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ABSTRACT
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Developments in single-molecule and single-cell experiments over the past century have provided researchers with 
many tools to probe cellular response to stresses such as physical force or to the injection of foreign genes. Often 
these techniques target the cell membrane, although many are now advancing to probe within the cell. As these 
techniques are improved upon and investigations advance toward clinical studies, it has become more critical to 
achieve high-throughput outcomes which in turn lead to statistically significant results. The technologies developed 
in this thesis are targeted at transfecting large populations of cells with controlled doses of specific exogenic material 
without adversely affecting cell viability. Underlying this effort is a platform of lithographically patterned 
ferromagnetic thin films capable of remotely manipulating and localizing magnetic microbeads attached to biological 
entities. A novel feature of this approach, as demonstrated here with both DNA and cells, is the opportunity for 
multiplexed operations on targeted biological specimens.  This thesis includes two main thrusts: (1) the advancement 
of the trapping platforms through experimental verification of mathematical models providing the energy landscapes 
associated with the traps and (2) implementation of the platform as a basis for rapid and effective high-throughput 
microchannel and nanochannel cell electroporation devices. The electroporation devices have, in our studies, not only 
demonstrated to sustain cell viability with extremely low cell mortality rates, but are also found to be effective for 
various types of cells. The advances over current electroporation technologies that are achieved in these efforts 
demonstrate the potential for detection of mRNA expression in heterogeneous cell populations and probing 
intracellular responses to the introduction of foreign gene into cells.
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Abstract

Developments in single-molecule and single-cell experiments over the past century have pro-

vided researchers with many tools to probe the responses of cells to stresses such as physical

force or to the injection of foreign genes. Often these techniques target the cell membrane,

although many are now advancing to probe within the cell. As these techniques are im-

proved upon and the investigations advance toward clinical applications, it has become

more critical to achieve high-throughput outcomes which in turn lead to statistically sig-

nificant results. The technologies developed in this thesis are targeted at transfecting large

populations of cells with controlled doses of specific exogenic material without adversely

affecting cell viability. Underlying this effort is a platform of lithographically patterned fer-

romagnetic thin films capable of remotely manipulating and localizing magnetic microbeads

attached to biological entities. A novel feature of this approach, as demonstrated here with

both DNA and cells, is the opportunity for multiplexed operations on targeted biological

specimens. This thesis includes two main thrusts: (1) the advancement of the trapping

platforms through experimental verification of mathematical models providing the energy

landscapes associated with the traps and (2) implementation of the platform as a basis

for rapid and effective high-throughput microchannel and nanochannel cell electroporation

devices. The electroporation devices have, in our studies, not only been demonstrated to

sustain cell viability with extremely low cell mortality rates, but are also found to be effec-

tive for various types of cells. The advances over current electroporation technologies that

are achieved in these efforts demonstrate the potential for detection of mRNA expression

in heterogeneous cell populations and probing intracellular responses to the introduction of

foreign genes into cells.
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Chapter 1
Introduction

Motivated by a drive to better understand the human cell and its components, there are

many techniques that have been developed and modified over the past several decades for

manipulating, localizing, and performing in vitro measurements on biological materials such

as cells, proteins, and DNA. These techniques allow for careful single-molecule experiments

to be performed on micrometer- or nanometer-sized biological entities and have been at the

forefront of answering basic questions about structure and function of cellular components

[1]. Single-cell and single-molecule manipulation techniques include micropipettes [2, 3, 4],

optical tweezers [5, 6, 7], and conventional magnetic tweezers [8, 9, 10, 11], among others.

Each of these techniques offers the ability to localize and manipulate individual cells or

molecules for careful studies of properties such as elastic properties [10, 11, 12] and response

to externally applied stresses [4, 13].

Development of these individual techniques has been accompanied by an expansion in

applications; in particular, single-molecule techniques have been incorporated into complex

biomedical devices capable of sorting [14, 15, 16, 17], transfecting [6, 18, 19, 20], and per-

forming measurements and other analyses [21, 22, 23] on biological entities. This expansion

into the realm of clinical studies necessitates more statistically significant experiments to

complement single-cell and single molecule studies. To do so, these applications must be

scaled up to efficiently multiplex experiments without compromising individual control on

each entity.

In this thesis, a previously developed series of magnetic disk and zigzag wire micromag-

netic traps, or magnetic tweezers [24, 25, 26], will be presented as a basis for multiplexing
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various biological experiments. This technology is capable of precisely localizing and ma-

nipulating magnetic objects of micrometer or nanometer scale, accompanied with real-time

microscope imaging. The device has been previously shown to be capable of single-cell ex-

periments [24, 25]. However, an important advantage of this magnetic platform over other

techniques is that the traps are fabricated using lithography and may be easily scaled up.

The number of patterned magnetic traps is limited in size only by the wafer onto which they

are patterned. To demonstrate that effective multiplexing is readily accessible with magnet-

ically labeled biomolecules, multiplexed DNA stretching experiments are demonstrated in

Chapter 4. Magnetic-tweezers based multiplexing is also demonstrated with magnetically

labeled cells in Chapter 6.

Because weak (<200 Oe) magnetic fields are used to control the magnetic tweezers plat-

form, there should be no damage to biological material. However, an understanding of

the forces applied to molecules is important both to ensure viability of molecules studied

and to know the limitations of the platform (i.e which force regimes may be accessed).

Previous studies [24, 25] rely primarily on mathematical modeling to estimate the forces

applied by the magnetic traps. Advancing this technology to more precise biological ma-

nipulation experiments, however, requires a careful experimental verification of these math-

ematical models. In Chapter 5, quantitative analysis of the motion of superparamagnetic

microbeads during magnetically actuated travel from one vertex to the next on the zigzag

wire traps provides an experimental analysis of the potential energy landscape and subse-

quent forces along the trajectory. This was accompanied by a similar qualitative analysis

using Janus-type beads (see Chapter 2 and Chapter 5) to understand the complete motion

of the microbeads during these trajectories. The force values determined in these experi-

ments agree with preliminary force calculation results from DNA experiments in Chapter

4.

The final application of the magnetic tweezers platform presented in this thesis is in

devices aimed at probing the interior of cells, a recent advance in cell manipulation tech-

nologies [6, 27, 28, 29]. While studies of cell populations and single-cell studies of cell

membranes provide much insight into cellular responses to external factors, such studies
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fail to give a complete picture of internal and external cell activity. They must therefore

be complemented with an experimental analysis of intracellular response that specifically

probes the cell interior. For example, fluorescent nanoparticle tracking inside living cells

[30] has been used to compare the internal structure of the cytoskeleton of metastatic can-

cer cells to that of noncancerous cells and complements previous studies on cell membrane

rigidity [31]. Additionally, intracellular studies on live cells are important for determining

behaviour and functionality of components such as proteins and enzymes, differentiating

the behavior of purified proteins from that of proteins inside live cells [32]. Intracellular

studies have progressed significantly in the past two decades with the introduction of molec-

ular beacons [33], which fluoresce only when hybridized to targeted structures. Molecular

beacons are capable of detecting targeted messenger RNA (mRNA) populations inside the

cell [34, 35] to differentiate heterogeneous cell populations based on expression of different

molecules within the cytosol.

Accessing intracellular components provides new challenges for cell probing technologies.

In addition to carefully controlling applied forces, it is necessary to penetrate the protec-

tive phospholipid bilayer cell membrane without causing long-term damage. One widely

studied technology capable of targeting the interior of the cell is transfection, the introduc-

tion of foreign genes into the cell. Electroporation, which transfects cells using controlled

voltage pulses that reversibly porate the cell membrane, is a rapidly developing method of

transfection [36, 37]. Both single-cell [38, 39, 40] and high-throughput [36] electroporation

technologies have been developed. Single-cell technologies, which may be capable of precise

delivery [18], are limited by their low-throughput nature. However, current high throughput

techniques are limited by a lack of dosage control and high cell mortality rates [41].

