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ABSTRACT

This work demonstrated a novel microfluidic device based on direct current (DC)
insulator based dielectrophoresis (iDEP) for trapping individual mammalian cells in a
microfluidic device. The novel device is also applicable for selective trapping of weakly
metastatic mammalian breast cancer cells (MCF-7) from mixtures with mammalian
Peripheral Blood Mononuclear Cells (PBMC) and highly metastatic mammalian breast
cancer cells, MDA-MB-231. The advantage of this approach is the ease of integration of
iDEP structures in microfliudic channels using soft lithography, the use of DC electric
fields, the addressability of the single cell traps for downstream analysis and the
straightforward multiplexing for single cell trapping. These microfluidic devices are
targeted for capturing of single cells based on their DEP behavior. The numerical
simulations point out the trapping regions in which single cell DEP trapping occurs. This
work also demonstrates the cell conductivity values of different cell types, calculated
using the single-shell model. Low conductivity buffers are used for trapping experiments.
These low conductivity buffers help reduce the Joule heating. Viability of the cells in the
buffer system was studied in detail with a population size of approximately 100 cells for
each study. The work also demonstrates the development of the parallelized single cell
trap device with optimized traps. This device is also capable of being coupled detection

of target protein using MALDI-MS.
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CHAPTER 1

INTRODUCTION

Conventional biological studies are usually carried out with large cell populations,
thus preventing assessment of cell cycle dependent states or inhomogeneous responses to
external stimuli. However, accessing the information inherent to single cells will allow us
to resolve such heterogeneity and eventually improve the understanding of enduring
problems in molecular biology, cancer diagnostics, pathology and therapy. Essential for
integrated single cell analysis is the manipulation, navigation, stimulation, lysis and
analysis of individual cells. Microfluidic platforms have become an important tool for
single cell analysis [1-5], as they allow constructing fluidic channels in dimensions
adopted to pico and femtoliter volumes and thus manipulate the volume of single
mammalian cells with minimal dilution errors. Single cell traps should however, not only
allow spatial localization of single cells, but also create micro-reaction chambers, where
reactions with stimuli can take place and subsequent lysis can be performed. Hence,
microfluidic single cell traps should be individually addressable via inlet and outlet
channels and be able to transport single cell lysate to downstream separation and analysis.
Ideally, single cell traps should also have the potential to be parallelized to improve

statistical significance of single cell analysis.

Positioning of particles and cells in agueous solutions has been a subject of
intense investigation [6]. Various forms of manipulations have been studied for particle
and cell trapping based on optical [7], magnetic [8-10], electric [11-13], hydrodynamic

[14] and ultrasound [15, 16], as well as approaches based on adhesion differences [17].
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Single cell manipulation devices have been demonstrated as summarized elsewhere [4, 5,
18-21]. Dielectrophoresis (DEP) is an electrokinetic technique which is capable of
manipulating a wide variety of particles and cells [22, 23]. It has also become a versatile
tool for trapping single cells. A variety of efficient designs have been realized in the past.
Earlier studies focused on modeling single particle traps [12] and the application of single
particle trapping with microspheres [24]. 3D arranged electrode designs have been
proven to be versatile for trapping individual cells [25] and for contact-less cultivation of
single cells using DEP [26]. More recently, effective DEP cages were realized with
circular ring electrodes [27] to trap single cells. Trapping of an osteoblast-like cell has
been demonstrated with similar techniques [28]. Other applications include the
development of massively parallel single cell traps [29] and saw tooth electrode designs
to capture single cells in a microfluidic channel [30]. Moreover, DEP has been used in
combination with electrothermal effects [31], hydrodynamic forces [32] or cultivation in
microwells [33]. Metal-coated micrometer sized glass tips could also be employed as

dielectrophoretic tweezers to capture single cells [34].

Several studies have demonstrated the use of DEP to selectively manipulate
analytically and clinically relevant cell types such as bacteria or cancer cells.
Traditionally, DEP has been employed using microelectrodes and alternating current
(AC) electric fields for studying DEP trapping behavior, demonstrating differences in
DEP response of cell types such as dead versus live cells [35-38]. While single cell
manipulation devices have been well demonstrated, the creation of a device capable of

distinguishing a variety of different cell types combined with subsequent molecular
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studies on the single cell level is still a major challenge. A prominent example for
required selectivity with rare cells is the investigation of circulatory tumor cells in blood,
which are of diagnostic relevance but are vastly outnumbered by normal cells [39-41].
Analytical applications of cell DEP thus include, but are not limited to, DEP-field-flow-
fractionation (DEP-FFF) for a variety of cells [42, 43] or dielectrophoretically activated
cell sorting (DACS) [44-47]. Kim et al. [48] have used DACS for separation of mouse
embryonic carcinoma (P19EC) cells from red blood cells. They have also demonstrated
separation of human MDA-435 breast cancer cells from T-lymphocytes by DEP-FFF

using a rectangular chamber with microfabricated interdigiated electrodes [43].

Application of DEP for mammalian cell sorting was mainly realized in
miniaturized electrode designs; however, electrode fouling imposes a limitation on the
lifetime of the devices. Cummings and Singh [49] introduced the insulator-based
dielectrophoresis (iDEP) technique where insulating posts are used to generate a non-
uniform electric fields within microfluidic channels. This is a relatively new technique
and mainly focused on particle [50-52] and microbe manipulation such as bacteria [37,
53], yeast cells [54] or spores and viruses [51]. Chen et al. [38] have demonstrated
selective trapping of live mammalian HelLa cells in an open-top iDEP device using an AC
field. Further, Kang et al. [55] have demonstrated separation of different sized white
blood cells from human breast cancer cells (MCF-7) using DC iDEP. Lapizco-Encinas et
al. [56] have recently demonstrated the differential DEP behavior between yeast and

bacteria exploiting their cellular structure differences. A variation of iDEP was



demonstrated by Jones et al. [57] with a DC iDEP device consisting of saw tooth shaped

insulators along the walls of a microfluidic channel to capture red blood cells.

A recent development in the field of dielectrophoresis is contactless
dielectrophoresis (cDEP). In this technique, electrodes are isolated from the main fluidic
channel by a thin membrane and capacitive coupling is used to provide the necessary
electric field gradients. Shafiee et al. [58] used this technique to separate dead and live
THP-1 human leukemia monocytes as well as isolate MDA-MB-231 from MCF-7 and
MCF-10A by altering the frequency of an AC field [59]. More recently, the same group
used this technique to determine the membrane capacitance of blood cells, macrophages,

breast cancer cells and leukemia cells [58, 60].

The detection and quantification of proteins in individual cells in high throughput
is of enormous biological and clinical significance. Current methods require the
measurement of a large cell population or are limited to the investigation of few cells at a
time. Yang et al. [61] demonstrated the combination of a PDMS-based microfluidic
device with matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) that could detect 300 molecules at the peptide level and ~10° - 10’
molecules at the protein level. This reported detection limit is close to the requirements of

analyzing protein and peptides originating from few or even single cells.



1.1  Dissertation objective

The purpose of this dissertation is to demonstrate the development and
significance of a novel microfluidic device which is a combined platform for trapping
single cancer cells utilizing DC iDEP, followed by downstream MALDI MS analysis of
target proteins. The complete platform for the novel device is given in Figure 1.
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Figure 1: Complete microfluidic platform for single cell trapping and target analyte analysis. Single cells
are trapped at desired locations followed by manipulation with lysing agents. Affinity capture region
captures the target protein followed by mixing with MALDI-MS matrix for analysis.

As shown in Figure 1, the device is the complete microfluidic platform for
trapping a single cell and analyzing target proteins. This thesis is based on the trapping of
a single cancer cell at a desired location followed by manipulation of the cell. The design
of the device addresses the ease of integration of iDEP posts inside the microfluidic

channels using soft lithography. The novel device consists of four channels forming an
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intersection where insulating post(s) deform the electric field gradient and thus invoke
DEP. Several devices were designed for invoking negative DEP (n-DEP) or positive DEP
(p-DEP) at the intersection of the channel by altering the post geometries. The novel
device was successful in trapping a single mammalian MCF-7 cancer cell and also
selective trapping of MCF-7 cells from a mixture with another type of breast cancer cell,

MDA-MB-231, and peripheral blood mononuclear cells.



CHAPTER 2
DIELECTROPHORESIS AND GOVERNING

ELECTROKINETIC EFFECTS

Several forces act upon a polarizable particle suspended in a conductive medium
with the application of an electric field. The electrophoretic velocity is due to the charge
of the particle and is negligible for uncharged particles. The dielectrophoretic force on the
particle is due to the polarization effects on the particle and the medium. These forces
govern the resultant velocity of the particle with respect to the medium in the
microfluidic channel. Other contributing factors are Brownian motion and pressure
gradient flow in the channel due to uneven fluid volumes in the reservoirs. The latter can
be reduced by using equal volumes of fluid in the reservoir. For particles with a large
radius like cells, Brownian motion can be neglected with respect to the other forces for

simplification.

Electrophoresis is a common electrokinetic separation technique [62]. Itis a
phenomenon where the charged particles move along the electric field lines. For example
in Figure 2, the negatively charged particle (A) moves toward the positive electrode
whereas the neutral particle (B) remains stationary because the force acting on the
particles from both positive and negative electrodes are equal in magnitude and opposite

in direction.
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Figure 2: Effect of a uniform electric field on charged particles A and C and a neutral particle B depicting
movement of the charged particles along electric field lines while the neutral particle remains stationary.

The electrophoretic mobility on a particle of radius r is as follows:

q
6mnr

(1)

Upgp =

where n is medium viscosity and q is particle charge. The separation techniques exploit
the difference in charge g and size r of particles for differential migration of particles
through a medium. The electrophoretic velocity of the particle vgp in electric field E is as

follows:

Vep = UppE ()

It is important to consider the electrical double layers on the surface of the particle
which alters the effective net charge on the particle [63] along with that of the channel

wall. Electrophoretic separation experiments starts with localized injection of a sample at
8



the start of the separating medium. When an electric field is applied, analytes having
different electrophoretic mobilities migrate with different velocities (Eq. 2) and separate
in space. Spatial detection of the separated species is performed with imaging techniques
(whole column scans or staining techniques) or temporal detection by fixed point
detectors (absorbance, fluorescence, etc.) where migrating species pass at different times

[64, 65].

