 mS / cm, the HL-60 cell type can be separated from the other three
types at 500 kHz frequency. In the medium with a conductivity of 1,604 mS / cm, the
THP-1 cell type can be distinguished from the other three types in the 750 kHz
frequency range. It is envisaged that THP-1 cells can be separated from Jurkat and

Daudi in the frequency range of 1 MHz.

Experimental studies were carried out to differentiate Jurkat and Daudi cells with the
experimental setup used in the experiments with continuous flow with polystyrene
particles. The behavior of Jurkat and Daudi cells depending on the electric field
frequency is quite similar. Table 3.4 shows that these two cell types have only 1
micrometer size difference in size distribution measurements with the EVE Automatic
Cell Counter. When all similarities are considered, it is difficult to differentiate these

two cell types and they are not included in the literature.
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Table 3.4 : Concentration distributions of Jurkat and Daudi cells.

Jurkat Daudi

250

200

150

100

50

40 50 60 0 10 20 30 40 5 60

0 10

20 30
Cell diameter (um) Cell diameter (um)

Total cell 3.9x10° cell/mL | 7.4x10° cell/mL

concentration

Viable cell 3.6x10° cell/mL | 5.6x10° cell/mL

concentration

Dead cell

. 2.5x10° cell/mL | 1.8x10° cell/mL
concentration

Viability 93% | 76%
Average viable cell

diameter 10.1um | 9.0uym
Average dead cell

diameter 8.Tum | 7.6um

Cells were labeled with fluorescent dye (Jurkat cells; CFSE and Daudi cells; Far-red)
for better observation under fluorescence optical microscope. Prior to the
experiments, the cells were centrifuged for 5 minutes at 1000 rpm (round per minute)
separated from the supernatant and pelleted. 0.8 ul of CFSE and 0.8 ul of Far-red
were applied to concentration of 10x10° Jurkat and Daudi cells respectively and the
cells were dissolved in diluted CFSE. After 5 minutes of incubation, the cells were
washed 2 times with FBS + PBS solution and mixed in medium with a conductivity of
0.4 mS / cm. Jurkat and Daudi cells were mixed to be equal in number in the medium,
prepared at a 1: 1 concentration.

When 3 pl / min flow rate and 10V, 700kHz signal were applied, all cells were found
to be under the effect of pDEP and trapped on electrode surface as in seen in Figure
3.13(a). During the experiments, the frequency was reduced in a controlled manner
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to 620 kHz, where Jurkat cells were observed to be directed under nDEP as in Figure
3.13 (b).

(b)

Figure 3.13 : 3l / min flow rate and 10V, a) At 700kHz; Jurkat and Daudi cells
were observed to be collected on the electrode surface under the influence of pDEP
b) When the applied frequency was reduced to 620 kHz; Jurkat cells were observed

to be directed under nDEP where Daudi cells were not affected by this change.
At the end of the microchannel, it was observed that Jurkat cells were mostly collected
from outlet 1, as shown in Figure 3.14, whereas the majority of Daudi cells with similar

characteristics were collected from outlets 2 and 3.

Daudi collection

Jurkat collection

Figure 3.14 : There are three outlets of equal width at the end of the microchannel.
Outlet 1 is intended to collect Jurkat cells while outlets 2 and 3 are Daudi cells
collection outlet.

As a result of the experiment carried out with live cells in the continuous flow system,
cells collected from outlet 1 and cells collected from outlets 2 and 3 were counted to
determine cell type by a flow cytometer. Figure 3.15 shows the counting of cells
collected from outlet 1. Since the Jurkat cells were expected to be larger in number

than other outlets, the amount of CFSE irradiation (CFSE (+)) cells was determined
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and it was recorded as 11.6%. The amount of non-CFSE radiation (CFSE (-)) was
found to be 88.4% and 59.4% of these cells did Far-Red radiation (Far Red (+)). In

total, a non-irradiating cell was found in a percentage slice of 36.7% (88.4% x 40.8%).

It is predicted that non-luminescent cells may be dead or the effect of fluorescent dye

loses over time.
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Figure 3.15 : Flow cytometer count results of cells collected from outlet 1. While
11.6% of the collected cells were Jurkat cells, 59.2% of CFSE non-irradiating cells

were Daudi cells.

The cells collected from outlets 2 and 3 were counted together and the counting result

obtained in Figure 3.16 was obtained. 44.7% of the cells collected here showed Far

Red radiation (Far Red (+)), while only 3.41% of the amount that did not show Far

Red radiation showed CFSE radiation. This shows that a very small amount of Jurkat

cells are collected from these outlets. 53.42% of the cells collected from outlets 2 and

3 do not emit any color.
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Figure 3.16 : Flow cytometer count results of cells collected from outlet 2 and 3.
While 44.7% of the collected cells are Daudi cells, 3.41% of the cells that do not
make Far Red radiation are Jurkat cells.

Table 3.5 summarizes the results of our study to separate Jurkat and Daudi cells. As
a result of our efforts to separate Jurkat and Daudi cells in a 1:1 concentration ratio in
a LOC system, it is seen that Daudi cells are collected from the outlets 2 and 3 and

enriched almost 24 times more than the outlet 1.

Table 3.5 : Enrichment ratios of Daudi cells from each outlet
Outlet # % CFSE % Far % Non-irradiating Enrichment

Red CFSE(-), Far Red(-) Rate
1 11.6 52.33 36.07 4.51 times more
Daudi
2and 3 1.89 447 53.42 23.65 times
more Daudi

A single inlet microchannel design was also used to study of Jurkat enrichment. The
cells are labelled with a fluorescent marker (CFSE) for easier observation of the cell
movement under a fluorescent optical microscope. Before the test, cells are pelletised
by centrifugation at 1000 rpm for 5 min and supernatant is discarded. About 0.8 pl
CFSE is applied for 10 x 106 cells and cell pellet is dissolved in diluted CFSE.
Dissolved cells are incubated at room temperature for 5 min. After washing the cells
two times with 5 ml 5% FBS+PBS solution as blocking dye, cell pellet is dissolved in
PBS.

The experimental results for Jurkat cells are given in Fig 3.17. nDEP is effective in
PBS medium under applied signal which is 10 Vy, at 550 kHz. The deflection on the
y-axis becomes clear below the flow rates of 3 pl/min. As in the case of polystyrene

particles, Jurkat cells with larger diameters are deflected on the y-axis along the
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microelectrode geometry and given in Figs 3.17(a-b). It is experimentally observed
that near the end of microchannel, cells with larger diameters are completely focused
on one side of the microchannel as in Fig. 3.17(c). The cells with smaller diameters
are not affected by a dominant dielectrophoretic force and leave the channel without
any deflection. Distribution of small cells are expressed with blue circles for each
individual cell in 3.17(d-e). The enrichment of Jurkat cells based on their diameter is

achieved with the current design.

Figure 3.17 : Experimental results for Jurkat cells. The enrichment of cells is
expressed with yellow line and the microchannel sidewalls are expressed with white
dash a—c Cells with larger diameters are focused on one side of the microchannel
along microelectrode geometry d, e Cells with smaller diameter (expressed with blue
circle) are not affected by a dominant dielectrophoretic force
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4. IMPEDANCE ANALYSIS

Impedance measurements at stations where cells were individually captured before
and after cell entrapment are recorded. Experimental results are divided into cases
where the conductivity of the medium is higher and lower than the cell conductance.
Overall magnitude of impedance shift is significantly higher when the medium
conductivity is lower than the cell condunctance. When all results are evaluated, it can
be seen that depending on the target cell type, an optimum medium conductivity and
frequency range can be selected so as to obtain the measurement result with the
highest sensitivity.

4.1 Design and Simulations

By placing simple obstacles in the microchannel, it is also possible to capture
individual cells / particles. In Jang's study (Jang et al., 2007), cells are caught between
three obstacles placed in the microchannel center. As shown in Figure 4.1 (a),
impedance measurement is also provided with electrodes placed just below the area
where the cell is captured. When the fluid velocity profile of this design is examined,
it is seen that Figure 4.1 (b) can follow the general flow profile of the particle and
escape from the side lanes. In this study, the capture rate of the particle is given as
10%. In our study, a similar approach was produced in Figure 4.1 (c). Instead of three
obstacles in Wang's work, the aim was to capture the cell in the center of two
cylindrical obstacles. Although the capture yields were similar in our experimental
results, too many air bubbles were observed among the obstacles that were not
mentioned in Wang's publication. At low flow rates it was observed that the particles
could not be captured in any way but at 10ul/min and above, the particle was caught
between the obstacles. In this flow, however, the cells easily evade (stretch) and
escape from the capture zone after a short time. Although this design has a very
simple production method, it has not been preferred in our study due to its low

efficiency.
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Figure 4.1 : a) Schematic drawing of the design in Wang's work; and b) fluid
velocity profile. ¢) The geometric information of our design based on Wang's work,
r = 50um and d) the actual image of the system produced. A pair of electrodes
placed under the obstacles is highlighted by dashed white lines.