In chapter 6, the magnetic disk traps are implemented as a foundation for microchannel

and nanochannel electroporation technologies. A large arrayed magnetic tweezer platform

is paired with previously developed technologies [18] to manipulate and localize cells for

precise electroporation, thus advancing the electroporation technologies to be more high

throughput without sacrificing cell viability or transfection efficiency. In particular, the

magnetic tweezers-based 3D microchannel electroporation device presented is capable of

3



simultaneously transfecting on the order of 104 cells/cm2 with >90% cell viability [42]. In

this device, we transfect targeted molecular beacons into cells to demonstrate distinction of

different cell populations by detection of GATA2 mRNA levels.
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Chapter 2
Experimental Methods

2.1 Micro-scale manipulation techniques for biological mate-

rials

Before discussing the zigzag wire and magnetic disk trap-based magnetic tweezers, a few

current technologies in cellular and biomolecule manipulation and localization will be briefly

discussed.

2.1.1 Microfluidics

In the field of biotechnology, microfluidics are often integrated into devices because biological

materials such as cells and DNA must remain in solution. While most microfluidic devices

integrate one or more other techniques as well [2], several rely on microfluidics alone to

manipulate and study cells. These techniques utilize carefully controlled fluid flow rates to

maneuver targeted objects through specially designed channels. For example, microfluidic

sorting devices are capable of selectively sorting and/or localizing specific cells based on

immunocytochemical targeting of cell membrane receptors [43] or on physical features such

as cell stiffness [44] or cell size [45]. Microfluidic devices are also capable of analyzing

membrane response to external stresses applied by fluids in the channel [46].

2.1.2 Micropipettes
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Figure 2.1: Micropipette aspiration. A negative pressure is
applied to a small area of a cell membrane (as determined
by the diameter of the micropipette, usually 1-10 µm) to
localize or deform the cell.

A micropipette is a tool that can be used to

isolate a single biological entity (usually a

cell) approximately micrometers in dimen-

sion for localization or manipulation [2, 3].

The micropipette itself is a thin glass capil-

lary with a tip diameter on the order of mi-

crometers (Figure 2.1) capable of applying

a negative pressure onto the cell. The applied force is tunable in the range of approximately

10 to 103 pN, resulting in pressures of ∼1-1,000 Pa [4]. Although a weak pressure (1 Pa) will

suffice to localize and manipulate cells, a higher pressure (1,000 Pa) will further aspirate

the cell into the pipette. This is desireable in some circumstances because a quantitative

study of the deformation of the cell membrane during aspiration allows for characterization

of the membrane response to stresses [2, 4].

Although biomolecules such as DNA and proteins are too tiny to be individually ma-

nipulated by micropipettes, any molecule that can be attached to a microbead can be ma-

nipulated or localized with micropipettes [7]. Additionally, studies in the past decade have

produced functional nanopipettes [27, 28], which offer promise of more precise applications

by targetting smaller sized objects.

Micropipettes have also been successfully utilized to hold a cell in place during microin-

jection (see Chapter 6) for in vitro fertilization, gene therapy, and other dosage-controlled

injection techniques [6]. However, micropipettes require a skilled user [4] and are difficult

to integrate into a standard microfluidic channel because the pipette itself must extend into

the fluidic environment [7]. Another drawback of micropipettes is that they are limited to

single-cell experiments. Furthermore, the physical nature of micropipette aspiration makes

it potentially harmful to the cell memrane [4].

2.1.3 Optical tweezers

6



Figure 2.2: Optical tweezers. Two rays (A) from a laser
are traced for a spherical microbead of approximately 10
µm diameter. The rays are refracted and upon exiting the
bead, emergent rays (A’) transfer momentum to the bead.
Surface reflections (R) also contribute to scattering. The
net force (F) on the bead will be toward the beam focus.
Image from Ashkin et al, Optics Letters, 1986.

Another technique that, like micropipette

manipulation, is generally limited to single-

cell or single-molecule manipulations is op-

tical tweezers. Unlike micropipettes, optical

tweezers are contact-free, with all manipula-

tion controlled by a laser beam. Microfluidic

channels are often made of glass or quartz

surfaces and with features molded into poly-

dimethylsiloxane (PDMS, see Chapter 2),

all of which are optically transparent and

thus readily integrable into optical tweezer

setups.

The basic principal of optical trapping

for a cell or dielectric particle (∼10 µm) is

shown in Figure 2.2. A highly focused laser

beam near the dielectric sphere will exert a gradient force on the bead, pushing it toward

the highest intensity at the center of the beam [5]. This force is primarily due to refraction

of the light rays through the bead [47] (see emergent rays A’ in Fig. 2.2).

The forces applied by optical tweezers may be used to very precisely manipulate and

localize cells or biomolecules attached to polystyrene microbeads, though the throughput

is limited. Another drawback of optical tweezers is the potential damage caused to cells by

heating from the laser beam.

2.1.4 Conventional magnetic tweezers

The term “conventional magnetic tweezers” generally applies to an experimental method

that utilizes the magnetic field gradient from a permanent magnet to apply a force (generally

from 1 - 1,000 pN) onto a magnetic microbead attached to a biomolecule [8, 9] or cell

membrane [13]. The the other end of the strand of DNA or cell is often attached to a

suface.
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Figure 2.3: Conventional magnetic tweezers.
Permanent magnets are held above the sample
to induce a magnetic moment in a superpara-
magnetic microbead attached to a biomolecule.
The magnets may be moved vertically or ro-
tated to apply a force or torque to the bead
and biomolecule. Image from Zlatanova et al,
Biochemistry and Cell Biology, 2003.

The schematic of Figure 2.3 shows the basic setup,

where the macroscopic permanent magnet is held at

some distance from the substrate. Adjusting the dis-

tance between the magnet and the microbead will

adjust the gradient. A tapered tip at one pole of the

permanent magnet increases the magnetic field gra-

dient near the tip and potentially allows the tip to be

closer to the magentic bead(s), resulting in stronger

magnetic forces [13]. One major limitation of conven-

tional magnetic tweezers is that they are limited to

one small region in which they may perform experi-

ments.

2.2 Magnetic disk and zigzag wire

traps: structure and fabrica-

tion

Figure 2.4: An array of permalloy magnetic
disk traps patterned onto a silicon wafer.

The traps used in the experiments presented in this

thesis are previously developed magnetic thin film-

based trapping structures [24, 25, 48]. Thin film-

based surface traps such as these and similar designs

have been utilized in the past for their capabilities

to trap and transport superparamagnetic microbeads

[49, 50, 51, 52, 53, 54].

2.2.1 Magnetic disk traps

Magnetic disk traps (Figure 2.4) are fabricated on

silicon, quartz, or glass wafers with basic cleanroom

photolithography techniques. After solvent-based cleaning and a 5 minute bake (115oC) to
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dry, the wafers are spin coated (CE 100CB Resist Coater and Hot Plate) with two layers

of positive photoresist: first LOR2A (3,000 rpm, 10,000 rpm/s, 60 s; 2 minute 190oC bake)

and then S1813 (500 rpm, 300 rpm/s, 5 s; 3,000 rpm, 10,000 rpm/s, 45 s; 60-90s 115oC

bake). An aligner (EV Group 620 Advanced Contact Aligner) is used to expose ultraviolet

light through a pre-designed mask (hard contact mode, exposure time 3.5 s). Development

with MicropositTM MFTM -319 developer for 45 s with gentle agitation removes photoresist

in disk regions.

After developing the sample, 50-60 nm of permalloy (Ni0.81Fe0.19) is sputtered (AJA

Orion RF/DC Sputter Deposition Tool, DC, Ar 20 sccm, 3 mTorr, 200 W) onto the surface

of a silicon wafer. However, if quartz or glass wafers are used, a 2 nm seed layer of titanium

(RF, Ar 20 sccm, 3 mTorr, 300 W) is deposited prior to the permalloy to assist with adhe-

sion. N-Methyl-2-Pyrrolidone (NMP) is used for a ∼20 minute lift-off, which removes the

remainder of the photoresist as well as any sputtered material on it, leaving only permalloy

disks on the surface.

A 100 - 500 nm SiO2 layer can then be deposited with Silicafilm (Emulsitone) using

a spin-coater (3,000 rpm, 5,000 rpm/s, 60 s) followed by a 15 minute 180oC bake with 5

minute gradual cool-down

2.2.2 Zigzag wire traps

Co0.5Fe0.5 wires are patterned onto a silicon wafer using electron beam lithography. After

sonicating in acetone and isopropanol for 2-3 minutes each, the silicon wafer is placed into

the UV-Ozone cleaner (UVO Cleaner 42, Jelight Company Inc, see “Nonspecific binding

and surface treatments” section in this chapter) for 20 minutes. Two e-beam resists are

then spin-coated onto the wafer. First MMA (methyl methacrylate, 4500 rpm, 60 s) is spun

on, followed by a 60-90 s bake at 180oC, then PMMA (plymethyl methacrylate, 4500 rpm,

60 s), followed by another 60-90 s bake at 180oC.