In addition to electrophoresis, the walls of systems with small cross sections
produce electroosmotic flow (EOF). Polydimethylsiloxane (PDMS) substrate is used for
making microfluidic devices described in this work. Prior to assembly, the PDMS is
plasma treated and then covalently bonded to a plasma-treated glass surface to form a
well-sealed microfluidic channel. Plasma treatment of the PDMS generates negative
charges on the surface. This is due to the de-protonation of the silanol groups of the

PDMS walls. [66].

These negative charges on the PDMS surface attract the counterions from the
buffer. The ions directly attached to the surface of the PDMS wall and form an immobile
layer called the Stern layer. The mobile layer is called the diffusive layer and contains
ions of both charges but enriched in one, depending on the surface charge. The two layers
combined form the electric double layer or Debye layer (Ap). Figure 3A shows the Stern
model of the electrical double layer. When an external electric field (E) is applied to a
microchannel filled with a buffer the charge on the Debye layer gets accelerated across
the channel as shown in Figure 3B. These ions migrate towards the cathode, moving the

bulk solution by viscous drag.



Stern layer

A) P! Digusive layer B) I I | I!

Channel wall
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Figure 3: (A) The immobile layer formed at the immediate vicinity of the PDMS wall is the Stern layer.
The other layer is mobile and denoted the Diffusive layer. The electrostatic potential decreases linearly
through the stern layer and then exponentially (as indicated by the black line). (B) Scheme showing the
electroosmotic velocity profile of the fluid. Upon application of an electric field, a bulk flow arises
exhibiting a flat velocity profile.

The shear force in the liquid leads to the electroosmotic bulk flow in the channel.

The electroosmotic velocity vgqp, is given by the Smoluchwski equation:

E ¢
VEoF = %dg (3)

where ¢ is the zeta potential, &,,,.4 IS medium permittivity, and n is the medium viscosity.
In a microfludic channel of length L, the vy, is given as:

Vgor = T (4)

where t is the time required for the fluid to travel a distance L. The EOF mobility (uzor)

is given as:
10



VEeor
= 5
HEoF E ()

The electric field E, is given as:

vV
E=— 6
T (6)
where V is the potential applied. Combining Eq. 5and 6, the ugr is given as:
LZ
- 7
HEoF vt ()

This equation is used to determine EOF in the device using well defined parameters and

applied potentials.

2.2  Dielectrophoresis of spherical particles

The term “Dielectrophoresis” was coined by H. A. Pohl [67] . It is derived from
the Greek word for force meaning “Phoresis” and “Dielectric” which is polarizable
material. Pohl derived it from the term “electrophoresis” which is used to describe the
motion of electrically charged particles. Dielectrophoresis (DEP) is the translational
motion of polarizable particles caused by polarization effects in a non-uniform electric
field. For example in Figure 4A, the polarized particle moves toward the region of high
electric field gradient, termed positive DEP (p-DEP). In Figure 4B, the particle moves

toward the region of low electric field gradient, termed negative DEP (n-DEP).
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HighVE? B) High VE?

Low VE? Low VE?

Figure 4. Effect of a non-uniform electric field on polarizable particles. Electrodes of different geometry
create the non-uniform electric field. Electric field lines are shown as black lines. The color legend
describes the electric field gradient squared (VE?) distribution in the area between the electrodes. (A) A
polarized particle moves toward the high electric field gradient, expressing p-DEP. (B) A polarized particle
moves toward the low electric field gradient, expressing n-DEP.

Applied electric fields induce dipole movement and thereby induce an electric
field along polarizable particles. The DEP force is exploited in different ways to achieve
sample separation. It is an excellent approach to target the intricate parameters of the

polarizability, in contrast to other electrokinetic techniques that target charge and size.

A) B) High VE*

Deposited

metal electrode
Substrate Substrate

Low VE?

Figure 5: (A) Cross section of a microfluidic channel with metal deposited on the substrate surface. (B)
Simulation of the electric field gradient squared value along the cross section of the channel. The color
legend describes distribution around metallic posts.
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Microelectrode-based dielectrophoresis is a widely used technique in microfluidic
devices. The microelectrodes are generated by metal deposition on the substrate of the
microfluidic device (Figure 5A). The electric field gradient varies along the depth of the

channel (Figure 5B).

Insulator-based dielectrophoresis (iDEP) generates the non-uniform electric field
due to the presence of insulators inside the fluidic channel as shown in Figure 6. The

geometry of the insulating posts affects the distortion of the electric field.

High VE?
A)
2
: — ) 7 /
Low VE?

Figure 6: (A) Top view of a microfluidic channel with cylindrical insulating posts. The height of the
insulating posts is the same as the channel wall. (B) Horizontal cross section of the channel showing
electric field lines curving around insulating posts. (C) Simulation of the cross section of the channel
depicting the VE? distribution around the insulating posts.

As evident from Figure 6A, the insulating posts are of the same height as that of
the substrate wall. The electric field lines curve around the insulating posts thereby

invoking the non-uniform electric field (Figure 6B). This non-uniform electric field

invoked around the insulating posts remains unchanged along the depth of the

13



microfluidic channel. Figure 6C shows the horizontal cross section of the channel with

the application of an electric field.

Dielectrophoresis is the translational motion of polarizable particles caused by
polarization effects in a non-uniform electric field. The DEP force on a lossless dielectric
spherical particle of radius r suspended in a medium with permittivity &,,.4 , IS given as

[67, 68]:
F = 2memeqeor fom VE? 8

The f is termed the Clausius-Mossoti factor and is given as:

*

&, —¢€
D med
— P "med 9
fem & 2e 9)

where &, is the complex permittivity of the particle and &7,,, medium permittivity. The

complex permittivity of a material is given as:
= g— — (10)

Under DC conditions, the frequency dependent terms tend towards zero and f,, can be

expressed in terms of the conductivities of the particle and medium:

. Op — Omed
Op + 20mea

fem (11)

where gy, is particle conductivity and o,.4 is medium conductivity. The sign of the f¢y
indicates whether the particle will express n-DEP or p-DEP. Particles with higher

14



conductivity than the medium will express p-DEP and particles with lower conductivity

than the medium will express n-DEP.

The DEP velocity vpgp for a spherical particle can be derived by balancing the

frictional force on the spherical particle with the DEP force [50, 69] and is given as:

F
Upgp = 7 (12)
where f is the frictional factor of a spherical particle with radius r in a medium with

viscosity 7:
f = énnr (13)
Substituting Eq. 8 with f from Eq. 13, one obtains:
Vpep = UpgpVE? (14)

where upep is the DEP mobility of the particle. The DEP mobility can thus be expressed
as:

rzgmed &ofcm (15)

Upep = 37

In order to achieve immaobilization of a particle due to DEP, its contribution to the
particle’s motion must overcome other transport mechanisms such as diffusion and
electrokinetic transport (electrophoresis and electroosmosis). For the microfluidic
systems considered in this work, it is assumed that the main contribution to the particles

flux (J) along the microchannel arises from electrokinesis (electrophoresis and
15



electroosmosis), dielectrophoresis and diffusion. Diffusion of the cells is neglected due to
their larger size and lower diffusion coefficients. The condition for immobilization is that
the flux of the particles along the electric field is zero at the trapping regions. This is

given as [50]:

J'E=0 (16)

The flux of the particles is given by:

] = clvgx + Veor] (17)

Combining Eg. 17 and 16, one obtains:

c[vgk + vpep] "E=0 (18)

where c is the concentration of the particles. Replacing the velocities with the

corresponding mobilities:

c[ugkE — upgpVE?*] =0 (19)

Rearranging Eq. 19, one obtains:

VE?
() g = @
EK
For DEP trapping:
VE?
(’LDEP)F-E > 1 (21)
EK
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Eq. 21 is used for the determination of the DEP trapping condition of particles and cells

in the microfluidic channels.

2.2 1. Dielectrophoresis of Cells

The cell is a complex entity with a conductive membrane and highly conductive
cytosol. Models used to predict the conductivity of polystyrene spheres cannot be
applicable to cells. Also, models that consider the cell as one conductive entity
(Protoplast model) cannot be applicable as there is a substantial difference between the
cell membrane and the cytosol conductivities. It is therefore important to determine the
conductivities of the cell for understanding the trapping behavior in the device.
Determination of the cell conductivity is also important for the explanation of the
differential trapping behavior between cell types. MCF-7 and MDA-MB-231 cancer cells
have similar size and shape and are both mammalian breast cancer cells with metastatic
tendencies. The differential trapping of these two types of cancer cells is due to

differences in their cell conductivities (Table 2) predicted by the single shell model.
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E:

mem

Figure 7: The concentric outer shell and inner core have permittivities ep,.,,, and &¢,,, , respectively. The
particle radius is 1;,, and the core radius is 7;y¢,.

This model can be used to determine the cell conductivity by considering the cell to be
composed of two concentric layers [68]:the cytosol as a dielectric sphere covered with a

cell membrane of uniform thickness, as shown in Figure 7.

The dielectric permittivity value of &, s g1e—sneu» replaces g,  in the Clausius-

Mossotti factor Eq. 9[68].

3 * *
Ttot Ecyto — €mem
T, +2 Ervio T 285,
cyto cyto mem

* *

&y ¢ =&
p,single—shell mem 3 * o
( Ttot ) _ ( gcyto Emem >
* *
gcyto + ngem

(22)

Teyto

For DC conditions, the corresponding permittivities are replaced by the conductivities of

the cell. The cell conductivity (0, singie—snen) IS thereby given as:

18



3
(rtot ) +2 ( Ocyto — Omem )
Teyto Ocyto + 20mem

Op,single—shell = Omem

(rtot )3 _ ( Ocyto — Omem )
rcyto acyto + 2O-mem
The Clausius-Mossotti factor becomes:

Op,single—shell — 2 Omed

foem =

Up,single—shell +2 Omed

This model is used for predicting the total cell conductivity in this work.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Chemicals

Sodium phosphate dibasic, potassium phosphate mono- basic, acetone, glycerol
and isopropyl alcohol were from Sigma-Aldrich, USA, as well as 4-(2-hydroxyethyl)-1-
piper-azineethanesulfonic acid (HEPES) and poly(ethylene glycol)- block-poly(propylene
glycol)-block-poly(ethylene glycol) with brand name Pluronic F108. Polystyrene beads
of 10 um diameter (1% wi/v in aqueous suspension) were purchased from Spherotech,
USA. Tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane (TDTS) was from Gelest,
USA. Poly(dimethy- siloxane) (PDMS, Sylgard 184) was obtained from Dow Corning,
USA and glass microscopy slides were purchased from Fisher Scientific, USA. SU-8
developer solution and SU-8 photoresist were obtained from Microchem, USA. D-(+)-
Trehalose dihydrate was purchased from MP Biomedical, USA. Tridecafluoro-1,1,2,2-

tetrahydrooctyl trichlorosilane (TDTS) was from Gelest, USA.