Our simulations to improve the design are shown in Figure 4.2 with detailed geometric
information. First, the obstacles placed in the microchannel, as shown in Figure 4.2(a),
were extended to the outer edges and the fluid velocities divided into three lanes in
this region were desired to be equalized. In order to decrease the flow pressure in the
middle lane, the obstacle placed in the center were reduced further (Figure 4.2(b))
and the flow rate in the middle lane was increased. The fluid velocity profile obtained
in the last case is more homogeneous in all three lanes than Wang's study. Thus,

10% capture efficiency is expected to increase to 30%.
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Figure 4.2 : Efforts to improve Wang's design a) An attempt was made to balance
the flow profile by extending the obstacles in the middle of the microchannel towards
the outer walls. b) The pressure in the middle lane is reduced by minimizing the
obstacle placed in the center to the minimum possible size. ¢) Simulation output of
the developed design. It is seen that the fluid velocities in the middle and outer lanes
converge.

The design is not preferred in the final product because it is intended to capture a very
small number of cells per unit area for single cell capture and is not foreseen to

increase the yield above 30%.

Another example is the design in which Tan and Takeuchi (Tan et al., 2007) captures
a single cell independent of fluid velocity. In the design of Figure 4.3, the microchannel
geometry is expressed as path 1 (Path 1) in which the cell / particle is captured and
path 2 (Path 2) in which it continues without being captured. When the flow rate Q1
of path 1 is greater than the flow rate Q2 of path 2, the cell/particle is captured in the
reservoir in the path 1 and blocks this path. Thus, as Q1 falls to zero, the next
cell/particle prefers path 2, successive capture of a large number of cells/particles is
achieved with high efficiency. The critical factor in this design is that the microchannel
width is at most 1.5 times larger than the targeted cell/particle size and as the length
of path 2 is extended, the probability of trapping cells/particles increases in the path
1 (Tan, 2007).
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Trapping

Bypassing

Figure 4.3 : Takeuchi's design for single-cell capture. A) After capturing single cells
in path 1, it is ensured that other cells are sequentially captured individually by
following path 2. B) The flow rate of path 1 should be greater than path 2 as a

condition for single cell capture (Tan, 2007).

In this study, we aimed to develop this design. With the infrastructure we have, a

design that can be produced and which yields high efficiency is studied. The following

section includes simulations to improve design.

In the design of Tan and Takeuchi, there is a 5x5um passage channel after the
reservoir on path 1, but in our study, SU-8 was further extended as shown in Figure
4.4 (a, b) in order to facilitate the production of the narrow neck on path 1 with the
infrastructure we have. It is aimed that the developer can better penetrate this part of
the mold. When the simulation output in Figure 4.4 (c) is examined, it is seen that
single cell capture is possible with this design as the flow rate in path 1 is higher.

v
t

5pum

(c)

Figure 4.4 : The length of narrow neck on path 1 of Takeuchi’s design is extended
to better penetrate the SU-8 developer and to produce the desired geometry. a)
Three-dimensional overview b) geometric information of the design ¢) Simulation

output of the design.

40



We have approached 3-dimensional microchannel geometry to reduce the pressure
in path 1. Instead of the narrow neck at the end of the chamber, an outlet of the same
width as the chamber is formed, but the height of this path is reduced. The
microchannel height is limited to 5um to create a narrow neck and the height is 20um
in all other regions. Figure 4.5 (a, b) shows the geometric information of the system
designed. Examining Fig. 4.5 (c), the flow profile obtained with this design is most
suitable for single cell capture of the designs studied so far. Further, extending the
path 2 to increase the yield for single cell / particle capture in path 1 also contributes
as shown in Figure 4.5 (c). Increasing the width of the bottleneck after the reservoir
and extending the length of path 2 made the design more favorable with the

infrastructure we have and the geometric sharpness.
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Figure 4.5 : A 3D approach to Takeuchi's design. a) The narrow neck width after
the reservoir is increased but the height is limited to 5um. Microchannel height is
20pm on all other surfaces. b) geometric information of the design c) simulation
output of the design: It is seen that the cell / particle will be captured in high
efficiency in path 1. By extending the length of path 2, the capture efficiency
increases.
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The effect of a triangular chamber placed on the path 1 to flow rate and capture
efficiency was also investigated. Triangles with three different base angles were
studied and detailed geometric information is given in Figure 4.6 (a, b). In this design,
if a cell is already caught in the reservoir, the next cell is intended to be swept by flow
and directed to path 2. Thus, it was aimed to prevent the capture of more than one
cell at a trap-site. Similar to the flow profile of other designs, it is also possible to see

in Fig. 4.6 (c, d) that it is possible to capture particle / cell in path 1 with this design.
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Figure 4.6 : (a) Triangular chamber placed in path 1 b) Flow was examined using
three different base angles (a = 30 °, 45 °, 60 °). ¢) unchanged path 2 for a = 45 °;
and d) examination of flow by extended length of path 2.

In order to increase the efficiency of single cell / particle capture, the effect of stepwise
geometries in the chamber geometries as in Figure 4.7 was investigated. With these
designs, it is aimed to capture the cell singularly and to remove a second cell which

may come from the main stream lane by sweeping the flow under a wider angle. This
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design is preferred for the capture region in the final product, as it allows individual

cells to be captured individually.

a)

-

Figure 4.7 : Trapping of more than one cell in the triangular region with a stepped
angle (a <p) was prevented. After cell number 1 has been captured, following cell
(number 2) is dragged under the main stream to the next capture zone.

4.2 Fabrication

Fabrication steps given in detail in section 3.2 is applied for the production of designs

presented in this section.

4.3 Experimental

Human colorectal carcinoma cell line (HCT116, ATCC® CCL 247TM), human
epithelial embryonic kidney cell line (HEK-293, ATCC® CRL-1573 ™), human
epithelial adenocarcinoma cell line (HeLa 229, ATCC® CCL-2.1 ™) human breast
cancer cell line (MDA-MB-231; ATCC® HTB-26 ™), human chronic myelogenic
lymphoblast K-562 (ATCC® CCL-243 ™); and human B lymphoblast HCC1143 BL
(ATCC® CRL2362 ™) cell lines were used.

HCT116, HEK-293, HeLa 229 and MDA-MB-231 are adherent cells. K-562 and
HCC1143 BL are suspension cells. Cells were cultured in McCoy's 5a Medium
Modified (HCT116), Eagle's Minimum Essential Medium (HEK-293 and HelLa 229),
RPMI-1640 (HCC1143 BL), DMEM-F12 (MDA-MB-231), and Iscove's Modified
Dulbecco's Medium (K-562) containing 10% FCS and 1% glutamine. Cells were

incubated in 75cm? flasks and 5% CO. atmosphere at 37°C. The cultured suspension
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cells, K562 and HCC1143 BL, were collected by centrifugation at 12000 rpm for 5
minutes. Cell counts were made with a Thoma slide. Cells were frozen in FCS
containing 10% DMSO at a concentration of 250,000 cells / ml. HCT116, HEK-293,
HelLa 229 and MDA-MB-231 cells were resuspended with 2ml of Trypsin-EDTA
solution when the flask surface coated 80% and collected by centrifugation at 12000
rpm for 5 minutes. Cells were maintained in liquid nitrogen until working day. The cells
to be studied were collected by centrifugation at 1200 rpm for 5 minutes and the
experiments were carried out with 200mM sucrose solutions whose conductivity was

controlled by PBS concentration.

As a result of the simulations made on many different designs, it was decided to
fabricate systems with 3-dimensional channel geometry. Experiments were made
between 1-50ul/min flow rates and polystyrene particles (9.8um) were captured
independently from the flow rate in trap-sites. In the experiments with the designs
presented in Figures 4.5 and 4.6, particles captured in trap-sites are shown in Figure
4.8. Since it was seen that more than one particle was caught in some of the trap-

sites, these designs were improved.

Figure 4.8 : The preliminary designs fabricated for the analysis zone. At a flow rate
of 3ul/min, particles of 9.8um diameter were captured in trap-sites. These designs
have been improved since some of the sites seem to capture multiple particles.
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In all designs for the analysis zone, individual cell capture can be achieved by
updating the channel sizes depending on the targeted particle size. When the particle
settles in the narrow neck region, it must be large enough to block the path and reduce
the flow to zero in the chamber. Otherwise, if the flow continues, it is possible to
capture more than one particle in the chamber as in the experimental results. In our
research, an original and alternative design was tried to solve this situation. It is aimed
to capture the cell singularly and to remove a second cell which may come from the

main stream lane by sweeping the flow under a wider angle.