Electron beam lithography is used to pattern the zigzag wires onto the resist. Then a

1:2 ratio mixture of MIBK and Isopropanol is used to develop for 45 s with gentle agitation.

Sputter deposition of the Co0.5Fe0.5 wires is followed by lift-off with acetone. The surface is
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coated in a 100 - 500 nm protective layer of Silicafilm as described in the previous section

for magnetic disk traps.

Figure 2.5: Zigzag wire traps. (a) Initial magnetization of zigzag wire traps with a
momentary 1 T magnetic field perpendicular to the length of the wire. (b) Upon
removal of the 1 T field, head-to-head (HH) and tail-to-tail (TT) domain walls are
formed at the vertices.

Wires are initially

magnetized (perpendic-

ular to the length of the

wire) by a momentary

1 Tesla field (Figure

2.5 (a)) that leads to

either a head-to-head

(HH) or tail-to-tail (TT)

domain wall at each

vertex (Figure 2.5 (b))

and generation of a field

Hdw [24] as will be discussed in Chapters 3 and 4.

2.3 Electromagnetic control for external magnetic fields

The magnetic tweezer platforms are placed within an electromagnet setup that provides

the x-, y-, and z-components of the external magnetic field. Four orthogonal opposite-

pole electromagnets (Magnetech, cat. no. OP-2025) create the in-plane external magnetic

fields (Hx and Hy) for the setup and a wound copper wire solenoid (z-coil) supplies the

out-of-plane field (Hz). Because the sample is placed directly in the center of the z-coil

and midway between each pair of electromagnets (Figure 2.6 (a) and (b)), the field is

approximately spatially uniform. Fields were calibrated with a gaussmeter (F.W. Bell

Series 9550 Gauss/Teslameter).

Current is delivered to the electromagnets using three power supplies (solenoid, Kepco

BOP 20-10ML; electromagnets, Kepco BOP 20-10ML4886), Figure 2.6 (c). Programmed

LabView software (National Instruments) allows for pre-programmed routines to be con-

trolled in real time by the user interface on the computer (Figure 2.6 (d)) or a game controller

10



Figure 2.6: Electromagnet setup. (a) External fields are provided by 4 orthogonal electromagnets and a solenoid. (b)
Magnetic disk traps (white) manipulate many magnetic microbeads (dark) simultaneously. (c) Current is provided
by a power supply (d) remotely controlled by LabView programs. (e) To facilitate ease of use, a game controller is
utilized as a user interface to call specific pre-programmed routines.

interface (Figure 2.6 (e)).

2.4 Microchannel devices

2.4.1 Compression channels

Early microchannel designs used for DNA studies (see Chapter 4) are compression channels.

The silicon wafer, which serves as the floor of the channel, is tightly compressed between two

interlocking aluminum pieces (labeled “base” and “lid” in Figure 2.7(a)) and tightened with

screws in countersunk holes in the base. An O-ring or silicon glue (DAP R⃝ cat. no. 00688)

is used to cushion the silicon chip against the base. The channel walls (milled through the

aluminum lid) are approximately 250 µm high and on either side is a fitted hole for input

11



Figure 2.7: Compression channel. (a) This channel consists of two interlocking pieces (“base” and “lid”) that are
compressed with tightening screws to hold the magnetic trap platform in place. Between them, silicone glue cushions
the magnetic trap platform, which serves as the base of the channel. A piece of PDMS placed on top creates the
ceiling of the channel. Drilled holes allow tubing to enter through the bottom of the lid (through “tubing input”). (b)
Photograph of device at the center of the z-coil. (c) Tubing is fitted through holes in the aluminum to the input and
output reservoirs. (d) Channel is approximately 250 µm wide and 250 µm deep, with (e) patterned magnetic traps
on the silicon wafer that sit at the floor of the microchannel.

and output tubing (Fig. 2.7 (a) and (c)). A ∼1 mm thick piece of polydimethylsiloxane

(PDMS) placed over the top completes the rectangular channel (Figure 2.7(a) and (b)).

Thus the channel is bounded by aluminum walls on the sides and PDMS on top. The

silicon chip with magnetic disk traps makes the floor of the channel (Figure 2.7(d) and (e)).

Compression channels allow for fluid control via syringe pumps (Harvard Apparatus

PHD Ultra programmable syringe pump). Design assistance and machining was carried out

by Mr. John Gosser and Mr. Jonathon Shover in the OSU physics machine shop.

2.4.2 Molded PDMS channels

Molded PDMS channels can be used to completely replace the necessity for the base and lid

of the compression channels. Furthermore, a mold can be made in nearly any shape, offering
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variations from the basic straight rectangular flow channel of the compression channel. The

depth of the compression channels was limited to ∼250 µm while PDMS channels are easily

fabricated to be only micrometers (or even tens to hundreds of nanometers [18, 55]; also see

Chapter 6) in dimension.

Figure 2.8: Molded PDMS Channels. (a) Schematic of simple 1 cm
x 100 µm x 100 µm (check depth) microchannel with tubing through
PDMS for input and output. (b) Photograph of microchannel described
in (a), placed within the electromagnet setup. (c) Micrograph of one
region of the microchannel shown in (b), with disks patterned on the
silicon chip.

As PDMS can be easily cut

with a razor blade or PDMS punch

(Ted Pella, Inc.), these devices can

be modified (e.g. using a coring

punch to add a particular size of

input tubing). PDMS is also opti-

cally transparent and can be eas-

ily integrated with existing devices

(e.g. used in conjunction with an

upright optical microscope to visu-

alize microbeads within the chan-

nel).

PDMS channels are created us-

ing molds. A mold can be made

with photolithography. Regions of

photoresist exposed to UV light

will crosslink and remain on the

surface of the wafer. Upon de-

velopment, regions that were not

exposed will be removed and a

mold will remain with the thick-

ness at which the photoresist was

spun onto the device. After the

mold is complete, it is silanized to

prevent permanent adhesion of PDMS to the surface. A mixture of curing agent to liquid
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PDMS in a 1:1 ratio is then poured onto the mold, bubbles removed in vacuum for 30

minutes, and baked at 60oC for 30 minutes. In the case of more detailed or nanoscale-sized

structures, such as those described in Chapter 6, a mixture of curing agent to PDMS in

a 1:10 ratio may be poured and baked prior to the 1:1 ratio to ensure that the smaller

features are properly molded into the device. After the PDMS has hardened, it may be

gently peeled off of the mold and then baked for 15 hours at 170oC (BlueM Resist Bake

Oven) before use.

The most basic PDMS channels used in this paper are similar in design to the compres-

sion channels but smaller in dimensions (Figure 2.8). A single straight channel (100 µm

wide, ∼100 µm deep and ∼1 cm long), with holes punched for tubing at either end, was

used for DNA experiments following the experiments in compression channels (Chapter 5).

Other, more complex designs used for electroporation studies will be presented in Chapter

6.

2.4.3 Bonding

An additional benefit of PDMS channels is that they adhere well to silicon, glass, and quartz

surfaces. In fact, low-pressure microfluidic devices can be made with no additional bonding

of the PDMS to the chip. However, to ensure that leaking will not occur, as is required for

high flow rate microfluidics and high voltage electroporation experiments, PDMS can be

permanently bonded to the surface of the chip.

To bond the PDMS to the chip, the chip is first sonicated or cleaned with acetone,

isopropanol and DI. The PDMS surface is cleaned with Scotch R⃝ tape. Both are oxidized

with an oxygen plasma cleaner (PTS Oxygen Plasma System) and then pressed together

gently. If precise alignment is required (as with magnetic tweezers-assisted 2D nanochannel

electroporation, Chapter 6), methanol is used as a lubricant between the two as they are

carefully aligned by hand under a microscope. After the methanol is dry, a 10 minute 70oC

bake ensures contact for bonding between the PDMS and the chip. Devices are then used a

few hours following the bonding procedure. If nanochannel electroporation devices are not

to be used that day, they may be filled with methanol to prevent collapse of the nanochannel
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prior to use.