3.2  Cell Types and Culture

MCF-7 breast cancer cells and PBMC were cordially provided in 1X PBS
medium from the Lake-group at Arizona State University (School of Life Sciences,

Tempe, USA). MDA-MB-231 breast cancer cells were cordially provided in 1X PBS
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medium from the Ros group at Arizona State University (Department of Physics, Arizona

State University, Tempe, USA)

MCEF-7 cells (ATCC, Manassas, VA) were cultured in a solution of Eagle’s
Minimum Essential Medium (EMEM) (ATCC, Manassas, VA) with L-Glutamine, 10%
(volume) fetal bovine serum (ATCC, Manassas, VA) and 0.01 mg/mL of bovine insulin
(Sigma) and used for experiments 120 h after passaging. In addition, MDA-MB-231 cells
transfected with the fluorescent protein dTomato (received from Owen McCarty, Oregon
Health & Science University) were cultured in a solution of 10% (volume) fetal bovine
serum (ATCC, Manassas, VA) and Dulbecco’s Modified Eagle Medium (DMEM) with
D-Glucose and L-Glutamine (Gibco, Invitrogen) and used for experiments 72 hours after
passaging. The cells were stripped from the growth medium with a trypsin-based

stripping solution and suspended in 1X PBS buffer.

The Peripheral Blood Mononuclear Cells (PBMC) samples contain mainly B-
lymphocytes, T-lymphocytes and Natural Killer (NK) cells. The whole blood sample is
diluted with 1X PBS (Mediatech) to twice its volume. Separating media (Ficoll, GE
Healthcare) is added and mixed slowly. The blood is centrifuged at 25°C for 35 min at
1900 RPM in a Beckman Coulter Alegra (X-15R) centrifuge. Four distinct layers are
formed after the centrifugation process. The second layer is aspirated out using a
serological pipette. This layer is washed three times with 1X PBS at 1200 RPM at 4°C
for 10 min. In the final step, the supernatant is aspirated out and the cell pellet is re-

suspended in the working buffer.
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3.2.1 Cell Viability Test

MCF-7 breast cancer cells, B-lymphocytes and MDA-MB-231 cancer cells were
supplied in PBS medium. 25 ml of a PBS cell solution contained ~6 million MCF-7 cells
and 3x10’ B-lymphocytes. 10 ml of the MDA-MB-231 PBS cell solution contained ~2
million cells. Exchange to the working buffer (30 mM HEPES/120 mM trehalose, pH =
5.1, ojneq= 12.5 uS/cm) was performed by centrifugation (5 min at 1000 RPM) and
replacement of supernatant with the corresponding buffer, followed by re-suspension.
Ethidium homodimer-1 (EthD-1) and Calcein—AM kit (Life Technologies, USA) were
used as dead/live cell stains. Cells were suspended in the working buffer of 30 mM
HEPES/70 mM glycerol or 30mM HEPES/120mM trehalose containing 1mM F108
along with the cell staining solution containing 0.05% (v/v) of Calcein—AM and 0.2%
(v/v) of EthD-1 (prepared according to manufacturer’s protocol) and incubated for 20
min. 70 pL of the cell suspension in the above working buffer were placed in the inlet
reservoir corresponding to 2x10*, 8x10* and 1.3x10°> MCF-7, PBMC and MDA-MB-231
cells, respectively. Cell imaging was performed at specific time intervals with potentials
applied to the inlet, outlet, and side channel reservoirs corresponding to the trapping
potentials at random positions. Images were captured using a dual color filter set
(GFP/DsRed-A-000, Semrock, US) in a 1X71 fluorescence microscope (Olympus)
specific for the two cell stains (468/34 nm Ex., 512/23 nm Em. and 553/24 nm EX.,
630/91 nm Em.),. The wavelengths are separated with an Optosplit equipped with a
655/40 nm (FFO1, Semrock, USA) and 510/20 nm band pass filter (FF03, Semrock,

USA) and a dichroic mirror (FF580FDiO1, Semrock, USA) on two spatially different
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regions of the imaging sensor adapted to the emission wavelengths of the two dyes.

Approximately 100 cells within the channel and reservoir were probed to assess viability.

3.3  Chip Fabrication

3.3.1 Photolithography

Soda lime photomasks were designed in AutoCAD (Autodesk, USA) and
manufactured by Photosciences (USA). Photolithography with SU-8 photoresist was used
to fabricate master wafers exhibiting the negative relief of the final microchannel design
as shown in Figure 8. From those, PDMS molds were produced to obtain the final

microchip.

Figure 8: (A) Shows SU-8 spin coated Si—wafer substrate. (B) UV exposure of the SU-8 through a chrome
mask. (C) Development of the non-exposed SU-8 using SU-8 developer, exposed relief features remain on
the wafer.

The Si-wafer was spin coated with the photoresist SU-8 2005 (Microchem) at 500 RPM
for 10 s and then for a further 30 s at 2000 RPM followed by a pre-exposure baking at
64°C for 1 min and 94°C for 3 mins on a hot plate (Torrey Pines, HS40A, USA). UV
exposure with the photomask (Photosciences, USA) was performed on a HTG mask

aligner (Hybrid Technology Group, USA) through the designed mask. The wafer was
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then baked at 94°C for 5 min and subsequently developed in the SU-8 developer solution.
This resulted in a patterned photoresist thickness of 35 um. The finalized wafer was

silanized with TDTS for 30 min under vacuum in a desiccator.

3.3.2 Softlithography

PDMS is used for using fabrication of the chips. For PDMS molding, pre-polymer
was mixed with its curing agent in a 10:1 ratio by weight, poured on the master wafer and

heated at 80°C for ~ 4 h after degassing under vacuum for 30 min, shown in Figure 9.

Figure 9: (A) Shows PDMS coated master wafer (B) Holes are punched at the edges of the straight
channel. These holes are the fluidic reservoirs of the final chip. (C) The final chip assembled after plasma
treatment of the glass and PDMS substrate to form the seal between the two surfaces. The reservoirs remain
open and accessible for fluid manipulation using Pt electrodes dipped in the fluid.

The PDMS mold was then removed and holes with 2 mm diameter were punched
manually at the ends of the channels to create fluid inlets. The PDMS slab and a clean
glass slide (50x25 mm) were treated 30 s in an oxygen plasma oven (PDC-100 Harrick,
Harrick Plasma, US) and assembled immediately after treatment. The cross-section of the

complete chip is shown in Figure 10A).
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Figure 10: (A) Schematics of the cell trapping position in a microfluidic platform consisting of four
channels (not to scale). The enlargement shows an example of the single cell iDEP trap and the insulating
posts at the channel intersection containing teardrop posts designed for positive iDEP. Each channel can be
addressed electronically via electrodes immersed in the channel reservoirs indicated as HV 1-4. (B) Cross-
section of the iDEP trapping device (not to scale). The PDMS microfluidic device is sealed with a glass
slide and electrodes are provided to the microfluidic reservoir with an additional PDMS holder. The liquid
level (dashed line) demonstrates that electrodes are immersed in the solutions contained in the reservoir.
The red rectangle represents the trapping position at the intersection of all four channels.

The assembled chip consists of a cross with four equidistant arm lengths of 0.5
cm and a channel width of 80 um. The insulating post(s) are located within the middle of
the intersection (Figure 10A) and have a base axis length of 35 and 20 um. The base of
the teardrop structures had a length of 25 um at the straight edges and a length of 28 um
for the maximum distance from the round edge to the tip. The distance between the

opposing tips of the two teardrops was 35 pm.

An electrode holder was constructed from an additional PDMS slab of approx. 1
mm thickness holding Pt wires (0.3 mm thickness, Alfa Aesar, USA) in additionally
punched reservoir holes and attached to the PDMS chip. The electrodes were connected

to micro-clamps (LabSmith, USA) and voltages were applied via an HV sequencer
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(HVS448 6000D, Labsmith, USA). The complete device cross-section is shown in figure

10B.

3.3.3 Trapping Experiments

Assembled chips were filled by vacuum suction with corresponding buffer
solutions containing Pluronic F108 at 1 mM concentration serving as a surface coating
agent. The buffer concentration and conductivity were varied and conductivity was
measured with a conductivity meter (Orion 3 Star, Thermo Scientific, USA). Either beads
or cells were added to the inlet reservoir and a steady ramp was applied between inlet and
outlet until trapping of beads or cells was observed. Video sequences of cell and bead
trapping were grabbed with an inverted microscope (IX74, Olympus, USA) in brightfield
with a CCD camera (Quantum 512SC, Photometrics, Tucson, AZ, USA) at a frame rate
of 200 ms using Micro-Manager acquisition software (University of California, San
Francisco, USA, version 1.3). A MCF-7 cell trapping experiment typically lasted 90 s.
For the viability study, the electric field was applied for two periods of 2 min each and
dead/live cell counts were performed after each period. Control measurements were
conducted before and after the electric field application. The control measurement was
conducted with a population of 100 cells at 45 min without application of an electric
field. Each experiment was repeated three times with approximately 100 cells for each

measurement.
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CHAPTER 4
THEORETICAL MODELING

A single cell trap delicately balances between the electrokinetic and
dielectrophoretic forces acting on the particle in the microfluidic devices. The trapping
condition for any particle expressing n-DEP is given in Eq. 21, which depicts the areas
within the device where single cell trapping is possible. COMSOL Multiphysics

software was used to compute the DEP trapping positions of the devices.