Microchannel geometry having gradual angle (a1 = 30 °, 1 = 45 °), 9.8 ym
polystyrene particles in DI water were captured in 10 wells and impedance deviations
were recorded with Agilent 4980A LCR meter (100Hz - 500KHz). The impedance
values recorded for DI water and after capture of polystyrene particles, depending on
the applied frequencies, are shown in Figure 4.9.
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Figure 4.9 : Impedance values of polystyrene particles in DI water in the frequency
range 10-500kHz.
The individual capture of live cells and the impedance measurements were also
studied experimentally. Experimental results for MDA-MB-231 (breast cancer
epithelial cells), HCT116 (colon cancer cell), HeLa (cervical cancer cells), HEK293
(renal epithelial cells), K562 (cancerous lymphocyte cells) and CLR (non-cancerous
lymphocyte cells) were obtained. In these experiments with designs of stepped
triangular trap-sites, the impedance values were recorded depending on the
conductivity of the medium in which the cells were added. Thus, the effect of solution
conductivity on impedance values were investigated. Table 4.1 shows the medium

conductivities used in the experimental studies. The 200mM sucrose solution was
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preferred as the isotonic solution for maintaining the osmotic pressure balance of the
cells. The solution conductivity was increased in a controlled manner with the amount
of PBS added.

Table 4.1 : Medium conductivities used in experimental studies.

0.05XPBS 0.1XPBS

1XPBS
. 200mM Sucrose + Sucrose + N
Medium DI Water Sucrose 50 PBS 10% PBS 100% PBS
(VIv)
(Vviv) (VvIv)

Conductivity  0.80pS/cm 1,47uS/cm 1015pS/cm  1869.00puS/cm 15.70mS/cm

Figure 4.10 shows that HCT116 (colon cancer cell) cells in PBS are captured
individually in a microchannel with a stepped angle (a1 = 30°, 1 = 45°) triangular
trap-sites. Other geometries with different step angles (a1 = 30°, 1 = 60° and a1 =
45°, B1 = 60°) were also studied and observed that single cell capture was achieved
in trap-sites. Cells were captured individually in all sites, while in two sites highlighted
in red, the cells have no contact with the electrodes. The impedance readings for PBS
were monitored for 10 minutes before the cells were injected into the microchannel
and no deviation was observed during that time. Impedance values were re-recorded
after the cells were injected and stations were filled.

Figure 4.10 : Individual capture of HCT116 cells in PBS in a microchannel with a
stepped angle (a1 = 30 °, B1 = 45 °) triangular trap-sites. The cells in the sites
highlighted in red are not in contact with the microelectrodes.
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Impedance data of HCT116 cells in 1XPBS and 0.1XPBS were recorded in the
frequency range 1-500kHz, before and after capturing the cells at the stations. The

impedance shift for HCT116 cells is shown in Figure 4.11.
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Figure 4.11 : Frequency-dependent impedance deviation (AZ) of HCT116 cells in
1XPBS and 0.1XPBS.

In experimental studies with MDA-MB-231 cells, cells could be captured individually
and their impedance values were recorded. Figure 4.12 shows that individual breast

cancer cells are caught in all trap sites.
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B

Figure 4.12 : MDA-MB-231 cells were individually captured at trap-sites. The cell is
not in contact with the microelectrodes in the site highlighted in yellow.
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Figure 4.13 shows the impedance deviations of breast cancer cells in 1XPBS and
0.1XPBS solutions.

—0-MDA-MB-231 in 1XPBS —&— MDA-MB-231 in 0.1XPBS
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Figure 4.13 : Frequency-dependent impedance deviation (AZ) of MDA-MB-231 cells
in 1XPBS and 0.1XPBS.

Similarly, in repeated experiments, HEK293 cells were individually captured and the
impedance deviations in 1XPBS and 0.1XPBS solutions are given in Figure 4.14.
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Figure 4.14 : Frequency-dependent impedance deviation (AZ) of HEK293 cells in
1XPBS and 0.1XPBS.

When cells are in contact with microelectrodes, a shift in impedance is observed
depending on cell characteristics. Following the data of HeLa cells recorded in 1XPBS

solution, the impedance values obtained in Figure 4.12, 4.13 and 4.14 are presented
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together in Figure 4.15 and 4.16. According to these data, impedance shifts vary
depending on the conductivity of the medium and cell type. The impedance deviation
of each cell type is characteristic and the optimum solution conductivity and frequency

range can be determined for identification of the target cell.
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Figure 4.15 : Frequency-dependent impedance deviation (AZ) of various cells in
1XPBS solution.
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Figure 4.16: Frequency-dependent impedance deviation (AZ) of various cells in
0.1XPBS solution.
Impedance deviation for HCT116 cells decreases as solution conductivity decreases,
while the impedance deviation obtained for MDA-MB-231 cells increases with solution
conductivity. HEK293 cells showed similar impedance deviation at the two solution

conductivity levels studied. When cell types are compared with each other, HCT116
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and HEK293 cell lines produce similar impedance deviations in 1XPBS solution, while
a distinct difference in impedance deviations with a low conductivity of 0.1XPBS

occurs.

When the samples are examined in the literature, the signal strength, frequency range
and solution conductivity applied when recording the impedance data from the cell
placed between the two electrodes should be determined correctly in order to
understand the deviation in the impedance. In the impedance data recorded at low
signal strength, the noise is high, increasing the signal strength, decreases the
impedance values taken from the cell, but the ion exchange between the isotonic
solution and the cell increases and information is collected directly from the cell.
Similarly, since the interaction of solution conductivity and cell conductivity with each
other determines the direction of the electric field lines, collecting information inside
or outside the cell can be accomplished by controlling the conductivity of the solution.
If the cell has a higher conductivity than the solution, the electric field lines pass
through the cell while the solution is more conductive than the cell, the electric field
lines pass outside the cell. This is also observed with the direction of the impedance
deviation after cell capture. In the experimental results presented above, the selected
solution conductivity is higher than the cell conductivity and the impedance deviation
is positive after cell capture. As the frequency increases, the amount of impedance
deviation decreases, indicating that the cells are capacitive in this frequency range.
In order to gather more accurate information about the cell, the solution conductivity
was chosen to be lower than the cell conductivity and experimental studies were

continued.

Experiments were performed with MDA-MB-231, K562 and CLR cells in 200mM
sucrose solution. The results obtained in the frequency range of 100Hz-500kHz and
signal strength of 2V, are shown in Figure 4.17.
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Figure 4.17 : a) Impedance shifts recorded in the frequency range of 0.1-500kHz for
K562, MDA-MB-231 and CLR cells in 200mM sucrose solution. b) More detailed
representation of the results for the frequency range 10-500kHz.

When the results in Figure 4.17 are examined, it is seen that there is a distinctive
impedance deviation difference between cancerous lymphocyte cells and healthy
blood cells. The range in which the produced system has the highest sensitivity to

differentiate healthy blood cells is the frequency range of 0.1kHz and 10kHz.
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5. DIELECTROPHORESIS AND IMPEDANCE ANALYSIS

The results obtained through the final design combining cell separation and analysis

regions are presented in this section.

5.1 Design and Simulations

The final system designed and fabricated is shown in Figure 5.1. Impedance analysis
is performed by directing the cell type of interest from the main lane to the channel
where the trap-stations are located. Variations were made in the total number of
stations where impedance information was recorded simultaneously in the impedance
measurement area. While impedance data can be recorded from a total of 20 stations
at the same time from a single branch, designs have been produced that can only
receive information from a single station with changes in electrode design and station

arrangement.

Waste
outlets

Connection pads

Sample
inlet

Buffer
solution

Connection pads

Figure 5.1 : Schematic view of the final design for the separation of the target cell
by dielectrophoresis and for individual impedance analysis on trap-sites. A)
Separation of target cells under nDEP B) A trap-station for impedance analysis of a
captured cell by hydrodynamic methods.
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Figure 5.2 (continued) : Schematic view of the final design for the separation of the
target cell by dielectrophoresis and for individual impedance analysis on trap-sites.
A) Separation of target cells under nDEP B) A trap-station for impedance analysis of
a captured cell by hydrodynamic methods.

Microelectrode geometries for each design were fabricated for the impedance
measurements of the cells captured in trap-stations. The interdigitated electrode pairs
are arranged sequentially and aligned to each trap site. Titanium microelectrodes with

a thickness of 200nm are 15um wide and the gap between the electrode pairs is 8um.