2.5 Microbeads

2.5.1 Polystyrene microbeads

Nonmagnetic microbeads are often made of the polymer polystyrene. Magnetic microbeads,

which range in size from about 0.5 µm to 100 µm in diameter, are also polystyrene. To

make them magnetic, iron oxide nanoparticles are embedded in the polystyrene matrix (Fig.

2.9), often suspended in a smaller core region of the microbead that is then coated in an

outer layer of polystyrene.

Though most of the experiments utilizing micro-magnetic traps in this thesis require the

use of magnetic microbeads (∼1 - 10 µm diameter) it is occasionally helpful to also make

use of the nonmagnetic polystyrene beads. For example, as described in Chapter 4, DNA

can be labeled with a magnetic bead on one end and a nonmagnetic bead on the other

end. In this way, magnetic traps can localize one end of the DNA on a magnetic trap while

drag force due to fluid flow on the nonmagnetic microbead applies a force to the other end.

Because only one end is attached to a magnetic microbead, there is no magnetic coupling

between the beads, which could in turn cause the DNA to remain coiled.

Figure 2.9: Superparamagnetic microbeads. Two SEM images show different mag-
nifications of Dynabeads M280 superparamagnetic microbeads (see Chapter 4). In
the image on the right, the brighter spots are the superparamagnetic nanoparticles.
Image from Fonnum et al, Journal of Magnetism and Magnetic Materials, 2005

Both magnetic and

nonmagnetic beads are

available commercially

and can be functional-

ized with a number of

different molecules. Most

common are amine (NH2)

and carboxyl (COOH)

groups, which provide a potential linker for attachment to various other molecules.

Furthermore, these beads can be functionalized with antibodies to be attached to surface

receptors on cell membranes (see Chapter 6).
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Figure 2.10: SQUID data. The SQUID measurements indicate that the 2.8 µm microbeads are largely superparam-
agnetic. Inset shows the zoomed-in low-field regime. The linear region (see Chapter 3) is from approximately -15,915
A/m to 15,915 A/m (or -200 Oe to 200 Oe).

2.5.2 Superparamagnetic microbeads

The microbeads used in the experiments presented are superparamagnetic. Each microbead

is a spherical polystyrene matrix within which iron oxide nanoparticles are suspended (Fig-

ure 2.9). These single-domain iron oxide nanoparticles are approximately < 100 Å [56],

which is below both the single-domain limit and the superparamagnetic limit, (roughly on

the order of 100 nm and 10 nm, respectively, for iron oxide) [57, 58]. Because the embedded

nanoparticles are below the superparamagnetic limit, the microbead itself will exhibit su-

perparamagnetic properties. In particular, each bead will magnetize rapidly in the presence

of even a weak magnetic field and, upon removal of the field, retain little to no remanent

magnetization. These attributes are particularly useful on the magnetic tweezer platforms

because weak fields are able to magnetize the microbeads and the beads do not aggregate

when the field is removed.

To ensure that the microbeads are in fact superparamagnetic, SQUID measurements

(SQUID magnetometer, Ohio State NanoSystems Laboratory) were taken to confirm the

expected properties. Measurements were taken on a volume of 50 µL (approximately 1 ×
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108 microbeads) M270 superparamagnetic microbeads (Dynabeads cat. no. 14305D). These

beads were dried into a small container to reduce bead movement during the measurement.

The results, which confirm largely superparamagnetic behaviour, are shown in Figure 2.10.

2.5.3 Janus particles

Figure 2.11: Janus Parti-
cle. (a) Schematic and (b)
microscope image of a 8.5
µm diameter Janus particle
coated in 100 nm Au. Micro-
scope image provided by Mrs.
Stephanie Lauback.

The Janus particles used in Chapter 5 are microbeads that are op-

tically asymmetric, i.e. one side is opaque and the other is not, thus

appearing dark- and light-colored, respectively. This assists in vi-

sual determination of the orientation of the bead when it is moving,

specifically to differentiate between rolling motion and purely trans-

lational motion. To create Janus particles, magnetic microbeads

(Spherotech or Dynabeads) with carboxyl group functionalization

are washed in IPA and dried with nitrogen gas onto the surface of

a clean silicon wafer. That wafer is then coated in 100 nm Au with

an evaporator (Denton DV-502A E-Gun Evaporator). Particles are

then removed from the wafer with a DI rinse. Sonication can assist

in dislodging particles, but often small pieces of gold will also flake

off during the process, which are difficult to separate from the mi-

crobeads. A wash procedure with centrifugation is then used to place the Janus particles in

the desired buffer. A Janus particle is shown in Figure 2.11. Polystyrene is translucent, thus

appearing lightly colored adjacent to the darker gold side of the bead. Janus particles may

be nonmagnetic polystyrene or magnetic beads. For the studies presented in this document,

magnetic beads are used.

2.5.4 Labeling DNA and cells with microbeads

Both DNA and cells can be labeled with magnetic and nonmagnetic microbeads of various

sizes to enable manipulation on the magnetic tweezer platform.
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DNA labeling

Either single-stranded or double-stranded DNA can be attached to microbeads if first la-

beled with a ligand. In the studies presented here, DNA primers labeled with digoxigenin

and biotin were first kinased and then ligated to either end of double-stranded lambda

DNA (16.5 µm), leaving the DNA strand labeled with a different ligand on each end. In

this way, for example, one end could be attached to the surface of a flow channel while the

other is attached to a microbead. Or, the ends could both be attached to beads (e.g. one

end attached to a magnetic bead and the other to a nonmagnetic bead). Digoxigenin on

one end of the DNA strand will attach, for example, to an anti-digoxigenin coated surface

and biotin on the other end will attach to a streptavidin coated magnetic microbead (see

Appendix for protocol details).

Cell labeling

The cells used in the studies presented in this document were linked with magnetic beads

to enable remote control of the cells by magnetic tweezers. Dextran-coated magnetic micro-

beads (1 µm diameter, StemCell Technologies, Cat. No. 19250) are attached to cells

via CD45 antigen, which is an antigen commonly expressed on human leukocytes. This

encompasses the purified human white blood cells, Jurkat human T lymphocyte cell lines,

KG1a leukemic cell lines, and K562 human myelogenous leukemia cell lines utilized in

Chapter 6. To attach these beads, depletion cocktail (EasySepTM Human CD45 Depletion

Kit, Stem Cell Technologies, Cat. No. 18259) containing tetrameric antibody complexes

targeting CD45 antigens is mixed with cells in phosphate buffered saline (PBS) and allowed

to incubate for 30 minutes at room temperature with regular mixing. Dextran coated

magnetic microbeads are then added and incubated for 15 minutes at room temperature.

Unlabeled cells are removed with 1-2 wash steps, using a magnet to prevent the loss of

labeled cells.
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2.6 Surface functionalization for DNA binding

2.6.1 Functionalization

Surfaces such as silicon, quartz, or glass chips patterned with magnetic traps may be func-

tionalized for attachment to a labeled strand of DNA. For the DNA studies presented in

Chapter 4, flow channels (silicon surface) were coated in antidigoxigenin to attach to the

digoxigenin-labeled lambda DNA. Syringe pumps using 50 µL syringes connected to tubing

(Hamilton Company USA) were used to controllably inject liquids into the channel. 8%

glutaraldehyde in PBS is followed by 0.1 mg/mL antidigoxigenin which is then linked to

the silicon surface. Following incubation, BSA is added to block any surfaces not covered in

antidigoxigenin. Strands of DNA labeled with digoxigenin can then be attached by flowing

in and allowing them to settle on the functionalized surface. See Appendix A for more

details.

2.6.2 Nonspecific binding and surface treatments

Nonspecific binding is very common in experiments involving biological materials such as

cells and DNA. For example, both adherent and suspension cells will often adhere to sur-

faces. This should be avoided or reduced as much as possible. Below are a few techniques

that can be used to reduce or eliminate nonspecific binding.

UV-ozone is a dry surface treatment process combining UV light with atmospheric

oxygen (02) to create ozone (03), which will then break down and remove any organic

compounds on the surface. The resulting surface is clean and, as a secondary effect, less

hydrophobic. Due to the decontamintation abilities, the UV treatment is useful prior to any

experiments involving live cells (see Chapter 6) as it will prevent contamination for further

culturing of the cells. It further assists with other surface modifications and bonding (i.e.