C &) o

— L 1

Figure 11: Simulation of tear-drop device with trapping conditions. Potentials were applied to 1, 2, 3and 4
according to the trapping experiment. Color scale bar indicates regions where the trapping condition is
greater than one. Scale bar is 50 pm.

Figure 11 depicts the trapping regions of MDA-MB-231 cells. The applied potentials
at each reservoir (boundary) of the channel were adapted to match our experimental

conditions (see Results section for details). The cells express n-DEP behavior and the
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trapping behavior is well explained using Eq. 21 and the simulation. This device is the
first generation (Generation-1) and has been used successfully for trapping single cancer

cells. A detailed explanation of the COMSOL simulation is given in Appendix 1.

4.2 Generation-1

Initial designs applied for trapping experiments are termed as Generation-1
devices and have been applied to single cancer cell trapping. An ellipsoid device is
designed for particles with n-DEP. AutoCAD design software is used to draw the
geometries of the insulating posts because it gives better control over the geometry
manipulation compared to COMSOL. The inlet, outlet and side channels are specified as
conductive surfaces and the rest of the structure is specified as insulating with no-slip
conditions at the wall. The inlet, outlet and side channels are open boundaries. The
Reynolds number for our system is well below 1 hence the flow is considered creeping

flow. The detailed description of the simulation process is given in Appendix A.
Draw backs of Generation-1:

a) One of the draw backs for the Generation-1 devices is non-selective trapping regions
near sides of the channel walls. The sharp edges of the trapping intersection generate
high VE? values which create non-specific trapping at the edges of the intersection as

shown in Figure 11.
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b) The final design is intended to have parallelized single cell trapping. For statistical
significance of the single cell analysis, parallelized trapping of single cells is
required. The first generation devices fail to address this issue.

c) Addressing the trapping region for manipulating the trapped single cell is required
for further applications. A fifth channel is required which can be used for this
purpose, without disturbing the fluid flow in the rest of the channel. Although a fifth
channel is present in the Generation-1 devices, it fails to give good addressability to

the trapping region.

4.3 Generation-2

Most of the draw backs of the Generation-1 device are addressed in the
Generation-2 devices. The geometry for the entire second generation device was analyzed
and the best structure was used for designing a parallelized trapping device. Insulating
post geometry is critical for optimizing trapping. Several other parameters were
optimized for creating the best single cells traps and preventing non-selective trapping
regions seen in the Generation-1 device. The Generation-2 devices were designed with
rounder outer edges 1, and a round intersection wall. Some of the characteristic features
of the intersection and of the posts that were considered during the development process
are given in Figure 12. The post distance is one of the important factors to be considered
during development of the device. The optimized distance generated the electric field

gradient required for trapping. Also, the distance of the posts from the channel wall
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intersection is important. Distortion of the electric field around the posts also creates
electric field gradients near the channel wall intersection. This results in undesired
trapping conditions near the wall. Curving of the intersection channel walls and placing

the posts at an optimized distance reduces such effects.

* Longitudinal
distance d

o Width: w

*  Quter radiusr,

y . * Inner tip radius:r

\ * Distance bewteen tips: |
w
\ \ *  Distance between tips (Y-axis): y

* Distance of wall to intersection

Figure 12: Parameters considered for developing the optimized single cell trap. The tear drop insulating
posts are considered for the Generation-2 device. Tip geometry and post distance are the two most
important factors considered.

The main aspect of the geometry under consideration is the radius of the tips (r;) of the

tear drop posts. Several geometries were tested and are shown in Tables 1A and 1B.
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Table 1A

Generation-2a Generation-2b Generation-2c¢

Generation-2a to 2c are shown at the channel intersection

Table 1B

Generation-2d Generation-2e Generation-2f

Generation-2d to 2f are shown at the channel intersection

A cutline is drawn across the tips of the tear drop post along the length Ito encompass

high VE2. Figure 13 shows the plot of VE? along the tip of the posts.
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Figure 13: Distribution of VE? along the tip of the tear drop posts. The values are taken along a straight

line touching the inside and areas near the tip with the highest VE? values. The outer posts were
considered, as trapping regions were concentrated along the edges of these posts.

As evident from the plot in Figure 13, Generation-2a gives the highest value of
VE?Z. This geometry was chosen for further simulation for the trapping condition (Eq.
21). The trapping condition was met at the constriction of the intersection near the outlet
of the same geometry (Generation-2a) constructed in COMSOL and AutoCAD (exported
to COMSOL). This was a result of an artifact of the drawing with COMSOL which was
solved by constructing the geometry in AutoCAD and exporting the geometry to

COMSOL.

A modification of this geometry is the application of two tear drop posts instead
of four such posts. This would leave a greater exposed area under the trapped cell which

would facilitate access to the cell by lysing agent and a better unobstructed passage of the
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cell analyte to the side channels for further analysis. The complete geometry of the

trapping device is shown in Figure 14.

A)

“10)

|_|

Figure 14: (A) Complete geometry of the new mask. Straight lines radially protrude out from a central inlet.
Scale bar is 5 um (B) The trapping devices containing four tear drop insulating posts. (C) Trapping devices
with two tear drop insulating posts. Scale bar is 20 um.

The central inlet serves the central pool for cells. The trapping channels radiate
out from this central reservoir. The channels have alternating two posts and four posts
respectively. Individual trapping regions for the cells can be addressed by the side
channels. The fifth channel is curved to optimize the spacing between channel reservoirs.
The device is designed to be coupled with MALDI-MS analysis of a target protein.
Although this device has yet to be tested, it addresses most of the problems of the

Generation-1 device.
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

Microfluidic platforms have become an important tool for single cell analysis as
they are suitable to confine the pico, femto liter single cell analyte with minimal
dilutions. Several studies have demonstrated the use of DEP to trap and manipulate
analyte and relevant cell types such as cancer cells and bacteria. While single cell
manipulation devices have been well demonstrated, the creation of a device capable of
distinguishing a variety of different cell types with subsequent molecular studies on the
single cell level is still a major challenge. The novel microfluidic device demonstrated, is

used for trapping single particle and specifically single mammalian cancer cell types.

The assembled device (Figure 10) was tested for trapping single particles and
single cancer cells. COMSOL simulations were performed with the devices and particle
parameters to predict the trapping conditions using Eq. 21. The novel iDEP devices were
applied for trapping single particles and single cancer cells. These devices were initially
tested for trapping single polystyrene beads in different concentrations of phosphate
buffer. The cells were trapped in a low conductivity buffer which reduced the Joule
heating in the device. The DEP behavior of polystyrene beads was studied in varying
concentrations of phosphate buffer. The beads express n-DEP and single bead trapping
was observed with the ellipsoid device. Trapping of weakly metastatic mammalian breast
cancer cells (MCF-7) was studied and compared to the trapping condition of the highly

metastatic mammalian breast cancer cells MDA-MB-231 and mammalian PBMC. The
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difference in dielectrophoretic behavior was exploited for selective trapping of the
MCEF-7 cancer cells from a mixture with PBMC and MDA-MB-231. A detailed study
was conducted to determine the viability of the cells in the buffer and in the presence of

the trapping electric field.

5.1 iDEP Trap for Single Particles (Polystyrene Beads)

Polystyrene beads were used to test the microfluidic devices constructed for
trapping single particles. The final devices were assembled and the single particle trap
was constructed at the intersection of the four linear channels on a microfluidic platform
as schematically depicted in Figure 9A). Potentials applied to each of the four channels
can be controlled individually via electrodes immersed in the corresponding fluid
reservoir as shown in Figure 9B). The trap is designed in such a way that it can also be
used as an electrokinetic injector after the desired particle is trapped for further analysis.
The behavior of the polystyrene beads was extensively studied and characterized [52],
hence the devices were used to study the trapping behavior of the polystyrene beads.

These preliminary studies were used to test the microfluidic devices.

Several experiments were performed with 10 mm polystyrene beads and buffer
media of varying conductivity (250 uS/cm to 4 mS/cm) at a pH of 6.8 + 0.2. The latex
beads were coated with F108 in the corresponding buffer medium and 50 mL of the bead
suspension was added to the inlet reservoir. All other channels were filled with the

corresponding buffer without beads and reservoirs with 50 mL of this buffer.
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5.1.1. Simulations

The trap designed for particles exhibiting n-DEP composed of one post with an
elliptic base at the center of the intersection is shown in Figure 12. The geometries are
designed for particles expressing n-DEP and p-DEP. Several structures were considered
for the purpose of creating the optimized electric field for particle trapping. These posts
were placed at the intersection of the two straight channels. The walls of the channel
intersection were rounded to prevent undesired trapping region generation at those points.
The two geometries considered for trapping are the ellipsoid post and tear drop posts as

these geometries showed potential for trapping particles expressing n-DEP and p-DEP

X 1014
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Figure 15: Numerical simulation of the electric field distribution. Computed VE? for the elliptic negative n-
DEP single particle trap. The color scale showing VE? is in VV?/m?. Positive potentials were applied to
channels 1, 2, 3 and 4 corresponding to single particle trapping experiments. Scale bar is 40 pum.

0
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COMSOL Multiphysics software was used to compute the VE? values to reveal
DEP trapping positions. The applied potentials at each reservoir (boundary) of the
channel were adapted to match our experimental conditions (see figure legends). Particles
with n-DEP behavior are expected to be repelled from the regions of higher electric fields
and get trapped in areas of low field gradients. Figure 15 shows the distribution of VE? in
the device with ellipsoid posts. Although VE? is the indicator for the trapping condition,
the trapping behavior of the polystyrene particles was consistent at areas with low VE?
values. The important aspect detected with this experiment is the dependency of the

trapping potential on the concentration of the buffer used for trapping.

5.1.2. Experiments

Negative DEP trapping of single particles was first studied with polystyrene
beads. As previously reported by others [24, 70, 71] , polystyrene particles exhibit a
conductivity in the range of 2-10 puS/cm as estimated from surface conductance
measurements. It was thus assumed that negative CM factors were applicable for a
conductivity range of the medium above 10 puS/cm. Table 1 shows that indeed the CM
factor is negative for all concentrations of phosphate buffer used in this study. The
behavior of polystyrene beads in phosphate buffers of varying concentration and
observed high bead adsorption to PDMS surfaces as well as particle aggregation was also
studied. All microchannels were thus dynamically coated with the tri-block copolymer

F108, effectively reducing the adsorption of microbeads to PDMS. This is in accordance
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with the previously reported prevention of microbead adsorption by employing F108 as a
coating agent in PDMS microfluidic devices [72, 73]. Furthermore, microbeads were
pretreated in F108 solution overnight, which reduced bead aggregation effectively. Our

trapping studies for polystyrene beads showed the expected negative trapping behavior at

regions around the elliptical posts that exhibit the lowest VE? values.