5.2 Fabrication

Fabrication steps given in detail in section 3.2 is applied for the production of designs

presented in this section.

5.3 Experimental

DEP + IA design was fabricated as a single LOC as seen in Figure 5.2 and preliminary
experimental studies were made. In this system, there is one sample input and three
outputs. After separation with DEP, the cell of interest is directed to the respective
outlet to perform IA, while the other two outlets are designed as waste outlets.
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Figure 5.3 : DEP + IA LOC (right) obtained by aligning and bonding Ti
microelectrodes (left) fabricated on a glass slide and PDMS microchannels. The
microelectrodes are connected to copper cables with epoxy-based silver adhesive.

The preliminary experiments on DEP + |A based on-chip system were carried out with
polystyrene particles of two different sizes, 9.8um (green) and 3.2um (red). Figure 5.3
shows that particles are directed under the effect of DEP force depending on the on/
off state of the signal applied to the microelectrodes. When the signal is switched off,
all the patrticles are collected from all three outlets. Since both particle types have the
same dielectric properties, the red particles are also directed by DEP to some extent,
and when the signal is on, the red particles can be directed to channel 2. Here it is
critical to determine the optimal signal strength and flow rates that can push large
particles into channel 3, but keep small particles in channel 1 and 2. In the
experimental output in Figure 5.3, the signal applied to the microelectrodes is 6Vyp -

2MHz and the flow rate is 1l / min.
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Figure 5.4 : When the signal A) applied to the microelectrodes is closed, the
particles leave the channel at all outlets in free state. B) When the signal is turned
on, 9.8um (green) particles are directed to channel 3, while 3.2um (red) particles are
less directed and leave the system from channel 2.

The design improved and the systems produced by equalizing the flow resistances at
the waste outlets are given in Figure 5.4. With the variety of electrode connections
made in the final product, designs have been produced in which impedance data are

recorded from 1,4 or 8 different stations simultaneously.
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Figure 5.5 : Alternative designs of the final system were produced. Impedance data
can be recorded from 8 stations (x8) at the same time, as well as variations that
record impedance data from 4 stations (1x4) for recording individual impedance data
and 4 stations (4) at the same time.

Experiments with K562 cells were performed on the final system. Following the
orientation of K562 cells by DEP, individual capture of the cells at trap sites was

performed. Figure 5.5 left side shows that the cells are directed under DEP at the
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channel entrance, and on the right, the K562 cells are completely oriented towards

the end of the microchannel and aligned by the channel side boundary.

B

Collection
outlet

Waste
outlet

Figure 5.6 : K562 cells under nDEP were directed and collected at trap stations. A)
K562 cells at the channel entrance were seen to be directed under nDEP, B) all
cells were aligned along the microchannel border towards the end of the channel.
Impedance measurements with two-terminal microelectrodes are particularly
sensitive to changes in the electrode-medium interface at low frequency. The
equivalent circuit model of the two-terminal system (Figure 5.6) includes a charge
transfer resistance, Rct, and a Warburg impedance, W, in parallel with double-layer
capacitance, Cdl. In addition, a medium resistance, Rs, and a medium capacity, Cs,
reflect the properties of the solution. The four-terminal impedance system is less
sensitive to changes in the electrode-medium interface at low frequencies. The
equivalent circuit model takes into account the volumetric solution resistance, Rs,
solution capacitance, Cs and the parasitic capacitors, Cp, which are related to the
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proximity of the electrodes to each other. Specific immobilization of cells or particles

between electrodes will create a change in the impedance of the conductive path

between the electrodes. In a two-terminal system, at low frequencies, electrode

polarization associated with the double-layer capacitance may mask some changes

associated with the presence of cells or particles in solution.

2-electrode:
Changes at the electrode interface

4-electrode:
Bulk properties of the electrolyte

R¢ = Solution Resistance

C; = Solution Capacitance

Cp =Double-layerCapacitance
Rcr=Charge Transfer Resistance
W = Warburg Impedance

C, = Parasitic Capacitance

v

Rs
AN\
|
Cs 2 R
Cdl—:
—
[ [
R4 Ro R4
AAAY AN\ AN\
1] it i}

C1 J 02 C1
B, BT e B
[l_;[*lf—] 1) o ;I]
Vin® i=0 LT{“ Vo @’lo

Figure 5.7 : Equivalent circuit models of 2- and 4-terminal configuration for
impedance measurements. (Justin, et al 2011)

A schematic view of the four-terminal impedance measurement design for the second

region of our system is given in Figures 5.7, 5.8 and 5.9. Current will be applied from

external electrodes (Lcur, Hcur) and measurements will be taken from internal

electrodes (Lpot, Hpot).
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Figure 5.8 : Schematic view of four-terminal impedance measuring system for
second region.

Detailed views of the same structure are given in Figures 5.8 and 5.9 below. There
are also variations in electrode structures where the signal is collected from two
stations at the same time (Figure 5.9, left) or only one station is present (Figure 5.9.
right).

Lecur Hcur

=7\

Figure 5.9 : Detailed view of the four-terminal impedance measurement system.
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Lpot Hpot

Figure 5.10 : The signal is collected from two stations simultaneously (left) or only
from one station (right).

The four-terminal impedance measurement system shown in Figure 5.7 are fabricated

as shown in Figure 5.10.

Figure 5.11 : Microfluidic chip with four-terminal electrode design.

In the first part of the study, Agilent 4980A LCR meter (Keysight Technologies, USA)
was used in the 100 Hz - 500KHz frequency range. In the second part, Zurih
Instruments HF2IS (Zurich Instruments AG, Switzerland) impedance spectrometer is
used to perform 4-terminal measurements and to scan a wider frequency range. This
spectrometer with a frequency range of 0.7uHz to 50MHz was also preferred because

it allows working with 2-4 terminal electrodes.
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Improvement has been made to connect microfluidic chips with less electrical noise

to the impedance spectrometer to improve measurement accuracy.

In the first part of the study, as shown in Figure 5.10, after the copper wires were fixed
to the electrode connection beds with silver-epoxy, the connection to the impedance
spectrometer was made with crocodile ends. However, this method was abandoned
because the silver-epoxy adhesive used caused different electrical noise for each

connection.

In order to improve the accuracy of the measurement, a PCB circuit is designed to
directly touch the metal electrodes. This circuit is designed in such a way that the
entire surface area except the connection pads touching the metal electrodes is
connected to ground of the impedance spectrometer. The connection of the PCB
circuit to the impedance device is provided by BNC terminals and the microfluidic chip
is sandwiched with the PCB circuit by a 3D printed body. Figures 5.11 and 5.12 show
the system produced as a result of improvements.

Figure 5.12 : The microfluidic chip with PCB circuit with and BNC connections on a
3D-printed body.

61



Hili sl

Figure 5.13 : The image taken during the experiments under the microscope after
the completed production.
In the first part of the study, before reading the impedance values for the target cells,
the cell-free sucrose solution (or medium) was injected into the microchannel and the
impedance value was recorded. The target cells were then added to the same sucrose
solution and injected into the microchannel, then the impedance value was again
recorded when all individual cell entrapment stations were filled with the target cells.
Microfluidic design has been improved to improve this two-stage measurement. In the
system we designed, it is possible to capture single cells by means of a vertical narrow
neck in the measuring station. In the design with two measuring stations, the narrow
neck in one of the stations was removed, leaving the cells in the channel without being
captured. Thus, while one of the stations continuously measures the impedance of
the medium we inject into the microchannel, the cell continues to be captured
individually at the other station. Thus, live differential measurement can be performed

and it is aimed to obtain less incorrect measurement results in recording the
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impedance information of the target cell. The change in design is schematically

expressed in Figure 5.13.

Reference (cell free)
station

Working station

Lpot Hpot

Figure 5.14 : One of the existing measuring stations was refabricated in such a way
that the cell could not be captured and it was intended to be a reference to the cell-
captured station by taking measurements from the medium only.
Experimental results with K562 cells in the 100Hz - 20MHz frequency range are
presented here. While carrying out the impedance measurements, the measurements
were divided into three frequency segments as 100Hz - 1kHz, 1kHz - 100kHz, 100kHz
- 1Mhz, 1MHz - 20MHz. The signal quality was monitored from the oscilloscope on
the spectrometer and the signal amplitude and amplification values were chosen for
the most accurate reading. In addition, measurements were taken from a total of 100
points between each frequency segments and 32 readings were made from each
point and the average was recorded. The results recorded are presented in Figures

5.14 - 5.16.
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Figure 5.15 : Impedance results in the frequency range of 1kHz to 1IMHz in 200mM
sucrose solution (cellfree) and K562 cells (w Cells).
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Figure 5.16 : Impedance results in the frequency range of 1MHz to 20MHz in
200mM sucrose solution (cellfree) and K562 cells (w Cells).
When we examine the results in Figure 5.14 and Figure 5.15, the total impedance
change percentage graph is as shown in Figure 5.16. As can be seen from this figure,
the optimal operating frequency of the tested system for K562 cells in 200mM sucrose

solution is seen as 1MHz.
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Figure 5.17 : Total impedance change of the system for K562 cells in 200mM
sucrose solution.
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6. ORGAN-ON-A-CHIP

In vivo, cells are in complex cell-cell and cell-matrix interactions. They are found in
three-dimensional micro-environments where food and gas transmission is provided
by complex transport systems. Cells in living tissue receive the nutrient and gas
exchange they need to survive from the capillary structures surrounding the tissue,
while at the same time being exposed to mechanical and other physiological effects

such as respiratory movements in the lung and peristaltic movement in the intestine.