PDMS, see “Bonding” section of this chapter). Treatment with UV-ozone is preceded by

cleaning with DI water or solvents to remove large dust particles and salts. UV-ozone treat-

ment of 5-10 minutes is done prior to all PEG modifications and long-term cell experiments,

as well as experiments that would benefit from a hydrophilic surface (e.g. improved fluid
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flow for microfluidics).

UV-ozone treatment is often followed by a Polyethylene glycol (PEG) surface modifica-

tion for any cell experiments. PEG reduces non-specific binding of cells on surfaces [59, 60].

The polymer chains attach to the surface, making it hydrophilic and reducing protein ad-

sorption, thus reducing nonspecific cell adhesion to the surface via cell membrane proteins.

For the nanochannel electroporation studies presented in Chapter 6, PEG-Silane (Laysan

Bio, Inc., MW 2000, lot #114-08) was used to modify surfaces prior to experiments. The

procedure (following UV-ozone for 5-10 minutes) consists of (1) a 30 minute room temper-

ature incubation with 1 mM PEG-Silane in ethyl alcohol, (2) an ethyl alcohol rinse, and

(3) a 30 minute bake at 110oC.

Buffer choice

Various buffers have been used in the studies presented. For most cell experiments, phos-

phate buffered saline (PBS), pH 7.4, is used. However, for some experiments a reduction

in nonspecific binding of cells to not only the surface but also to beads, to one another,

and to various other surfaces (e.g. tubing) is critical. For example, blockages can form in

tubing with small inner diameter due to cells and/or microbeads sticking to one another

and to the inner surface of the tubing. Additives to the PBS buffer used can help reduce

this. The experiments of Chapter 4 utilize pluronic, a surfactant, to reduce adhesion. For

electroporation experiments (Chapter 6), the buffer used to reduce adhesion contains 5

mg/mL Pluronic F-68 (Sigma Aldrich, P1300), 1% bovine serum albumin (BSA), and 5mM

ethylene-diamine-tetraacetic acid (EDTA) in PBS.
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Chapter 3
Theoretical basis for
micro-magnetic traps

3.1 Superparamagnetic microbeads

Based on superparamagnetic theory, it is assumed that in the region from -200 Oe to 200

Oe (or in Figure 2.10, see Chapter 2, from -15,915 A/m to 15,915 A/m), known as the linear

regime, the magnetization (M) of a bead is approximately linear in applied field, H:

Mbead = χH

Figure 3.12: Domain walls in zigzag wires. (a) After mag-
netization, domain walls will be located at vertices, referred
to as head-to-head (HH) or tail-to-tail (TT). (b) A sam-
ple OOMMF simulation shows the magnetization within a
CoFe wire HH domain wall (outlined in red in part (a)).
OOMMF simulation provided by Mr. Michael Prikockis.

The linear regime encompasses the high-

est fields used in the magnetic tweezer plat-

form and yields an approximate susceptibil-

ity χ of 0.5 for the 2.8 µm beads.

3.2 Zigzag Wires

3.2.1 Point Charge Approximation

for fields from Wire Traps

After initial magnetization (Chapter 2) of

the zigzag wires, domain walls will exist at

the vertices and are labeled as either head-

to-head (HH) or tail-to-tail (TT) based on
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the relative orientation of the domains in the length of the wire (Figure 3.12 (a)). Object

oriented micromagnetic framework (OOMMF) simulations of the magnetization in a 1 µm

wide wire at a HH domain wall in the presence of an out-of-plane external field of 75 Oe is

shown in Figure 3.12 (b).

A point charge approximation may be used to determine the total field and hence the

energy landscape along the wires. This approximates the wires to be infinitely thin and

each domain wall to be a monopole-like point charge located at the center of the vertex.

The effective magnetic charge of each domain wall can then be calculated by:

qm = 2 ·Ms · b · w

in which Ms is the saturation magnetization (∼ 16×105 A/m), b is the thickness (here ∼12

nm), and w is the width (∼1.3 µm) of the Co0.5Fe0.5 wire. From this, the domain wall field

Hdw =
qm
4π

· r− r0
|r− r0|3

(3.1)

can be determined, where |r − r0| is the distance of the bead from the vertex. For the

following potential energy calculations, only the vertices in question are considered (i.e. the

initial and final vertex for the bead’s trajectory from one vertex to a neighboring vertex).

3.2.2 Potential energy landscape and resulting forces on beads

Once the position dependent total field, which includes both the external field Hext and

the domain wall field (Htot = Hext +Hdw) is known, the magnetic potential energy on the

point-like superparamagnetic bead can be determined using

U(r) = −1

2
µ0V χeffH

2
tot (3.2)

where µ0 is the permeability of free space and V and χeff are the volume and effective

susceptibility of the bead, respectively.

In Figure 3.13, the magnetic potential energy is plotted for three different external field

configurations for a 2.8 µm superparamagnetic bead.
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Figure 3.13: Magnetic potential energy plots. Here plots are shown for (a) no external field (all vertices will trap
magnetic beads), (b) Hext = (10 Oe, 0 Oe, 50 Oe) (one vertex will repel beads while the other traps beads), and
(c) Hext = (50 Oe, 0 Oe, 10 Oe). Dashed black lines show approximate locations on the wire of magnetic potential
energy traps.

In Figure 3.13 (a), there is no external field (Hext = (0 Oe, 0 Oe, 0 Oe)). The corresponding

magnetic potential energy plot shows potential energy wells at both vertices. Nearby super-
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paramagnetic beads will align with the stray fields from the domain walls at both HH and

TT vertices. When an out-of-plane field Hz is applied in the presence of a weak in-plane

field (Figure 3.13 (b), Hext = (10 Oe, 0 Oe, 50 Oe)), one domain wall will become repulsive

while the other becomes a deeper well, or trap. However, if the in-plane field is larger than

the out-of-plane field (Figure 3.13 (c), Hext = (50 Oe, 0 Oe, 10 Oe)), two potential energy

traps will appear, with one being stronger than the other. These different configurations

will be explored in Chapter 5.

Using Equation 3.2 for the potential energy, the force experienced by the superparam-

agnetic bead at weak fields can then be calculated [48]:

F(r) = −∇U(r) =
1

2
µ0χeffV∇H(r) (3.3)

3.3 Magnetic Disk Traps

When a weak external field (< 200 Oe) is applied to permalloy, it will readily magnetize

almost entirely in the direction of the in-plane field due to the small relative thickness of

the disk (∼40-60 nm). The resulting magnetization of the disks is determined using a two-

dimensional Object Oriented Micromagnetic Framework (OOMMF) simulation program.

Figure 3.14: OOMMF simulation. The magne-
tization is shown for a 10 µm diameter, 60 nm
thick magnetic permalloy disk in a constant ex-
ternal field of Hxy = 60 Oe in the + x direction
and Hz = 0 Oe.

Figure 3.14 shows a sample OOMMF simulation for a

10 µm diameter disk 60 nm thick, 8.6×105 A/m sat-

uration magnetization, beginning with random mag-

netization. The simulation is for an applied constant

in-plane field Hxy = 60 Oe in the +x-direction in the

absence of an out-of-plane field (Hz = 0 Oe).

The resulting magnetization M(x, y, z) across the

surface of the disk, which is broken up into cells sized

50 nm x 50 nm, each 60 nm thick, allows for a mag-

netic charge density ρm = ∇ ·M(x, y, z) to be calcu-

lated. As with the zigzag wires, an effective magnetic
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charge qm can be determined for each cell with:

qm = ρmVcell

where Vcell is the volume of the cell. The field Hdisk can be calculated using Equation 3.1.

From combined magnetic field Htot = Hext + Hdisk, the potential energy (Equation 3.2)

and force on the superparamagnetic bead (Equation 3.3) can be determined.

3.4 Drag forces in low Reynolds number environnments

An important consideration when studying forces on microbeads in microfluidic devices is

the Reynolds number. Microbeads in microfluidic channels are in a low Reynolds number

environment [61]. The Reynolds number may be calculated with:

Re =
aρv

η

where a is the radius of the bead, ρ the density of the fluid, v the velocity of the bead and

η is the dynamic viscosity of the fluid. For a 2.8 µm diameter bead moving at 20 µm/s

through water (ρ ≈ 1000kg ·m−3 and η ≈ 10−3 Pa·s), Re ∼ 10−6. For comparison, a human

swimming in water would have a Reynolds number on the order of 104. In the low Reynolds

number environment, viscous forces dominate and inertial forces are often approximated to

be zero [61, 62].