Figure 16: Snapshots of video sequences showing trapping of a single bead in the case of n-DEP with the
elliptic trap design. (A) The bead travels toward the trapping position. (B) The bead is trapped in close
agreement with the trapping position indicated through particle tracing with numerical simulations.
Experiments were performed in phosphate buffer containing 1 mM F108. Potentials applied were 270 V at
the inlet, -270 V at the outlet and 270 V at the side channels. Scale bar is 40 um. The pictures were
obtained subsequently with a time difference of 200 ms between each frame.

As can be clearly seen from the image sequence in Figure 16, the bead is
transported from the inlet toward the trap and immobilized at the inlet side of the elliptic
post. Thus the proof-of-principle of a single particle trap in the case of n-DEP with the
elliptic post design was demonstrated herein. The onset trapping electric field in which
bead trapping first occurs dependent on the buffer conductivity was also investigated. For

these experiments, phosphate buffers with conductivities from 0.3 to 4.9 mS/cm were
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used. For each conductivity of the buffer used, the maximum value of the electric field
(Eonset) at which trapping was first observed in the trapping region was calculated with

COMSOL simulations using the corresponding, experimentally determined potentials.
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Figure 17: Shows the onset of the trapping electric field (Eqnset) Versus conductivity of the buffer. The
maximum field strengths were obtained by simulations with COMSOL using the applied potential in each
channel at which trapping was observed adapted to the geometry used for numerical simulation. The line
represents a linear fit as a guide to the eye. The error bars indicate the standard deviation obtained from n
individual trapping experiments which varied between 20 and 30 for the five conductivity values tested.

Table 2

Buffer conductivity (mS/cm) 0.3 2.1 3.0 3.5 4.9
fom -0.494 -0.499 -0.499 -0.499 -0.499

fom factors of polystyrene beads for a particle conductivity of 2uS/cm

As demonstrated in Figure 17, Eonset decreased linearly with increasing medium
conductivity. In the case of negative DEP, this could be caused by an increase in the CM

factor according to a decrease in medium conductivity and concomitantly higher DEP
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forces. However, Table 2 shows that the fcy factor only decreases to a small extent in the
conductivity range tested. On the other hand, DEP trapping is not the sole factor to be
considered. The beads are transported via EOF into the trapping region and the resulting
velocity profile will be dependent on both electroosmotic and DEP contributions. A
decrease in electroosmotic flow is associated with increasing ionic strength [50, 74]. This
explains that ugo is reduced and thus lower DEP forces are required to trap the beads
within the higher conductivity buffers. As a consequence, the required trapping potential
and thus the associated electric field is decreased with increasing concentration of the
buffer medium. This dependence is in excellent agreement to the previously reported data

with polystyrene particles [75].

5.2 IDEP Trap for Single Cancer Cells
5.2.1 Single Cancer Cell Trapping (MCF-7) in HEPES/Glycerol Buffer

The trap design investigated consists of two facing teardrop-shaped posts centered
at the channel intersection. The VE? values were computed and are represented in Figure
18. For DEP purposes, typical cell media at high ionic concentrations was unsuitable as
Joule heating effects arise which can destroy iDEP devices and harm the cells. Low
conductivity buffers were thus used to keep heating effects at a minimum. In addition, it
was necessary to maintain osmotically favorable conditions to prevent lysis of the cells.
Therefore, HEPES buffer from 10-30 mM concentrations with 70-140 mM glycerol
(maintaining the overall concentration at 100 or 150 mM) was employed. It is very
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important to determine the viability of the cell population in the buffer containing HEPES
and glycerol. For this, detailed viability tests were performed using this buffer with the
two dyes ethidium homodimer 1 (EthD-1) and calcein (live/dead stain). Calcein is a non-

fluorescent, hydrophobic compound that easily permeates active cell membranes.
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Figure 18: Numerical simulation of the VE? distribution for the tear-drop device. The color scale showing
VEZ2 is in V¥m®. Positive potentials were applied to channels 1, 2, 3 and 4 corresponding to single cell
trapping experiments. Scale bar is 40 um.

Its hydrolysis by intracellular esterases produces a fluorescent compound that is retained
within the cytoplasm. This dye produces an intense green fluorescence in live cells. The
dye EthD-1 enters cells with compromised cell membranes and binds to the nucleic acid
thereby producing an intense red fluorescence. This dye is excluded by the active
membrane of live cells and thus serves as a stain for dead cells. The initial live/dead
count of the obtained MCF-7 cells indicated that around 70% of the cells were alive,

which represents the baseline for further viability assays (Figure 19). The MCF-7 cells
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were then placed in a straight microfluidic channel in which an electric field of 100 V/cm
was applied for two or four minutes. Subsequently, the cell viability was assessed after

live/dead staining.
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Figure 19: (A) Effects of electric fields on MCF-7 cancer cell viability. Column bars indicate live cell
population distribution; trend line indicates dead cell population distribution. The viability of MCF-7 cells
in HEPES/glycerol (70 mM/30 mM) buffer was assessed with live/dead staining after application of an
electric field for two (T1) and four (T2) minutes. In addition the viability was measured after 45 min (T3)
without the application of an electric field (no electric field, NE). (B) Relative viability of the MCF-7 cells.
Between 110 and 150 cells were counted for each condition. The error bars indicate the standard deviation
from three independent experiments.

As shown in Figure 19, the cell viability was not affected significantly by the
application of the electric field for 2 min (two-tailed Student’s t-test, probability value p >
0.1, not significant, with n = 3). This corresponds to roughly the average length of a
single experiment (~90 s). Only after continuing the application of the electric field for 4
min, a significant loss of viability was observed (two-tailed Student’s t-test, probability
value p < 0.01, significant, with n = 3). As a control, cells were incubated at room
temperature for 45 min corresponding to the overall immersion time in the
HEPES/glycerol buffer including the control experiment at the start and all data

acquisition times between electric field applications. This control experiment also
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resulted in a reduction of live cells to a similar extent as the application of an electric
field for 4 min. Our results thus indicate that iDEP manipulation of viable MCF-7 cells is
feasible and that a single experiment should be concluded within two minutes to avoid
damage to the cells. It should also be remarked that the dead cell count after 4 min is in
the same range as the viability after immersion in the buffer system for 45 min indicating
that the decrease in the dead/live cell count is also affected by the HEPES/glycerol buffer

over longer time periods.

Trapping of the MCF-7 cancer cells was then performed with cells suspended in
30 mM HEPES and 70 mM glycerol buffer in experiments where the tear drop device
was used for trapping. It is important to notice that this trap was designed for single cells
with a maximum diameter of 20 um such that the gap in-between the two posts was large
enough to prevent geometrical trapping. Figure 20 shows an image sequence of the

trapping of a single cell injected from the inlet side.
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Figure 20: Snapshots of video sequences showing trapping of a single MCF-7 cell for p-DEP with the
teardrop trap design. (A) The cell travels toward the trapping position. (B) The cell is directed toward the
tips of the teardrop posts. (C) The cell is trapped by iDEP in close agreement with numerical simulations.
Potentials applied were +100 V at the inlet, -100 V at the outlet and +100 V at the side channels. Scale bar
is 20 um. Imaging was performed at a frame rate of 200 ms/frame. Images (A) and (B) correspond to
frames 1 and 2, respectively, whereas (C) corresponds to frame 4 in chronological order.

The cell is transported toward the trap and captured at the center region of the
teardrop trap after application of a potential of +100 V at the inlet, -100 V at the outlet
and +100 V at the side channels. The cells were kept trapped for about a minute before
dropping the potential in order to ensure that it was not just transient adhesion to the
posts. Furthermore, it was demonstrated that iDEP can be successfully employed for
trapping of individual cancer cells. In the experiments, an average of six attempts was

required before a single cell could be trapped.

5.2.2 Single Cancer Cell Trapping (MCF-7) in HEPES/Trehalose Buffer

The buffer consisting of 30 mM HEPES with 120 mM Trehalose was used for the

trapping experiment, thereby maintaining the overall concentration of the buffer at 150
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mM. The conductivity of the buffer ranged from 10-12 puS/cm with a pH of 5.1.
Trapping experiments were performed with the MCF-7 cells in the tear-drop device.
Figure 21 shows an image sequence for the trapping of a single cell injected from the
inlet side. The cell is transported toward the trap and captured at the center region of the
tear-drop trap after application of a potential of -10 V at the inlet +90 V at the outlet and -
10 V at the side channels. The cells were kept trapped for about a minute before dropping

the potential in order to ensure that it was not just transient adhesion to the posts.

Tests were performed with the cells using Calcein-AM and Ethidium homodimer-
1 dye to determine the viability of the cells in the buffer medium. To further substantiate

the viability of employed cells under iDEP trapping conditions, viability tests were

7
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Figure 21: Snapshots of video sequences showing trapping of a single live MCF-7 cell for DEP with the
teardrop trap design. (A) The cell travels toward the trapping position. (B) The cell is directed toward the
tips of the teardrop posts. (C) The cell is trapped by iDEP in close agreement with numerical simulations.
Potentials applied were -10 V at the inlet, -90 V at the outlet and -10 V at the side channels. Scale bar is 20
pm. Imaging was performed at a frame rate of 200 ms/frame. Images (A) and (B) correspond to frames 1
and 2, respectively, whereas (C) corresponds to frame 5.
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conducted on larger cell numbers (~100) within the microfluidic device without

potentials applied and under trapping conditions.
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Figure 22: Viability of MCF-7 cells population in HEPES/trehalose buffer of 30 mM/120 mM
concentrations. Imaging was performed with Calcein-AM and EthD-1 dye. Column bars indicate
population of live cells and the trend line shows the population of dead cells. (A) Shows population
distribution of the cells suspended in the buffer solution. (B) Shows distribution of cell population with the
application of 100 V/cm electric field.