Cell culture is a process in which cells are grown in an artificial two-dimensional
surface or three-dimensional structure under controlled conditions outside the living
tissue (in vitro), conditions may vary for each cell type, and the regulation of
physicochemical conditions by providing the necessary nutrients, growth factors,
hormones and gases. However, it is not possible to mimic a living organ even if some
elements of tissue-specific microenvironment can be provided in studies with a
uniform cell culture. Studies with cell cultures lack tissue-tissue interactions within a
very complex architectural structure. For example, there is interaction between
parenchymal cells and connective tissue that provides vascular endothelium (vascular
endothelial cells) and its environment in living tissue. Such interaction is critical to the
functioning of all organs. Cells in cell cultures are not subjected to mechanical effects
and shear stress of cells in living tissue. Cells in systems without a fluid flow cannot
represent the actual living tissue environment as they are deprived of interaction with
blood circulation and cells in the immune system. In addition to two-dimensional and
three-dimensional cell cultures, it is possible to examine living tissues taken in biopsy
or cross-section of live tissues in vitro. However, since these tissues lose their vitality

within a few days, it is not possible to carry out a long-term and high-yield study.

6.1 Design

The design for the on-chip kidney includes a porous membrane between two
microchannels aligned perpendicular to each other. The mask patterns for this design
are detailed in Figure 6.1. Experimental studies were carried out by placing a
membrane in the 2mm x 2mm area formed in the center of the microchannels with a

width of 1mm and a length of 10mm. This design ensures that the membrane at the

67



center of the PDMS-PDMS interface is sealed leak-free. For TEER measurements,
the electrode fingers with a width of 50um, covering a 4mm? area in the center, are
placed on upper and lower surface of the microsystem. Since periodic mechanical
stress will be applied in the system to be produced for lung-on-a-chip system, vacuum
channels are added on both sides of the main microchannel. With the periodic vacuum
to be applied through the side channels, the alveolar environment of the lung will be
simulated by making the middle channel elongate and re-shortening. Figure 6.2
shows detailed views of the masks of the design. Here the middle channel is Imm
wide and 10mm long. The side channels between the vacuum channels and the
middle channel are designed in two different thicknesses (100um and 200um). For
TEER measurements, electrode fingers with a width and gap of 50um to cover the
10mm long middle microchannel are designed and placed on the upper and lower

surface of the microchannels.

(A) i (B)

2mm

(©)

Figure 6.1 : Mask patterns for kidney-on-a-chip.

68



(A) (B)

Vacuum
channels

©) (D)

Figure 6.2 : Mask patterns for lung-on-a-chip.

Two types of polycarbonate (PC) membranes with different pore sizes were
purchased for the on-chip organ platforms to be produced. Detailed information on
preferred membranes is given in Table 6.1. These membranes have been shown to
yield successful results for cell culture formation in various on-chip organ applications
and have therefore been preferred. (Sciancalepore et al. 2014, Brown et al. 2015, van
der Helm et al. 2016).

Table 6.1 : Polycarbonate membrane properties.

Pore size (um) Thickness (um) Merck Catalog No.
Membrane #1 0.2 25 GTTP04700
Membrane #2 0.4 10 HTTP04700
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6.2 Fabrication

Flexible masks for on-chip organ platforms were drawn and purchased from JT-Photo
Data (Hitchin, UK) as an acetate mask layer. Similarly, drawings were made for
electrode geometries to be used in TEER (trans epithelial electric resistance)

measurements.

PDMS microchannel geometries are fabricated in a simple way by soft lithography.
SU-8 3050 negative photoresist was used as a mold to form microchannels. This
photoresist can achieve a maximum thickness of 100um as a single layer. Two layers
were fabricated on top of each other and a total film thickness of 200pm was obtained
on 4” silicon wafer. Fabrication parameters are given in Table 6.2. Laurell WS-650
Spin Coater (Laurell Tech, USA) was used for spin coating of photoresists, and SUSS
MAG Mask Aligner (SUSS MicroTec SE, Germany) was used for soft-lithography.

Table 6.2 : SU-8 3050 with 200um thickness mold fabrication parameters.

Process name and

Layers First Layer Second Layer
Spin Coat 1000rpm - 35s 1000rpm - 35s
Soft Bake 95°C — 45m 95°C — 45m
UV Expose 200mJ 200mJ

65°C — 1m and 65°C — 1m and
Post Expose Bake 95°C’ — 5m 95°C — 5m
Development mr-DEV 600 — 15m  mr-DEV 600 — 15m
Hard Bake not performed 150°C - 1h

The membranes to be placed between the microchannels have been reduced in size
to provide a sealed bond with oxygen plasma on the surface where the PDMS
microchannel surfaces touch each other. As shown in Figure 6.3, the PC membrane

is sealed between two microchannels.
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Figure 6.3 : Adhesion interfaces formed after oxygen plasma by reducing the
dimensions of PC membrane.
An alternative membrane production has been tried to replace the PC membrane.
Sucrose was added to the uncured PDMS (50% by weight) and spin coated
(1000rpm-60s) on a silicon wafer to achieve a thickness of 50um layer. PDMS layers,
which were peeled off from the wafers, were cut into proper sizes and kept in a 20-
minute ultrasonic bath at 60°C in DI-water. The sucrose particles were dissolved in
water by this method and a porous PDMS structure was formed. Figure 6.4 shows
the PDMS membrane produced and a kidney-on-chip system produced using this

membrane.

(A) (B)

Figure 6.4 : A) Porous PDMS membrane and B) an example of a kidney-on-a-chip
system.
In the production of PDMS microchannels, Dow Slygard 184 was mixed with 10% by
weight of curing agent. The desired volume of the mixture placed under vacuum to
remove air bubbles and then poured onto the SU-8 molds and allowed to solidify on
a 90° C hot plate for 45 minutes. The PDMS microchannels, which were then peeled
off from the mold, were cut one by one, punctured the microchannel inlets and outlets
and prepared to be bonded with the membrane. The production steps vary according

to the types of membranes used and on-chip organ systems. The simplest production
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steps for kidney-on-a-chip system are shown in Figure 6.5. Here, a membrane
covering a 4mm? area in the center is fixed between two microchannels. In the studies
where TEER measurements would not be made, these on-chip systems without

electrodes were used.

(A) (B)

. Membrane (PDMS or PC)

(©)

Figure 6.5 : Electrode-free on-chip kidney system A) fabrication steps C) with a
PDMS membrane and D) with a PC membrane in the center.
Since the side walls separating the vacuum channels and the main channel in the
lung-on-a-chip system will stretch outwards under applied vacuum, these side walls
located in the upper and lower microchannels must be sealed to the membrane
surface placed in the middle. The adhesion could not be achieved with the PC
membrane and the PDMS surface. Therefore, the PDMS membrane we fabricated
was placed between the two microchannels to cover the entire surface and was

bonded with O, plasma.
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(A) (B)

Figure 6.6 : (A-B) Fabrication steps of PDMS membrane covering the entire surface
between two microchannels. C) Kidney-on-a-chip and D) Lung-on-a-chip are
fabricated by this method.