In addition to the magnetic forces, hydrodynamic drag forces will dominate and oppose

the motion of microbeads. The drag forces can be approximated using Stokes’ Law [63]:

Fdrag = 6πηav. (3.4)

where η is the dynamic viscosity of the fluid, a is the radius of the microbead, and v is the

velocity of the microbead. Here near-surface effects are neglected.
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Chapter 4
DNA Manipulation

4.1 Introduction

The array design of the micromagnetic structures renders a platform that is conducive to

multiplexing single-molecule DNA force and elasticity experiments. The field of DNA elas-

ticity measurements has been well-studied [64, 65]. Experiments utilize force-transmitting

handles (e.g. a microbead) attached to one or both ends of a strand of DNA to apply a

series of controlled forces and stretch the DNA. The most common technologies used are

optical tweezers [66], atomic force microscopy [67] conventional magnetic tweezers [68], and

hydrodynamic forces [69, 70].

Although the elastic properties of DNA are already well-studied, there are a few unique

benefits offered by the array of micromagnetic traps for these experiments. First, the

platform allows for multiplexing of single-molecule experiments, which is difficult to do

with the techniques mentioned above, particularly AFM and optical tweezers. Secondly, all

experiments on the magnetic tweezer platform take place on a single horizontal plane (at

the surface of the platform), which allows for realtime observation of the experiments and

the potential to integrate fluorescent markers for targeting specific sites along the molecules.

Lastly, the fact that DNA has been well characterized with other methods suggests that the

studies may instead use known elastic properties of DNA to validate the theoretical model

of forces exerted by magnetic traps [71].

The experiments presented in this chapter act as preliminary studies to confirm that

DNA experiments are accessible on the disk-based micromagnetic trap platform. These
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experiments offer a starting point with potential for future studies.

4.2 Experimental Setup

Figure 4.15: Flow channel. (a) Side view and (b) top view of molded PDMS straight
channel, 100 µm wide, ∼30 µm deep, and ∼1 cm long. Input and output tubing supplies
DNA and microbeads into the channel and patterned magnetic disk traps are located on
the floor of the channel itself.

Magnetic disk traps

patterned onto sil-

icon wafers and

placed into either

microfluidic com-

pression channels

(see Chapter 2) or

molded PDMS chan-

nels (see Chapter 2)

were used for these

experiments. Tubing

at input and output

reservoirs (Figure

4.15) allows for DNA

to be introduced

into the device and

removed from the device by controlling the rate and direction of flow with a syringe

pump (PHD Ultra, Harvard Apparatus) attached to the tubing. With the syringe

pump controlling the flow rate, the hydrodynamic drag force (Chapter 3) can be applied

to all microbeads linked to DNA strands within the channel to aid in magnetic force

based stretching experiments. Double-stranded lambda DNA (48.5 kbp, corresponding

to an end-to-end length of approximately 16.5 µm) was the biomolecule utilized for all

experiments in this chapter.

Three different design implementations for DNA tethers were investigated: (a) tethering

one end of the DNA strand to the silicon surface and the other end to a magnetic microbead,
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(b) tethering one end to a magnetic microbead and the other to a nonmagnetic microbead,

and (c) tethering both ends to magnetic microbeads. Tethering was performed as described

in Chapter 2 by attaching antidigoxigenin (on silicon surface or nonmagnetic bead) to

digoxigenin (on DNA) or streptavidin (on magnetic microbead) to biotin (on DNA).

4.3 Results

4.3.1 Surface and microbead

A common technique with most DNA elasticity experiments is to anchor one end of the

DNA strand to a surface [8, 67, 68, 69] while a force is applied to the other end to stretch

the molecule. Preliminary experiments with surface tethers in a microfluidic channel are

shown in Figure 4.16. Here, lambda DNA labeled with digoxigenin primers on one end

were attached to an antidigoxigenin-coated surface (see Chapter 2 and Appendix A). The

DNA was also fluorescently labeled with SYBR R⃝ Gold (Life Technologies, intercalating dye,

excitation ∼495 nm, emission ∼537 nm). The figure shows fluorescing DNA with no fluid

flow (coiled, Fig. 4.16 (a)) and in the presence of fluid flow (stretched in the direction of

fluid flow, Fig. 4.16 (b)). Although no magnetic traps were present in this experiment, it

is important to note one of the clear benefits of multiplexing in this microfluidic channel

device: because all the strands of DNA are in the same horizontal plane, it is possible to

visualize them simultaneously.

Figure 4.16: Surface DNA tethers with fluorescently labeled lambda DNA. (a) In the
absence of fluid flow, bright spots indicate coiled DNA strands. (b) In the presence of
fluid flow (irregular flow rate) most strands of DNA are visibly stretched in the direction
of the fluid flow. Experiment performed in collaboration with Dr. Marek Šimon.

After confirm-

ing that surface

tethers are possible

in this device, a

similar approach

was attempted with

magnetic beads at-

tached to the other

end of each surface
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Figure 4.17: Surface tether near a disk. (a) A strand of ds-lambda DNA is tethered to the Si surface on one end and
a 2.8 µm magnetic bead on the other end, near a NiFe disk. (b) While the in-plane field is directed away from the
region of disk near the bead, it will not be attracted to the disk. (c) As the in-plane field continues to rotate, it will
attract the bead and (d) stretch out the piece of DNA. (e) The magnetic trap is unable to stretch the strand of DNA
further, and so the bead falls off the trap. Each rotation period around the disk is 1 second long, i.e. Hxy rotates at
a frequency of 1 Hz.

tether. The magnetic beads enable DNA stretching either with hydrodynamic forces or

magnetic forces. The video frames and corresponding schematic of Figure 4.17 show a

situation in which a strand of DNA is tethered to the surface (tether location determined by

hydrodynamic flow experiments, not shown) on one end and a magnetic bead on the other,

near a permalloy magnetic disk. The in-plane field rotates with a constant out-of-plane

field. In Fig. 4.17 (a) and (b), the trap is located on the side of the disk furthest from the

bead, and so the bead is not attracted to the disk until the in-plane field is rotated (Fig.

4.17 (c)). As the field continues to rotate (Fig. 4.17 (d)), the DNA strand is stretched

until it reaches a point that the strength of the rotating magnetic trap is not sufficient to

stretch the DNA strand further and the bead is then released from the disk (Fig. 4.17 (e)).

This experiment demonstrates the ability to combine hydrodynamic forces (which were

used to determine the tether location, not shown) and magnetic forces (Figure 4.17) to

stretch DNA. Future work on this device would benefit from additional control over the

29



Figure 4.18: Magnetic-nonmagnetic dual tether. (a) Microscope image and (b) corresponding schematic of a strand
of lambda DNA tethered between two beads, one magnetic (2.8 µm diameter) and one nonmagnetic (1 µm diameter).
(c) As the magnetic tweezers are activated to pull the magnetic bead across the array, the DNA strand stretches
between the magnetic bead (green arrow) and nonmagnetic bead (yellow arrow).

location of the DNA surface tethers, which is possible with an added lithographic patterning

step [8].

4.3.2 Magnetic and Nonmagnetic microbeads

A second method of DNA manipulation on the micro-magnetic trap platform is to tether a

magnetic microbead (2.8 µm diameter) to one end of the DNA strand and a nonmagnetic

polystyrene microbead (1 µm diameter) to the other end, allowing the DNA to be manipu-
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lated onto any region of the magnetic disk array without the constraint of a surface tether.

The microscope image of Figure 4.18 (a) and corresponding schematic (Fig. 4.18 (b)) show

the basic setup. In the absence of fluid flow, the magnetic bead may be manipulated with

the mobile magnetic traps; in this case the nonmagnetic bead lags behind the magnetic

bead, as seen in the sequence of images of Figure 4.18 (c). Here, the traps are used to

transport the magnetic bead from one disk to the next (frames 1-2), the bead is then ro-

tated around the outer edge of the disk (frame 3), with subsequent repetition of the process

(frames 4-6 and 7-9). The frequency of hopping between disks and (full) rotation are both

0.4 s−1. In the first frame (Fig. 4.18 (c1)), in which the bead-DNA-bead construct is at

rest, the DNA is coiled and the magnetic and nonmagnetic beads are therefore very close

to one another. However, as the magnetic bead gains momentum, a separation between

the two beads is quickly established. In this case the magnetic force on the magnetic bead

propels the bead forward, pulling the DNA strand and nonmagnetic bead with it. Due

to this motion, a hydrodynamic drag force in the stationary fluid will oppose the motion.