The initial live/dead cell assay indicated that 78.6% of the MCF-7 cell population
was viable as demonstrated in Figure 22A, which represents the baseline for the viability
studies. The cells were incubated in the viability test buffer for a total of 45 min and
populations were imaged at intervals of 10 and 25 min. After 25 min, 61.4% of the MCF-
7 cell population was still viable. This test demonstrated that incubation times below 25
min do not considerably decrease the viable cell population. Note that in the microfluidic
single cell trapping experiments presented herein; cell populations were replenished after

30 minutes to avoid cell populations with significant amounts of dead cells.
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It is also important to examine the influence of the applied electric field on cell
viability. Upon application of potentials corresponding to trapping conditions for MCF-7
to a test channel, cell populations were imaged every 2 min for a total of 6 min. As
demonstrated in Figure 22B, at the end of applying a potential for 2 min, 68.5% of the
MCEF-7 cell population remained viable. Compared to the MCF-7 cell population, the live
population of B-lymphocytes decreased more rapidly under electric field application. It
was suspected that the faster decrease in viable cells under the application of an electric
field compared to conditions without applied electric field could originate from the
combined effect of the buffer system coupled with the application of an electric field.
However, note that the duration of electric field application in a single cell trapping
experiments never exceeded 2 min. These results indicate that iDEP manipulation of live
cells can be successfully conducted provided that the duration of the experiment is on the

order of 2 min.

5.3 Single Cancer Cell Trapping (MDA-MB-231) in HEPES/Trehalose Buffer

5.3.1 Experiments

Breast cancer cells can be distributed along a spectrum of differentiation from
epithelial to mesenchymal appearances [76-78]. On the basis of the phenotype and
invasiveness, the breast cancer cell lines can be classified into three categories. The first
category consists of cells that express a high amount of markers like estrogen receptor
alpha (ER alpha) and E-cadherin molecules, which are typical of a more epithelial
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phenotype and MCF-7 cells. The second category resembles the first category of cells but
contains cells that show a weakly epithelial phenotype with a low expression of epithelial
biomarkers. The third category of breast cancer cells is highly invasive in vitro with a
mesenchymal phenotype. These cell types, including MDA-MB-231, also express high
levels of a marker typically found in mesenchymal cells [79]. Cells of the mesenchymal
phenotype have strong migratory and invasive abilities attributing a higher degree of

metastatic potential to the MDA-MD-231 cells.

The transition from an epithelial to a mesenchymal phenotype can be
characterized by changes in expression levels of various proteins [79]. For example, the
increased expression of vimentin and loss of epithelial cell adhesion molecules like E-
cadherin and ER alpha are reported as biomarkers for the transition from the epithelial to
mesenchymal phenotypes [79]. Indeed, it has been demonstrated that human breast
cancer progression first results in the loss of ER alpha and subsequent expression of
vimentin, the latter being associated with increased metastatic potential through enhanced
invasiveness [77]. It is therefore necessary to observe the difference in trapping behavior
of these two categories of cancer cells. The highly invasive MDA-MB-231 cells were
chosen for iDEP trapping experiments with the tear-drop device in the HEPES/trehalose
buffer. The conductivity of the buffer ranged from 10-12 uS/cm with a pH of 5.1. Figure
23 shows an image sequence of the trapping of a single MDA-MB 231 cell injected from

the inlet side.
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Figure 23: Snapshot video sequence showing trapping of a single live MDA-MB-231 cell via n-DEP with
the teardrop design. (A) The cell travels toward the trapping position. (B) The cell is directed towards the
tip of the teardrop posts. (C) The cell is trapped by n-DEP in close agreement with numerical simulations.
Potentials applied were -10 V at the inlet, -190 V at the outlet and -10 V at the side channels. Scale bar is
20 pm. Imaging was performed at frame rate of 200 ms/frame. Images (A) and (B) correspond to frames 1
and 2 respectively, whereas (C) is frame 5.

The cell is transported toward the trap and captured at the center region of the
teardrop trap after application of a potential of -10 at the inlet, -190 V at the outlet and
-10 V at the side channels. The cells were kept trapped for about a minute before
dropping the potential in order to ensure that it was not just transient adhesion to the
posts. This trapping behavior is substantially different from that of the weakly metastatic
MCEF-7 cells, which were trapped at 100 VV/cm in the same device with the same buffer.
The differential trapping behavior is exploited for selective trapping of the MCF-7 cells

from the mixture with MDA-MB-231 cells.
5.3.2 Simulations

It is important to determine the condition suitable for trapping the single cancer
cell in the devices. COMSOL Multiphysics software was used to identify the condition
where the trapping condition (Eq. 21) was met for the MDA-MB-2231 cells with ppgp of

1.04x10™" m*/V2s and peor of 2.52x10°m? Vs, as determined experimentally. This
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gives an overview of the possible trapping regions and the trapping behavior of the cells.
As demonstrated in Figure 24, with an applied potential of -0.1V at the inlet and side
channels and -1.90V at the outlet, the trapping condition is met for the MDA-MB-231

cells with values of Eq. 21 larger than 1 up to a maximum of 5 at the teardrop posts.

- 25

Figure 24: Simulation of the tear-drop device with trapping conditions for MDA-MB-231 cells. Potentials
were applied to 1, 2, 3 and 4 according to trapping experiment. (A) Shows simulation of complete
intersection. Scale bar is 40 um. (B) Shows tear-drop posts. Color scale bar indicates region where trapping
condition is greater than one. Scale bar is 20 pm.

Simulations were repeated with trapping potentials where MDA-MB-231 cells
were captured, however, using parameters for MCF-7 cells, obtained values for Eq. 24
were compared in the regions where the trapping condition of unity was previously found
for MCF-7. Since the resulting values were larger than unity at the MDA-MB-231
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trapping potential, Eg. 22 was normalized to unity to find the corresponding upgp for
MDA-MB-231 cells. This upgp value for MDA-MB-231 was further used to determine
the fcy Using Eq. 24 and subsequently g, was determined as well. The single shell model

was used to determine a,,,.,, using Eq. 24.

5.3.3 Viability Study

To substantiate the viability of employed cells under iDEP trapping conditions,
viability tests were conducted on larger cell numbers (~100) within the microfluidic

device without potentials applied and under trapping conditions.

The initial live/dead cell assay indicated that 73.2% of the MDA-MB-231 cells
were viable as demonstrated in Figure 25A, which represents the baseline for the viability
studies. The cells were incubated in the viability test buffer for a total of 45 min and
populations were imaged at intervals of 10 and 25 min. After 25 min, 54.2% of the
MDA-MB-231 population was alive. This test demonstrated that incubation times below
25 min do not considerably decrease the viable cell population. During the single cell
trapping experiments in the microfluidic device, cell populations were replenished after

30 minutes to avoid cell populations with a significant amount of dead cells.
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Figure 25: Viability of MDA-MB-231 cells population in HEPES/trehalose buffer of 30 mM/120 mM
concentration. Imaging was performed with Calcein-AM and EthD-1 dye. Column bars indicate the
population of live cells and the trend line shows population of the dead cells. (A) Shows the population
distribution of the cells suspended in the buffer solution. (B) Shows the distribution of the cell population
with the application of a 200 V/cm electric field.

It is also important to examine the influence of the applied electric field on cell
viability. Upon application of potentials corresponding to trapping conditions for MDA-
MB-231 to a test channel, cell populations were imaged every 2 min for a total of 6 min.
As demonstrated in Figure 25B, at the end of applying a potential of 200 V/cm for 2 min,
66.7% of the MDA-MB-231 cell population remained viable. After 6 min, the viable cell
count decreased to 47.6%. Electric field application in a single cell selective trapping
experiment never exceeded 2 min. These results indicate that iDEP manipulation of live
MDA-MB-231 cells can be successfully conducted provided that the duration of the
experiment is on the order of 2 min. Furthermore, the trapping condition of the MCF-7
cells under the buffer conditions in the tear-drop trapping device was determined to be
200 V/cm. This is different from the trapping condition of the MCF-7 cells under the

same buffer conditions and in the same tear-drop device.
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54 Single Cell Trapping of Peripheral Blood Mononuclear Cells (PBMC) in

HEPES/trehalose Buffer

Understanding the DEP characteristics of different cell types can be beneficial for
performing selective cell trapping. Characterizing the DEP response of cells with varying
radii is also important in understanding the variation of DEP properties with respect to
cell size. Dielectrophoretic properties of particles vary greatly with their radius. PBMC
cells, which are important constituent of whole blood, are chosen as a model sample to
study the trapping behavior of these cells in the HEPES/trehalose buffer using the tear-
drop device. These cells are characterized by large round nuclei and small radii. The
population of PBMC used for the study consisted of B-lymphocytes, T-lymphocytes and
natural Killer (NK) cells. The conductivity of the buffer ranged from 10-12 uS/cm with a
pH of 5.1. The cell is transported toward the trapping region at the center of the tear-drop
trap after application of an electric field from 100 V/cm to 1300 V/cm. No trapping of the
PBMC was observed in this range. Electric field application above 1300 VV/cm damaged

the device and generated air bubbles in the device affecting performance.

To further substantiate the viability of employed cells under iDEP trapping
conditions, viability tests were conducted using larger cell numbers (~100) within the
microfluidic device without potentials applied and under trapping conditions. The initial
live/dead cell assay indicated that 70.9% of the PBMC population and was viable as
demonstrated in Figure 26, which represents the baseline for the viability studies. The
cells were incubated in the viability test buffer for a total of 45 min and populations were

imaged at intervals of 10 and 25 min. After 25 min, 43.9% of the B-lymphocyte
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population was alive. This test demonstrated that incubation times below 25 min do not
considerably decrease the viable cell population. This limits the application of the cell
population to 30 min. The cell population for the single cell trapping experiments was

replenished after 30 min to avoid cell populations with a significant amount of dead cells.
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Figure 26: Shows the viability of the PBMC population in HEPES/trehalose buffer of 30 mM/120 mM
concentrations, respectively. Imaging was performed with Calcein-AM and EthD-1 dye. Column bars
indicate the population of live cells and the trend line shows the population of the dead cells.
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5.4.1 Selective trapping of MCF-7 and PBMC

MCEF-7 cells are weakly metastatic mammalian breast cancer cells. PBMC are
normal cells, but are a major constituent of the blood. MCF-7 cells are much larger than
PBMC, therefore they have different DEP trapping behavior. To further substantiate this
differential trapping behavior, selective trapping experiments were conducted. The
trapping condition of the weakly metastatic MCF-7 cancer cells was different from the
PBMC:s in the same buffer conditions with the tear drop device. The MCF-7 cells were
trapped at 100 VV/cm in the tear-drop device, while the PBMC were not trapped under this
condition in the same device. To test selective trapping experimentally, MCF-7 and
PBMCs were suspended together in the working buffer of HEPES (30mM) and trehalose
(120mM). Figure 27 shows an image sequence demonstrating the selective trapping of

MCEF-7 cells in the intersection region of the iDEP trap and a mobile PBMC flowing

through the trapping area and away from the trapped MCF-7 cell.