To perform TEER measurements, the upper and lower channels of the microchannel
must be combined with glasses with metal electrodes on them. In order to perform
electrical measurements, a path must be made between the upper and lower
electrode pairs, where only the cells attached on membrane surfaces located in the
center. In order to meet this condition, the excess PDMS poured onto the SU8 mold
in the first step of fabrication was removed by stripping with a cell scraper (Figure 6.7-
B) and then allowed to solidify. A PDMS membrane is bonded on top by O, plasma
(Figure 16 C) and microchannel is peeled off from the mold. Finally, Glass slides with
Al/Ti electrodes were aligned to the upper and lower microchannels and bonded with
O: plasma. For the fabrication of metal electrodes on glass slides, glass samples were
placed in 1M KOH solution for 10 minutes in an ultrasonic bath, washed with DI-water
and placed in acetone in an ultrasonic bath for another 10 minutes. After washing with
isopropyl alcohol and DI water, glass slides dried with nitrogen and coated with
AZ9260 positive photoresist. Following the soft-lithography process, patterned slides
are placed in a physical vapor deposition system. Immediately after coating 100nm Al
on photoresist coated glass samples with Vaksis Midas physical vapor deposition
device, 200nm Ti was coated without disturbing the vacuum conditions. The Al coating
is coated by thermal evaporation, while Ti is coated with DC Magnetron Plasma. Glass

holes were drilled with a diamond drill for liquid and vacuum inlets.
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Figure 6.7 : (A-D) On-chip kidney and lung fabrication steps to be used in TEER
measurements and (E-F) examples of the systems produced.

6.3 Experimental

Experimental studies on the organ-on-a-chip systems are presented here under
related titles. The adhesion of the preferred cell types on the membrane produced
was examined. Experimental studies have been concluded by measuring the viability
and differentiation of the cells seeded in the on-chip organ systems following the

verification of the membranes.
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6.3.1 Cell adhesion on PC membranes

The HaCaT (human creteocytes) cell line was first tested for cell culture on
polycarbonate membranes. HaCaT cell line was cultured in DMEM F-12 medium
containing 10% FCS and 1% L-glutamine; Cells were incubated in 5% CO:
atmosphere at 37° C. Cytotoxicity studies were performed in aseptic environment.
Sterilization of the membranes was carried out by autoclaving at 121°C for 20
minutes. The membranes were then washed with PBS. Cell adhesion performance of
membranes for 3 days was determined. The HaCaT cell line was planted with a
concentration of 100,000 cells/ml in a 24-well plate containing a 0.2um or 0.4pum
diameter porous membranes. Plates were incubated at 37° C, 5% CO. atmosphere
for 72 hours. MTT test was performed every 24 hours. After incubation, the extracts
were discarded and the wells were pipetted with 1000uL of fresh medium containing
100puL of MTT solution (25mg / mL, with PBS). After 4 hours of incubation, the medium
was discarded and 500uL of DMSO solution was added to the wells. The optical
density of DMSO-soluble formazan dye was examined at 570 nm.

MTT cytotoxicity test was performed for 3 days to examine the cell adhesion profile
on 0.2 and 0.4 um porous membranes. Cell viability of the 0.2 um porous membrane
was 34.73% (std. Error £ 1.37%) on day 1, 51.58% (std. Error £ 1.83%) on day 2 and
75% on day 3, 47 (std. Error £ 3.73%). The results are shown in Figure 6.8. Table 6.3
shows the mean and standard deviation values obtained from 4 membranes at each
24 hours. The formazan absorbance value here should be considered as coherent
with cell viability. As the absorbance value of formazan increases, it is understood

that the live cell population on the membrane increases.

Table 6.3 : Readings of Formazan Absorbance on 4 samples from 0.2um and
0.4um porous membranes for 24 hours with HaCaT cells.

Day 1 2 3
Formazan 0,2um 0,3473 0,5158 0,7547
Abs (Avg.) 0,4um 0,2709 0,5792 0,8061
) 0,2um 0,0137 0,0183 0,0373
0,4um 0,0066 0,0321 0,0428
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Figure 6.8 : The viability results measured for 3 days on both PC membrane types
according to the MTT test results of the HacaT cell line.
When the 3 days cell adhesion profiles were examined on both membranes; The cell
viability of the 0.2 um porous membrane is significantly higher than the 0.4 um porous
membrane on the first day. On the 2nd day; The cell viability of the 0.4 ym porous
membrane is significantly higher than the 0.2 ym porous membrane. On the third day,
the cell viability difference between the two membranes is not a significant difference.
Cell viability increased significantly in both membranes and reached 75% viability
after 3 days. In the light of these results, it was determined that both membranes were

a good environment for the cells to attach and develop.

Cell adhesion tests on PC membrane were repeated with RPTEC (Renal Proximal
Tubule Epithelial Cell - ATCC CRL 4031) renal epithelial cells to be used in on-chip
kidney applications with the same method and MTT tests were repeated for a period
of 9 days. Figure 6.9 shows the results. Here, formazan absorbance readings were
performed on 3 membranes for each time interval. Mean values and standard

deviation values are given in Table 6.4.

Table 6.4 : Formazan absorbance values of renal cells on the PC membrane for the
specified time intervals. 3 membranes were used for each time interval.

Days 1 2 5 7 9
Formazan 0,15 0,07 0,22 0,45 0,70
Abs (Avg.)

SD 0,01 0,01 0,06 0,05 0,02
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Figure 6.9 : The 9-day viability results of the RPTEC cell line on the PC membrane.
3 membranes were used for each time interval.

6.3.2 Kidney-on-a-chip

The RPTEC cell line for the on-chip kidney system was cultured in DMEM F-12
containing 10% FCS and 1% L-glutamine. Cells were incubated in 5% CO2
atmosphere at 37°C. Sterilization of the kidney-on-chip systems was performed by
autoclaving for 20 minutes at 121°C. RPTEC cell lines were seeded with a
concentration of 100,000 cells/ml in each set of experiments. The shear stress applied
under dynamic conditions was 0.012 dyne / cm? (1ul / min). The experimental setup
is shown in Figure 6.10.
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Figure 6.10 : Incubation chamber on microscope stage and syringe pump setup for
dynamic conditions.
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The effect of PC membrane and PDMS membranes on cell viability were also studied.

Cells were cultured in microfluidic chips containing different types of membranes.

RPTEC cells were cultured statically for 1 hour and adhered to membrane surfaces,

then cells were cultured under static and dynamic conditions. Figure 6.11 shows the

on-chip kidney systems under static and dynamic conditions within the microscope

stage top incubator system.

Figure 6.11 : Kidney-on-chip systems under static and dynamic conditions within
the microscope stage top incubator system.

Figure 6.12 shows the viability of kidney cells as a result of MTT test under static and

dynamic conditions on different types of membranes.
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Figure 6.12 : Cell viability in PC and PDMS membrane based kidney-on-chip

systems.
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As shown in Figure 6.12, both membranes gave similar results and it was found that

the PDMS membrane we produced was suitable for the organ-on-a-chip systems.

The studies with the kidney-on-chip systems were repeated for 0-48 hours and cell
viability was monitored by MTT test. Figure 6.13 shows the cell viability results under

static and dynamic conditions for the 0-48 hour interval.
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Figure 6.13 : Monitoring of cell viability by MTT test in kidney-on-chip systems for
the 0-48 hour interval.
When the results obtained here are examined, it is seen that cell viability is rapidly
recovered and increased, although some cell viability is lost initially under dynamic
conditions. In the same set of experiments, resistance values of the cell barrier were
recorded with the kidney-on-chip kidney systems with metal electrodes and are shown
in Figure 6.14. Especially in the first 24 hours, the difference under static and dynamic
conditions is significant. When Figure 6.13 and Figure 6.14 are examined together,
although the cell populations are very close, the resistance value read from the cell
barrier is more than 7 times for dynamic conditions shows that the density of tight-
junctions between the cells is much higher than the static conditions and is consistent

with the examples in the literature.
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Figure 6.14 : Cell barrier resistance values recorded under static and dynamic
conditions for kidney-on-chip systems in the range of 0-48 hours.

It is also expected that the resistance values under static and dynamic conditions will
be close to each other after 48 hours. Similarly, in the literature, it is seen that rapidly
increasing resistance values for dynamic conditions are fixed after a certain period of

time.