While the magnetic force overcomes this drag force for the magnetic bead, the nonmagnetic

bead will now exert a force backwards on the DNA strand, resulting in forces acting on

either end of the strand of DNA.

Figure 4.19: When tethered by a magnetic bead on one end
and a nonmagnetic bead on the other, a strand of DNA will
remain coiled with no fluid flow and will stretch with an
applyed hydrodynamic force as controlled by fluid flow.

A different technique of DNA stretching

with the nonmagnetic bead and magnetic

bead force handles is to apply a force con-

centrated at one end (the nonmagnetic end)

while the other end (magnetic) is held sta-

tionary by a magnetic trap (Figure 4.19).

In Figure 4.20, sequential frames from a 2

second-long video show the initial stretch on

a tethered strand of DNA in fluid flow. Here

the magnetic bead is held on the trap by magnetic forces while the flow is gradually in-

creased to exert increasing forces on the nonmagnetic bead. This in turn stretches the DNA

between the two beads.
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Figure 4.20: Fluid flow stretches DNA. Sequential frames from a 2-second video show a 2.8 µm diameter magnetic
bead that is held at a disk trap while a tethered DNA strand is stretched by the hydrodynamic force created by fluid
flow moving the 1 µm diameter nonmagnetic polystyrene bead attached to the other end. The fluid flow rate, as
determined by the speed of other beads in the channel, was approximately 2 µm per second.
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The advantage of techniques with only bead attachments (no surface tethers) is that fol-

lowing the experiment, the DNA strand may be manipulated to a different location for

downstream processing. This serves two purposes: the device may be used repeatedly and

the DNA strand may be further analyzed.

4.3.3 Two magnetic beads

Figure 4.21: Schematic shows disks of different sizes uti-
lized to stretch DNA at specified (a) short, (b) medium,
and (c) long lengths which depend entirely on the magnetic
trap pattern and external field configuration (red arrows).

The most technically challenging approach

of DNA tethering on the magnetic trap plat-

form is to attach a magnetic bead to each

end of a strand of DNA. The idea behind

this technique is to use a specially designed

trap pattern to stretch the DNA at differ-

ent predetermined lengths, as shown in the

schematic of Figure 4.21. Here, disks of dif-

ferent sizes are utilized to stretch the DNA

strand at different lengths as the magnetic

beads rotate around the edge of either disk.

This is a challenge because in the presence

of a magnetic field, the two beads will cou-

ple. The first step in all procedures is to ensure that a strand of DNA is attached between

the beads (generally with fluid flow) and the second step is to use the two beads to stretch

the DNA strand. Both steps are done in the presence of a magnetic field.

Figure 4.22 shows a magnetic bead-DNA-magnetic bead tether in a microfluidic channel.

In Figure 4.22 (a), one bead is trapped on a magnetic disk while the other is pulled away by

fluid flow, remaining tethered and thus confirming the presence of the DNA strand between

the two beads. The in-plane magnetic field is then reversed (Fig. 4.22 (b)), releasing the

construct to flow in the direction of fluid flow until it is again trapped by disks (Fig. 4.22

(c)), with each end on a different magnetic trap. In this case, the two disks on which the

beads are trapped are 3 µm and 5 µm in diameter, with 7.5 µm center-to-center spacing,

33



Figure 4.22: Lambda DNA tethered between two magnetic microbeads. (a) Fluid flow stretches the strand of DNA
between the beads. (b) When the in-plane field is reversed, the trapped bead is released and the construct flows in
the direction of fluid flow until (c) it is again captured by magnetic traps, this time with one bead on each trap.

resulting in a maximum possible stretch of 8.5 µm. The length at which the DNA will

stretch can however be tuned with disk size and center-to-center spacing.

As mentioned above, this dual magnetic bead approach is challenging without a means

of reducing bead-to-bead magnetic interactions. However, if some method of reducing these

interactions, such as a more rigid structure between the two beads (e.g. DNA origami, see

Conclusions and Future Work), were integrated into the experiment, then this approach

would be a potentially useful method of manipulating both ends of the DNA structure on

the magnetic tweezer platform.
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4.4 Conclusions and Future Work

This chapter has demonstrated the ability of a magnetic tweezer platform to be utilized for

force experiments with DNA. By measuring the extent of the stretch of lambda DNA in

flow and comparing to previously reported DNA force-extension experiments [65, 69, 70],

forces on the order of 1-5 pN were estimated.

One of the main benefits of this system is its potential for multiplexing experiments,

which is a challenge to achieve with optical tweezers and conventional magnetic tweezers.

Although some progress has been made toward multiplexing with conventional magnetic

tweezers [8, 72], it is difficult to apply a completely identical force to all DNA strands when

scaling up to much larger amounts of DNA. In the magnetic tweezer setup, the patterned

traps are each identical and the external fields are spatially uniform across the region of

the traps. This allows for the application of identical forces on each DNA strand on the

platform.

In addition to DNA, this application could readily be extended to other types of

biomolecules capable of conjugation to magnetic microbeads. An emerging field of DNA

study is DNA origami, which consists of carefully designed scaffolds of folded single-

stranded DNA held together by base-pair interactions and constructing larger (nm to µm

sized) objects [73]. DNA origami structures range from unique shapes (such as stars and

smiley faces with dimensions around 100 nm [74]) to moveable structures with mechanical

functionality [75]. Just as with the double-stranded DNA presented in this chapter, a DNA

origami construct can easily be attached to a magnetic microbead and manipulated on the

magnetic tweezer platform, with the added functionality of the more rigid structure.
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Chapter 5
Magnetic field landscapes and

forces from zigzag wires

5.1 Introduction

The patterned micromagnetic traps presented in Chapters 1-3 are integrated into various

devices to carefully manipulate, localize, and investigate biomolecules and cells. To exploit

the full capabilities of the mobile magnetic wire traps, it is important to analyze the energy

landscapes both on and around the wire structure for various external field configurations.

Furthermore, for careful measurements (such as DNA stretching, Chapter 4), the validity

of such measurements is ensured by understanding the characteristics and magnitudes of

the forces applied to biomolecules. When utilizing the traps in experiments involving the

manipulation of live cells (Chapter 6), an understanding of the forces applied is critical to

ensure that they are sufficiently weak to not damage the cells.

Theoretical modeling (Chapter 3) has provided estimates of both the energy landscapes

and the forces associated with magnetic traps along the zigzag wires. In order to validate this

model, experiments were performed to carefully analyze energies and forces associated with

the zigzag wire traps. The field-controlled dynamics of magnetic microbeads are utilized

to characterize the energy landscape and the associated transformations that occur during

remotely activated transport of the bead across the platform. These modifications to the

trapping sites provide for the deterministic forces that guide and maneuver the individual

beads.
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5.1.1 Energy Landscapes

A high-speed camera (Phantom Miro M120, Vision Research) was used to capture data

as various superparamagnetic microbeads were transported along the wires from vertex to

vertex. Experiments are performed with superparamagnetic microbeads of mean diameter

of 2.8 µm (Dynabeads cat. no. 14305D) and 11 µm (Spherotech cat. no. CM-80-10). It

should be noted that there is a distribution in sizes of the beads that, for Dynabeads R⃝,

typically range between ±1.4% of the mean diameter of 2.8 µm [56, 76]. The Spherotech

beads (used for Janus-type particles) vary in diameter between approximately 8.0 - 9.9

µm [77], although the specific bead used in the experiments presented in this chapter was

measured to be 11 µm in diameter. Additionally, it is likely that the magnetic content in

each bead is not exactly the same and thus the magnetic susceptibility may also vary from

bead to bead [78, 79]. To reduce variations in the experiments presented, the same bead

was used for each set of velocity and force measurements.

Figure 5.23: Zigzag wires are magnetized perpendicular to
the length of the wire (in the y-direction). The resulting
domain walls are located at the vertices and are either head-
to-head (HH) or tail-to-tail (TT).