Figure 27: Snapshots depicting a selective trapping sequence for MCF-7 and PBMC. A viable MCF-7 cell
is trapped between the tips of teardrop posts, while the smaller B-lymphocyte flows through the trapping
region. (a) Snapshot of a trapped MCF-7 cell with PBMC arriving at the iDEP trap. (b) PBMC flowing
through trapping region. (c) PBMC after the trapping region. Individual cells are outlined by red (MCF-7)
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and yellow (PBMC) contour lines. The time between image (a) and (b) was 1 s and between (b) and (c) was
0.8 s. Scale bar is 50 pum.

5.4.2 Simulations

COMSOL Multiphysics software was used to identify where the trapping
condition (Eq. 21) was met for the MCF-7 cells with ppge of -2.22x10™ m*/V/2:s and
Heor of 2.52x10° m? V' s, This selective trapping of single MCF-7 cells is observed
when -50 V is applied at the outlet and 50 V at the inlet and side channel reservoirs. Note
that this potential was determined by a successive increase of potentials in all reservoirs
in 10 V steps until iDEP trapping was observed for individual MCF-7 cells. The
experimental observation is in excellent agreement with the numerical simulations
(Figure 28) of the trapping condition with cell DEP properties reported by Hu et al. [80]
and Bordi et al. [81]. The values associated with the DEP trapping behavior of the cells

are given in Table 2.

A) Outlet (-)

Side ; Side i
Channel O Q i Channel |
©) | ) :

Figure 28: (A) Schematic of the iDEP device describing the inlet, outlet and two side channels, (B-C)
Simulation of the trapping condition Eq. 21 and zoom in corresponding to the region marked in red (C) for
MCEF-7, (C) PBMC with potentials of 50V at inlet and side channel reservoirs and -50V at outlet reservoir.
See text for detailed simulation conditions.
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The corresponding DEP properties of B-lymphocytes do not suggest trapping,
since the trapping condition was not fulfilled in the theoretical modeling (Figure 28) in
accordance with the experimental observation. Comparison of fcy, upep » 0 aNd Opperm
for the different types of cells in PBMC and MCF-7 is given in Table 3. The difference
in the upep values of the different cells is mainly due to the difference in size of the cells.

This proves that the device can be used for selective trapping of the target cell.

The green fluorescence of both trapped MCF-7 cells and PBMC in our study reveal
selective single cell trapping of viable cells. To further substantiate the viability of
employed cells under iDEP trapping conditions, viability tests were conducted on a larger
number of cells (~100) within the microfluidic device without potentials applied and

under trapping conditions as shown in Figure 29.

Table 3

Cell Type Riot tmem Omem Ocyto Op,1shell fem . #DZEP
(pm) (pom) (S/m) (S/m) (S/m) (m*/V?-sec)

MCF-7 15 7.0%103M  1*10® 1.00 30.82%10°4© -0.41@ -2 22107170

B- 2.9(a) 7.5*10-3(61) 8_0*10-5(a) 0_6(61) 293.16*10»4(9) 0-02(d) 5_51*10,20((;)

lymphocyte

T- 28@  75%10°@  2.7%10°®  06® 98.84*10*®  -0.26@  -4.95%10"

lymphocyte

NKCells 759 N/A N/A N/A  N/A N/A -4.12*10°1%@

(a) From [81], (b) From [82], (c) From Eq. 15, (d) From Eq. 5, (¢) From Eq. 24, (f) From [83], (g) From Eqg.
15 using f¢), value of T-lymphocytes,
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The initial live/dead cell assay indicated that 78.6% of the MCF-7 cell population
and 70.9% of the PBMC population are viable without application of electric field, as
demonstrated in Figure 22A and 26. which represents the baseline for the viability
studies. This test also demonstrated that incubation times below 25 min do not
considerably decrease the viable cell population. Note that in the microfluidic single cell
trapping experiments presented herein, cell populations were replenished after 30 min to

avoid cell populations with a significant amount of dead cells.
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Figure 29: Viability of MCF-7 cells and PBMC were probed over various time intervals with application of
an electric field of 100 V/cm, corresponding to the trapping condition. (A) Shows the viability distribution
of MCF-7. (B) Shows viability distribution of PBMC. Imaging was performed with Calcein-AM and EthD-
1 dye. Column bars indicate the population of live cells and the trend line shows the population of dead
cells

It is also important to examine the influence of the applied electric field on cell
viability. Upon application of potentials corresponding to trapping conditions for MCF-7
to a test channel, cell populations were imaged every 2 min for a total of 6 min. As
demonstrated in Figure 29, at the end of applying potential for 2 min, 68.5% of the MCF-

7 cell population and 51.8% of the PBMC population remained viable. Compared to the
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MCF-7 cell population, the live population of PBMC decreased more rapidly under
electric field application. After 6 min, the viable cell count (44.5%) decreased to less than
the amount of dead cells (55.4%). However, the MCF-7 cells were more robust since
viable cells were still slightly dominating after the treatment. It was suspected that the
faster decrease in viable cells under the application of an electric field compared to
conditions without electric field applied could originate from a combined effect of the
buffer system coupled with the application of an electric field. However, note that the
duration of electric field application in a selective single cell trapping experiment never
exceeded 2 min. These results indicate that iDEP manipulation of live cells can be
successfully conducted provided that the duration of the experiment is on the order of 2

min.

5.5  Selective Trapping of MCF-7 and MDA-MB-231

MDA-MB-231 cells which are transfected with the fluorescent protein dTomato
were used for the selective trapping experiments. MCF-7 cells were labeled with Calcein-

AM stain only.
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Figure 30: Trapping conditions and snhapshots depicting a selective trapping sequence for MCF-7 and
MDA-MB-231. (A) Trapping area and trapping condition for MCF-7 as obtained from Eqg. 21 and
conditions explained in the main text. (B) Snap shot of a trapped MCF-7 cell. (C) Trapping area and
trapping condition for MDA-MB-231. (D)-(E) Snap shot sequence of MDA-MB-231 flowing through the
trapping region under experimental conditions of -10V inlet and side channel reservoirs and -190V outlet
reservoir, in which trapping was observed for MCF-7 cells.

This differential enabled the ability to distinguish the two types of cells exhibiting
comparable size .As demonstrated previously, the trapping condition of MCF-7 cells was
different from the MDA-MB-231 cells in the same buffer conditions. The MCF-7 cells
were trapped at 100 V/cm in the tear-drop device, while the MDA-MB-231 cells were
trapped at 200 VV/cm under the same buffer conditions and in the same device. To test
selective trapping experimentally, MCF-7 and PBMCs in the working buffer of HEPES
(30mM) and trehalose (120 mM) were first employed. Figure 30 shows an image
sequence demonstrating the selective trapping of MCF-7 cells in the intersection region
of the iDEP trap and a mobile MDA-MB-231 flowing through the trapping area. This
demonstrates selective trapping of MCF-7 in a mixture with MDA-MB-231 cells using

the tear drop device.
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5.5.1 Simulations

COMSOL Multiphysics software was used to identify the condition where the
trapping condition (Eg. 21) was met for the MCF-7 cells. This selective trapping of single
MCEF-7 cells is observed when -10 V is applied at the inlet as well as side channels and -
190 V at the outlet reservoir. Note that this potential was determined by a successive
increase of potentials in all reservoirs in -10 V steps until iDEP trapping was observed for
individual MCF-7 cells. The experimental observation is in excellent agreement with the
numerical simulations shown in Figure 30 A and C. The corresponding DEP properties of
MDA-MB-231 do not suggest trapping since the trapping condition was not fulfilled in
the theoretical modeling (Figure 31 C) in accordance with the experimental observation.

Comparison of fey, Upep » 0 AN Gy Tor the MCF-7 and MDA-MB-231 is given in
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Figure 31: (A) Schematic of iDEP device describing the inlet, outlet and two side channels, B-C)
Simulation of the trapping condition (Eq. 21) and zoom in corresponding to the region marked in red (B)
for MCF-7, (C) MDA-MB-231 with potentials of 10V at inlet and side channel reservoirs and -190V at
outlet reservoir. See text for detailed simulation conditions.

Table 4.
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Table 4

Input Values of MCF-7 and MDA-MB-231 Used for Numerical Simulations.

Cell Type Rtot tmem Omem Ucyto o-p,lshell fCM 4 :ué)EP
(nm) (nm) (S/m)  (S/m) (S/m) (m*/V?sec)

MCF-7 15 7.0%10°%0  1x10°® 100 30.82*10%Y -041©  -222%10"®

%?A'MB' 15  NA 0.9%10°0 NA  137%10%9  .0.19Y  -1.04%10V®

(a) From [82], (b) From Eq. 15, (c) From Eq. 24, (d) From Eq. 23, (e) From [80], (f) From [84], (g) From
Eq. 23 with 6,40, tinem and Ry, for MCF-7, (h) From Eq. 15 (see text)

To further substantiate the viability of employed cells under iDEP trapping
conditions, viability tests were conducted using larger numbers of cells (~100) inside the
microfluidic device under the trapping conditions shown in Figure 32. The initial
live/dead cell assay indicated that 78.6% of the MCF-7 cell population and 73.2% of the
MDA-MB-231 population was viable as demonstrated in Figure 22A and 25A, which
represents the baseline for the viability studies. This test also demonstrated that
incubation times below 25 min do not considerably decrease the viable cell population.
Note that in the microfluidic single cell trapping experiments presented herein, cell
populations were replenished after 30 minutes to avoid cell populations with a significant

amount of dead cells.
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Figure 32: Viability of MCF-7 and MDA-MB-231 cells were probed over various time intervals with
application of an electric field of 200V/cm, corresponding to the trapping condition. The trend line in the
plot describes the dead cell population. (A) Shows the viability distribution of MCF-7 cells. (B) Shows the
viability distribution of MDA-MB-231 cancer cells. Imaging was performed with Calcein-AM and EthD-1
dye. Column bars indicate the population of live cells and the trend line shows the population of the dead
cells.