In Figure 6.15, MTT test and TEER values are given together at the end of 24 hours.
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Figure 6.15 : MTT test and TEER values recorded under static and dynamic
conditions for 0-24 hours.
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6.3.3 Lung-on-a-Chip

NCI-82 (human lung carcinoma, ATCC HTB 175) and MRC-5 (human lung fibroblast,
ATCC CCL-171) cell line for on-chip lung system is cultured in DMEM F-12 medium
containing 10% FBS and 1% L-glutamine. The cells were cultured in 5% CO2
atmosphere at 37°C. Sterilization of the microfluidic chips was performed by
autoclaving for 20 minutes at 121°C. In each experiment set, the MRC-5 cell line was
seeded with a concentration of 100,000 cells/ml on one side of the membrane in the
microfluidic chip and incubated for 2 hours. The microfluidic chip was then inverted
and the NCI-82 cell line was seeded on the other surface of the membrane and
incubated. Only PDMS membranes that we produce are used in lung-on-chip
systems. MTT test cell viability results for chips where both cell types are cultured
together under static and dynamic conditions (shear stress and periodic vacuum) for
0-48 hours interval are shown in Figure 6.16 and recorded TEER values are shown
in Figure 6.17.
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Figure 6.16 : Cell viability obtained after co-cultivation of the MRC-5 and NCI-82 cell
line in lung-on-a-chip lung for 0-24 hour interval.
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Figure 6.17 : TEER values recorded for the lung-on-a-chip system in the range of 0-
48 hours.
There are several factors that influence the TEER values, including the physical
support (membrane) used for cell cultures (Lo et al. 1999), the temperature of the
measured medium (Light 1984; Blume et al. 2010), the material, quality and surface
condition of the electrodes. TEER values differ significantly for various cell types.
Moreover, even the TEER values for the same cell type differ greatly in different
studies. In general, for studies where multiple cells are co-cultured, the reported
values are higher than in monocultures (Griep et al. 2013). It is also stated that TEER
values are much higher in microsystems with longer channel or lower channel height.
Therefore, the TEER values in Figure 6.17 are significantly higher than the on-chip
kidney systems. According to the recorded results, higher TEER values in dynamic
conditions compared to static conditions indicate that the density of tight-junctions
between the cells is higher and it is in line with the results obtained in the kidney-on-

chip systems.

Although the PDMS membrane we produce provides a suitable environment for cell
adhesion, problems have been experienced in the combination of the microfluidic
system, especially the sealing of the side walls between the vacuum channels and
the main channel with the PDMS membrane surface. This is due to the fact that the
PDMS sidewalls, which are produced very thin (50um), and the membrane are
flexible, do not provide a complete contact with the PDMS microchannel surface,
causing the membrane to cause micro / macro curl. Therefore, the design has been
renewed and the thickness of the side walls has been increased by 2 times and a tight
adhesion has been achieved. Experiments on the differentiation of lung cells under
the effect of a specific shear stress and vacuum-based mechanical elongation /

shortening were carried out as intended. The test set-up is shown in Figure 6.18.
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Incubator compatible syringe pumps (ExiGo Pump - Cellix, Ireland) were used to flow
media in microfluidic chips, while vacuum hoses connected to the on-chip lung

systems were vacuumed periodically at a frequency of 5Hz with a vacuum pump and

solenoid valve.
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Figure 6.18 : Experimental setup for lung-on-a-chip system in an incubator.
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7. CONCLUSION

A microfluidic system has been developed to isolate target cells from different types
of cell populations by dielectrophoresis and to capture them individually at the stations
where the impedance analysis will be performed continuously. In our study, the
elements that are divided into two parts as “separation” and “capture / analysis” are
examined separately, and the designs that give the best results are combined in the

final product.

Experimental studies have shown that the impedance shift generated by each cell
type is characteristic and an optimum medium conductivity and frequency value can
be determined for diagnosing a cell type. While the impedance deviation for HCT116
cells decreases as the solution conductivity decreases, the impedance deviation for
MDA-MB-231 cells increases with the solution conductivity. HEK293 cells, on the
other hand, showed similar impedance deviations at the two solution conductivity
levels studied. When the cell types are compared with each other, HCT116 and
HEK293 cell lines generate similar impedance deviations in 1XPBS solution, while a
distinctive difference in impedance deviations occurs in solutions with a concentration
as low as 0.1XPBS.

When the medium conductivity is lower than the cell conduction, more current passes
through the cell and the impedance shift is negative. Thus, more information about
the cell type is collected and diagnostic sensitivity is increased. In 200mM sucrose
solution, there is a distinctive impedance deviation difference between cancerous
lymphocyte cells and healthy blood cells. The range in which the produced system
has the highest sensitivity in distinguishing healthy blood cells is the frequency range
of 0.1kHz and 10kHz.

Systems with separation and impedance analysis with dielectrophoresis have also
been produced and it has been recorded in experimental studies that K562 cells are
directed by this system and collected at the stations. In order to measure the
separation efficiency of the final system, each cell type integrated into the system
should be labeled with a different color fluorescent dye and monitored under a

fluorescent microscope. Besides, the cells collected from the outlets after separation
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with dielectrophoresis should be counted by flow cytometry and the separation

efficiency should be demonstrated.

The impedance shift recorded at a certain frequency offers the possibility of diagnosis
for the target cell type and stage. Characterization of cancer cells is critical in drug
tests, the mechanism of the drug and understanding of cell biology. It is possible to
monitor, diagnose and improve the effects of different chemical and drug

concentrations on the cell with the system developed with this project.

In this study, it is also aimed to produce two different on-chip organ models. Some
methods determined based on the literature (APTES and PC membrane adhesion to
PDMS microchannels) were found to be inapplicable during our study and the
methods applied in various steps were changed.

Microfluidic systems, which have metal electrodes on the lower and upper surfaces
of the microchannel and which have a membrane in the center, are successfully
produced for the organ-on-a-chip platforms. Satisfactory results were determined
especially on the kidney-on-a-chip application, and the increase in the tight junctions
of the cell cultures in the microfluidic system under dynamic conditions was recorded
by electrical measurements. Although there is some loss of cell viability initially in
dynamic conditions in kidney-on-chip, it is seen that cell viability is rapidly recovered
and increased. Although the cell concentrations are the same, the resistance values
obtained from the cells under dynamic conditions are 7 times higher than the static
conditions. This indicates that cell differentiation takes place and tight junctions are

formed.

In the lung-on-a-chip systems, two different cell types have been successfully cultured
together. Viability and cell barrier resistance values were recorded under static and
dynamic conditions. When MTT test results were examined, cell viability in static
conditions remained lower for the first 24 hours compared to dynamic conditions, and
cell viability showed close values for static and dynamic conditions at the end of 48
hours as seen in kidney application. In experiments performed with the renewed
design on the lung-on-a-chip system, the TEER values taken for static and dynamic
conditions indicate that the resistance value read from the cell barrier is higher than
the dynamic conditions, and that the tight junctions between the cells is higher than

the static conditions and shows that the cell differentiation has occurred.

The three-dimensional microfluidic tissue/organ on-a-chip culture system that we
produced as a project output has been developed as a prototype product and is a

technology platform that can be used in different fields such as tissue development,
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organ physiology, drug screening and development research, molecular transport
mechanisms, toxicity testing and biomarker identification. It will significantly contribute
to the development of researchers and knowledge in the field, especially in terms of
drug development, shortening the process of market launching of the final drug and
personalized treatment, and will create new projects and collaborations for the

product.
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APPENDIX A: Characteristic Properties Of Cell Lines Used in Thesis

Table A 1 : HL-60.

Organism
Tissue

Cell Type
Morphology
Culture
Properties
Biosafety
Level
Disease

Karyotype

Receptor
Expression
Oncogene
Tumorigenic

Images

Homo sapiens, human
peripheral blood
promyeloblast
lymphoblast-like

suspension

1

acute promyelocytic leukemia

The stemline chromosome number is pseudodiploid with the 2S
component occurring at 6.2%. Five markers (M2 through M6) were
common to most S metaphases. DM's, which varied in numbers per cell,
occurred in all metaphases karyotyped. HSR chromosomes were not
detected.

complement, expressed

Fc, expressed

myc +

Yes
ATCC Number: CCL-240
Designation:  HL-60

Scale Bar = 100pm

o ° 5 T
Low Density Scale Bar=100pm  High Density
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Table A 2: Jurkat (Clone E6-1).

Organism
Tissue

Cell Type
Morphology
Culture
Properties
Biosafety
Level
Disease
Karyotype

Receptor
Expression
Antigen
Expression
Images

Homo sapiens, human
peripheral blood

T lymphocyte
lymphoblast
suspension

1

acute T cell leukemia

This is a pseudodiploid human cell line. The modal chromosome number is
46, occurring in 74% with polyploidy at 5.3%. The karyotype is 46,XY,-2,-
18,del(2) (p21p23),del(18) (p11.2). Most cells had normal X and Y
chromosomes.

T cell antigen receptor, expressed

CD3; Homo sapiens, expressed

ATCC Number: TIB-152
Designation:

Jurkat (Clone Eé-1)

@ o R

Low Density

Scale Bar = 100pm

N % hdand
Scale Bar=100um  High Density
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Table A 3 : Daudi.