It is also important to examine the influence of the applied electric field on cell
viability. Upon application of potentials corresponding to trapping conditions of 100
V/cm for MCF-7 to a test channel, cell populations were imaged every 2 min for a total

of 6 min.

As demonstrated in Figure 32, at the end of applying a potential of 100V/cm for 2 min,
68.5% of the MCF-7 cell population and 63.4% of the MDA-MB-231 cell population
remained viable. It is suspected that the faster decrease in viable cells under the
application of an electric field compared to conditions without electric field applied could
originate from the combined effect of the buffer system coupled with the application of
an electric field. However, note that the duration of electric field application in a selective
single cell trapping experiment never exceeded 2 min. These results indicate that iDEP
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manipulation of live cells can be successfully conducted provided that the duration of the

experiment is on the order of 2 min.

5.6 Importance of Differential Trapping of MCF-7 and MDA-MB-231

Since this study was conducted under DC conditions, the frequency related
capacitance changes leading to dielectrophoretic property variations cannot be applied to
distinguish various cell types. However, these experiments showed distinctive iDEP
trapping potentials for all three cell types. While for PBMCs variations in trapping
potentials can be attributed to the significantly smaller radius of B- and T-lymphocytes as
well as NK cells compared to the two breast cancer cells, the differences in observed
trapping behavior of the two cancer cell lines may be related to their metastatic potential

as described previously.
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CHAPTERG

CONCLUSION

This work has demonstrated a novel method to trap individual particles and single
cancer cells using iDEP in a microfluidic device. Numerical simulations were performed
to reveal the electric field distribution at the trapping zone and fabricated iDEP devices in
PDMS were used to perform experiments for particles exhibiting negative DEP behavior.
The proof-of-principle of this novel single particle trapping strategy was demonstrated by
trapping single 10 um diameter polystyrene beads exhibiting negative DEP in a simple
geometry. It was also found that the onset of trapping decreased with an increase in the
buffer conductivity, which is attributed to the reduction in electroosmotic flow and thus
increased DEP trapping. For iDEP trapping of cancer cells, the buffer medium conditions
were optimized and it was found that MCF-7 cells remained viable in 30 mM HEPES and
70 mM glycerol during the time span of a typical trapping experiment. The viability of
MCEF-7 cells under electric field conditions was also tested and revealed a significant
increase in the dead/live ratio only at times larger than the typical trapping times (90 s).
Under these conditions, the design for n-DEP trapping was used to demonstrate the

proof-of-principle trapping design by successfully capturing a single MCF-7 cancer cell.

The novel device was utilized for distinctive iDEP trapping behavior of the two
breast cancer cell types MCF-7 and MDA-MB-231 as well as B-lymphocytes. The device
is capable of selecting single cells and selective trapping of single MCF-7 cells within a

mixture containing B-lymphocytes or MDA-MB-231 was demonstrated. Experimental
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observations were in excellent agreement with numerical simulations in which the
trapping conditions for the various cell types were computed. It was further demonstrated
that viable cells were trapped in the designed iDEP single cell trap and that the overall
time and buffer conditions for iDEP-based single cell trapping relate well to conditions
under which MCF-7 and MDA-MB-231 cells remain viable. The situation for PBMCs
was different, indicating that the experimental conditions were less favorable for their
viability. This might be expected for PBMCs, as they are not as resistant as tumor cells in
stressful environments. Furthermore, the utility of this method would likely be used for

tumor cell isolation and enrichment, not for PBMC isolation.

Experimental observations also indicate a distinctive change in iDEP properties
for the two breast cancer cell types. It is postulated that these changes originate from
differences in the invasive potential of each cell line related to distinctive phenotype
differences. MDA-MB-231 cells express more vimentin [78] and have increased
elastoviscosity [85]. The change in iDEP trapping behavior of the two cell types could
originate from cytoplasmic as well as cell surface protein expression changes. Recently,
changes in the cell glycocalix originating from molecular brushes on the cell membrane
have been reported for normal and cancerous human cervical epithelial cells [86] which
could also have influences on a,,.,, and thus the DEP response of different types of

cancer cells.

The selectivity of weakly metastatic MCF-7 versus highly invasive MDA-MB-
231 cells indicates that iDEP trapping could be employed as a diagnostic tool for cancer.

Since the device has single cell selectivity, such an approach could be employed for the
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detection of rare cancer cells. The parallelization of the presented single cell iDEP trap is
straightforward and could be integrated within a microfluidic device to achieve high
throughput in the future. To investigate the underlying biomolecular changes, such as
variations in protein expression levels, one can also envisage coupling this iDEP device
with a microfluidic platform for conducting MALDI MS analysis of proteins originating

from single cells [61].

Development of the Generation-2 device is an improvement to the existing device
with parallelized single cell traps. The central inlet connects the four channels which
includes the trapping region at the center. The trapping regions were simulated and
modified for optimized trapping conditions mainly for MCF-7 cancer cells. The first set
of channels have four tear drop insulating posts as traps, whereas the second set of
channels have two tear drop posts for trapping single cells. These devices are also
adapted to be coupled with MADLI-MS detection in the side channels. They are also

improved with a fifth channel for addressing the trapped cell with chemical lysing agent.

Future work would be directed towards testing of the Generation-2 device and
coupling it with MALDI-MS. A more detailed viability study of the cancer cells is
required for determining the optimized trapping condition of the cells. The approach for
single cell trapping as presented in the Generation-2 device is a novel method for stimuli
delivery to the cell trapping position as well as lysis and downstream transport for
separation and detection. This multiplexed single cell trapping device would a first

prototype of a total micro-analysis device designed for selective cancer cell analysis.
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SIMULATIONS WITH COMSOL

The COMSOL simulation software was used for mapping the trapping regions in

the microfluidic devices using Eq. 21. Several modules are available for creating the

desired simulation with the appropriate physics.

1. Geometry

a.

The geometry is created in AutoCAD and exported to COMSOL in the “.dxf”
format. The software is also equipped with a drawing module which can be
helpful to further improve the device geometry. The unit of the drawing module is
set to um dimensions. The geometries for the insulating posts are created in
AutoCAD. The inner and outer radius of the tear-drop is created using the Arc
module of AutoCAD. The geometric lines drawn to a circle are joined together
with the arc of a desired radius. This radius defines the tip of the post. The lines of
the geometry are all connected using the Auto CAD module Polylines. This
module joins the geometry together in one complete unit. This complete unit is
easily exported in COMSOL as a solid geometry.
Model
The 2-dimensional model is chosen for the geometry space. A 3-dimensional
model can also be applied but is not necessary for the simulations used in this
work. There are several physics modules that are chosen to be applied to solving
the desired conditions.

Electric currents: The geometry boundaries are set as insulators by default. This

module chooses the geometry boundaries required to be conductive. The
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required potential can also be set at those boundary walls. The wall boundaries
which are set as insulating follow the boundary condition as given:

n-J=0 (Al)

where, J is current density and n is unite vector. This boundary condition
specifies that no current flows across the boundary. Electrical potential specifies
the electrical potential as V = V,, at the boundary condition, where V,, is the user

defined potential (SI unit: V).

b. Creeping flow: This module defines the type of fluid flow in the device. The
Reynolds number for the fluid flow in this system is below 1, hence this
module is best suited for the system.

The sub-module, open boundary, defines the pressure at the inlet and
outlet. The formula used to define the normal stress at the boundary is
given as:

(—p+n(Ww+ (W) =f (A2)
where, p is the pressure, i is user defined fluid viscosity, v is fluid and f is
force. V' is del operator and T is Lagrangian operator. For open
boundaries, the pressure p is zero and the initial fluid velocity is zero.

The sub-module, fluid properties, defines the dynamic viscosity (1.0009%10
3 Pa-sec) and density (1x10°° kg-m?®).
The sub-module, wall, defines the flow conditions at the wall taking into

consideration a no slip condition at the immediate wall surface and

77



electroosmotic flow (EOF) throughout the channel. The equation for the

electroosmotic velocity is given as:

Veor = .ueofE (A3)

where u., s is the user defined mobility and E is applied electric field and v, is
the electroosmotic velocity. This velocity is taken as the fluid velocity for the

entire simulation. The EOF is defined in the main text in Chapter 2.

Materials

The materials module is used to define the variables used in the simulation,
mainly the fluidic properties and user defined values like EOF and DEP mobility.
The main variables defined in the system are:

Heos- €lectroosmotic mobility of the fluid, n: fluid viscosity, ugep:
dielectrophoretic mobility of the particle and r : particle radius.

Mesh

The mesh is defined as free triangles. This mesh divides the geometry space into
many triangles and solves for the required value. The defined free triangle is
chosen as it gives the least error in the solution. The mesh is set as a Fine mesh
for the complete geometry in which a homogeneous distribution of areas are
established so that the calculated solution is unbiased and uniform (i.e. certain
areas do not give rise to a non-uniform distribution of points or areas to be
solved). The Very Fine mesh is generally not used as the solutions become non-

solvable near the tips of the posts.
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Solution

The stationary solution module is chosen as the condition used for the simulation
is DC. This module accepts the defined physics and solves for the required
parameters.

Results

The results have sub-modules which are used to define the desired results. The 2D
sub-module is chosen for this purpose and the area plot defines the trapping

region in the defined geometry according to Eq. 21. This equation translates to:

((((d(ec.Ex*2+ec.Ey™2,x))*ec.Ex)+((d(ec.Ex*2+ec.Ey"2,y)) *ec.Ey))/(ec.Ex"2+ec.Ey"2 ))* r

where, r = ’;Di and ec.Ex, ec.Ey is electric field for X and Y-coordinate
EOF

respectively. The surface plot shows the region where the trapping condition is
achieved.
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