Organism
Tissue

Cell Type
Morphology
Culture
Properties
Biosafety
Level
Disease
Karyotype

Receptor
Expression
Tumorigenic

Homo sapiens, human
peripheral blood

B lymphoblast
lymphoblast
suspension

2 [Cells contain Herpesvirus]

Burkitt's lymphoma

Male human karyotype with stemline number of 46. The karyotype is
diploid in 66% of the cells and is stable within the stemline. Note:
Cytogenetic information is based on initial seed stock at ATCC.
Cytogenetic instability has been reported in the literature for some cell
lines.

complement, expressed

Fc, expressed

Yes, in nude mice; forms colonies in agarose

Table A 4: THP-1

Organism
Tissue

Cell Type
Morphology
Culture
Properties
Biosafety
Level
Disease
Receptor
Expression
Antigen
Expression
Genes
Expressed

Images

Homo sapiens, human
peripheral blood
monocyte

monocyte

suspension

1

acute monocytic leukemia
complement (C3), expressed
Fc, expressed

HLA A2, A9, B5, DRw1, DRw2

lysozyme,HLA A2, A9, B5, DRw1, DRw2

ATCC Number: TIB-202
Designation:  THP-1

High Density

Low bensity Scale Bar = 100um
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Table A5: HCT-116.

Organism
Tissue
Morphology
Culture
Properties
Biosafety
Level
Disease

Karyotype

Genes
Expressed
Tumorigenic

Images

Homo sapiens, human
colon
epithelial

adherent

1

colorectal carcinoma

The stemline chromosome number is near diploid with the modal number
at 45 (62%) and polyploids occurring at 6.8%. The markers 10g+ and
t(?8p;18q) are present in all metaphases and t(9q;?16p-), in 80% of the
cells karyotyped. N16 is monosomic in the presence of, but disomic in the
absence of t(9q;?16p-). N10 and N18 are monosomic and other
chromosomes from those mentioned above are disomic. Q-band
observations revealed the presence of the Y chromosome, but not in all
cells (50% of cells lacked the Y in G-band karyotypes).

carcinoembryonic antigen (CEA) 1 ng per 108 cells per 10 days.

Yes

ATCC Number: CCL-247
Designation: HCT 116

| hreashe=, a o) 2 -
Low Density Scale Bar = 100um

High Density ‘Scale Bar = 100um
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Table A 6 : Hela.

Organism
Tissue
Morphology
Culture
Properties
Biosafety
Level
Disease

Karyotype

Gene
Expressed

Virus
Susceptibility

Images

Homo sapiens, human
cervix
epithelial

adherent

2 [Cells contain human papilloma virus]

adenocarcinoma

Modal number = 82; range = 70 to 164.

There is a small telocentric chromosome in 98% of the cells. 100%
aneuploidy in 1385 cells examined. Four typical HeLa marker
chromosomes have been reported in the literature. HeLa Marker
Chromosomes: One copy of MI, one copy of M2, four-five copies of M3,
and two copies of M4 as revealed by G-banding patterns. M1 is a
rearranged long arm and centromere of chromosome 1 and the long arm
of chromosome 3. M2 is a combination of short arm of chromosome 3
and long arm of chromosome 5. M3 is an isochromosome of the short
arm of chromosome 5. M4 consists of the long arm of chromosome 11
and an arm of chromosome 19. Note: Cytogenetic information is based
on initial seed stock at ATCC. Cytogenetic instability has been reported
in the literature for some cell lines.

Lysophosphatidylcholine (lyso-PC) induces AP-1 activity and c-jun N-
terminal kinase activity (JNK1) by a protein kinase C-independent
pathway. The cells are positive for keratin by immunoperoxidase
staining.

Human adenovirus 3

Encephalomyocarditis virus

Human poliovirus 1

Human poliovirus 2

Human poliovirus 3

ATCC Number: CCL-2
Designation: Hela

B

Scale Bar = 100pm Scale Bar = 100pm

High Density
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Table A 7 : HEK293.

Organism Homo sapiens, human
Tissue embryonic kidney
Morphology epithelial

Culture' adherent

Properties

Biosafety 2 [Cells contain adenovirus]
Level

This is a hypotriploid human cell line. The modal chromosome number
was 64, occurring in 30% of cells. The rate of cells with higher ploidies
was 4.2 %. The der(1)t(1;15) (q42;913), der(19)t(3;19) (q12;q13),
der(12)t(8;12) (q22;p13), and four other marker chromosomes were

Karyotype common to most cells. Five other markers occurred in some cells only.
The marker der(1) and M8 (or Xg+) were often paired. There were four
copies of N17 and N22. Noticeably in addition to three copies of X
chromosomes, there were paired Xg+, and a single Xp+ in most cells.
Receptor . .
E . vitronectin, expressed
xpression

Tumorigenic Yes

ATCC Number: CRL-1573
Designation: 293

Images

Low Density Scale Bar = 100pm High Density Scale Bar = 100pm
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Table A 8 : MDA-MB-231.

Organism
Tissue
Morphology
Culture
Properties
Biosafety
Level
Disease

Karyotype

Antigen
Expression
Tumorigenic

Homo sapiens, human
bone marrow
lymphoblast

suspension

1

chronic myelogenous leukemia (CML)

The stemline chromosome number is triploid with the 2S component
occurring at 4.2%. Fifteen markers (M1 and M(15)) occurred in nearly all
S metaphases. Spontaneous non-specific dicentrics occurred, but rarely.
Unstable markers were also rarely seen. The X was disomic, and N9 was
nullisomic.

CD7 (25%)
Yes

ATCC Number: CCL-243 ™
Designation: K-562

Images
Low Dnshy Scale Bﬂf=1um H}g ei A Scale Baf=1v
Table A 9 : Hacat.
Organism Homo sapiens, human
Tissue skin (epidermis)
Cell type keratinocyte
Cobblestone appearance; cells are rounded, not flat; cells display a high
Morphology mitotic index; at near 80% confluence, the cells will be associated with
each other in colonies.
Culture' adherent
Properties
Biosafety
1
Level
Disease normal
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Table A 10 : RPTEC.

Organism
Tissue

Cell type
Morphology
Culture
Properties
Biosafety
Level

Karyotype

Antigen
Expression

Images

Homo sapiens, human

Renal cortex; proximal tubules, epithelium

Epithelial cells immortalized with pLXSN-hTERT retroviral transfection
Epithelial-like

adherent

2 [Cells contain SV40 viral DNA sequences]

The stemline chromosome number is triploid with the 2S component
occurring at 4.2%. Fifteen markers (M1 and M(15)) occurred in nearly all S
metaphases. Spontaneous non-specific dicentrics occurred, but rarely.
Unstable markers were also rarely seen. The X was disomic, and N9 was
nullisomic.

The RPTEC/TERT1 cells express both Aminopeptidase N (verified at
ATCC) and y-Glutamyl Transferase (GGT) that are located in the brush
border of th renal proximal tubular epithelium.
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Table A 11 : NCI-82.

Organism
Tissue
Morphology
Culture
Properties
Biosafety
Level
Disease

Karyotype

Receptor
Expression
Oncogene
Tumorigenic

Homo sapiens, human

lung; derived from metastatic site: pleural effusion

epithelial

aggregates in suspension; the cells grow in very large aggregates, and
the aggregates are the only viable cell population

1

carcinoma; small cell lung cancer

This is a near triploid human cell line. The modal chromosome number is
58, occurring at 44% with polyploidy at 3%. Marker chromosomes
der(1)t(1;709p13;p11), t(13g;?HSR;15q) and der(190t(19;?)(q13.4;?)
were common to most cells., There were two distinct subpopulations
readily distinguished by karyotype. Besides uniform changes in the
numbers of copies of some normal chromosomes, one population had
der(3)t(3;20)(p11;p11?), t(3919p), i(7q) and a minute chromosome of
unknown origin., The other had t(1q17p), del(1)(g21),
der(3)t(3;7)(p12;q11) plus two other markers. Each cell had two copies
of a normal X chromosome. The Y chromosome was not detected in Q
banded preparations.

Insulin-like growth factor Il (IGF I1); atrial natriuretic peptide (ANP)

myc +; myb -; raf +; ras +; fms +; fes +
Yes
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Table A 12 : MRC-5.

Organism
Tissue

Cell type
Morphology
Culture
Properties
Biosafety
Level
Disease

Karyotype

Antigen
Expression

Virus
Susceptibility

Images

Homo sapiens, human
lung

fibroblast

fibroblast

adherent

1

Normal

Chromosome Frequency Distribution 50 Cells: 2n = 46. This is a nhormal
diploid human cell line with 46,XY karyotype. The modal chromosome
number was 46, occurring in 70% of cells. The rate of polyploidy was
3.6%. Both X and Y chromosomes were normal. Note: Cytogenetic
information is based on initial seed stock at ATCC. Cytogenetic
instability has been reported in the literature for some cell lines.

CD7 (25%)

Human poliovirus 1

Herpes simplex virus

Vesicular stomatitis, Glasgow (Indiana)
Vesicular stomatitis, Orsay (Indiana)

ATCC Number: CCL-171
Designation:

MRC-5

Low Density Scale Bar = 100pm High Density Scale Bar = 100pm
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