In transporting a superparamagnetic

(SPM) bead from one vertex to an adjacent

vertex on the zigzag wires (Figure 5.23), the

external fieldHext, with in-plane component

Hxy and out-of-plane component Hz, are

tuned. These weak fields (< 200 Oe) do not modify the general location of the domain

walls in the zigzag wires in any significant way [48] and thus the associated domain wall

fields Hdw are determined solely by the CoFe wire dimensions and initial magnetization.

The moment induced in a SPM bead located at a given height above the wires is determined

by the total field, Hext+Hdw. In the absence of Hext, adjacent vertices and their associated

Hdw fields act as primary trapping sites for the bead (see also Figure 3.13 in Chapter 3).

If the out-of-plane field Hz is increased, the bead moment is proportionally determined by

Hext and the energy landscapes of adjacent head-to-head (HH) and tail-to-tail (TT) vertices

steadily transform to become attractive and repulsive, respectively.
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Figure 5.24: Contributions of domain wall (solid line) and
external field (dashed line) sensed by a bead sitting directly
above the vertex for external field strength Hxy = 0 Oe and
Hz = 70 Oe. The relative contributions will vary depending
on the bead height above the vertex.

The relative contributions of Hdw and

Hext to the total field Htot (= Hext+Hdw )

acting on the bead depend on the strength

and configuration of the external field as

well as the location of the bead relative to

the vertex. For example, Figure 5.24 shows

the relative contribution (in percentage of

total field) of each field for various heights

directly above the vertex for external field

strengths Hxy = 0 Oe and Hz = 70 Oe. The

external field begins to dominate for heights

approximately 0.8 µm above the vertex and higher. Beyond a height of approximately 10

µm, the external field completely dominates (Htot ≈ Hext). In the experiments presented,

the beads settle to the surface of the platform due to gravity. The magnetic material in

each bead is approximated to be located, on average, at the center of the bead. Therefore

the height above the vertex is determined by the bead radius (in experiments below, the

corresponding heights are 1.4 µm and 5.5 µm).

The introduction of Hxy in the presence of Hz, with Hxy oriented along the straight

segment of the zigzag wire, further transforms the character and location of the traps. In

particular, the primary traps weaken and shift away from the zigzag vertex to positions that

lie between vertices. The resulting secondary traps (S) are crucial elements to the transport

of the beads, which, depending on the depth of the trapping potential, can be slowed down,

momentarily stalled, or completely halted in their movement between vertices.

Figure 5.25 illustrates the influence of Hxy and Hz on the energy landscape during

transport of a bead (diameter 2.8 µm; susceptibility ∼0.5 determined by SQUID measure-

ments detailed in Chapter 2) along the wire between adjacent vertices. In Fig. 5.25 (a),

the out-of-plane field Hz is reversed from +40 (dotted curve) Oe to -40 Oe (solid curve)

for a fixed in-plane field Hxy= 10 Oe. For Hz= +40 Oe, the bead (dark circle) sits in a

potential energy minimum (initial trap S0) near the first vertex. When Hz is reversed to
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Figure 5.25: Potential energy landscapes for a 2.8 µm bead on a wire. Field configurations are (a) Hz= ±40 Oe
and Hxy = 10 Oe; (b) Hz= ±40 Oe and Hxy = 80 Oe; (c) Hz= ±10 Oe and Hxy = 10 Oe; (d) Hz= ±80 Oe and
Hxy = 10 Oe. In the presence of a positive Hz field, the initial position of the bead (expected position indicated by
dark circle) is at the initial trap S0. Hz is then reversed, causing the bead to move to the lower energy at Sf . The
movement of the bead along the energy profile is indicated by arrows. S0, Si and Sf indicate initial, intermediate
and final traps. Vertical lines (blue) indicate locations of wire vertices. The largest deviation of Si and Sf from the
vertices occurs at large Hxy values (Hxy > Hz).

-40 Oe, this vertex becomes repulsive and, since no intermediate traps are stabilized be-

tween the vertices, the bead moves steadily from this unfavorable energy state toward the

neighboring final trap Sf located at the other vertex. In contrast, when |Hxy| > |Hz|, as

in Figure 5.25 (b) (Hxy = 80 Oe, Hz = ±40 Oe), two secondary traps of different energy

depths occur. The intermediate trap (Si) nearer to the initial vertex is weakened by the

repulsive contribution of Hz to the potential energy while the constructive superposition of

Hz and Hdw at the second vertex renders a deeper secondary trap (Sf ). For a given Hz and

steadily increasing Hxy, the intermediate trap Si becomes more pronounced, transforming

from a weak shoulder (Fig. 5.25 (c)) to a distinct trap (as in Fig. 5.25 (b)) that slows

the bead’s motion. For weak planar fields (|Hxy| ≤ |Hz|), Hxy is not strong enough to
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Figure 5.26: Experimentally measured speed of 2.8 µm bead moving along the wire (solid lines) and corresponding
potential energies (dashed lines) calculated from the model. Plots (a-c) are for Hz = -40 Oe and Hxy = (a) 10 Oe,
(b) 70 Oe, and (c) 80 Oe. As Hxy increases, an intermediate secondary trap Si emerges, causing the bead to slow (b)
or come to rest (c). Experiments on the same bead with Hxy = 10 Oe and Hz = (d) -10 Oe, (e) -70 Oe, and (f) -80
Oe do not result in intermediate traps and the bead reaches the destination vertex.

effectively influence the orientation of the bead’s induced magnetic moment to generate a

clear intermediate trap, as evidenced in Figure 5.25 (d) where Hxy = 10 Oe and Hz = ±80

Oe.

As illustrated in Fig. 5.26, the energy profiles presented in Fig. 5.25 are consistent with

the measured speeds of the bead. These speeds are determined by first tracking the particle

location at each frame using a LabView tracking routine. From the resulting position vs

time data, the velocity can then be determined for each point along the trajectory. In

Figure 5.26, the calculated energy profile (dashed line) is plotted on top of the measured

speed (solid line) of the bead as it moves from one vertex to the next with the given external

field. Fig. 5.26 (a) confirms that for low Hxy (10 Oe) and Hz = -40 Oe, the bead initially
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accelerates, reaching speeds of ∼60 µm/s as it moves away from the initial trap S0, which is

transformed to a repulsive site upon reversal of Hz. The motion is then slowed as the bead

encounters a flatter energy landscape before emerging and gaining speed as it moves toward

the deeper final trap Sf where it is rapidly brought to rest. In Fig. 5.26 (b), however,

Hxy= 70 Oe (|Hxy| > |Hz|) and thus an intermediate trap arises, causing the bead to be

temporarily localized before eventually escaping from Si to reach target destination Sf . For

Hxy = 80 Oe (Fig. 5.26 (c)), the intermediate trap is sufficiently deep that the bead is, as

expected, permanently halted at Si well before reaching the adjacent vertex.

In Figure 5.26 (d), |Hxy| = |Hz| and the weak shoulder is seen in both the theoretical

energy landscape and the slowing of the microbead about 5 µm from the initial vertex S0.

Fig. 5.26 (e-f) demonstrate experimental confirmation that when |Hxy| < |Hz|, intermedi-

ate traps are not evident, thereby enabling the bead to easily reach the next vertex.

5.1.2 Wire transport of 11 µm Janus particles

Similar experiments were performed with 11 µm beads on identical wires to those used

to transport the 2.8 µm beads. The larger beads were utilized because the height of the

magnetic material above the wire, on average, is higher (5.5 µm as compared to 1.4 µm for

the 2.8 µm diameter beads), thus allowing for a particular aspect of wire theory, the effects

of the height above the platform, to be studied. Furthermore, the outer structure of the

larger beads is much more easily discernible under the microscope because they are Janus

particles (see Chapter 2), with a half-shell Au coating. Thus the 11 µm beads also allowed

for careful analysis of the exact orientation of the bead during its motion from one vertex

to the next.

The 11 µm bead offers different responses compared to its 2.8 µm counterpart. These

changes can be traced to the effective bead moment above the vertex. The 11 µm beads

experience weaker effective fields and broader primary traps due to the large field gradients

associated with Hdw. The initial (S01, S02) and final (Sf1 and Sf2) traps are located along

the wire a few micrometers from the vertex center (Fig. 5.27); this distance increases with

increasing Hxy. On 14.5 µm long wires, the broadened primary traps approach each other
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Figure 5.27: Experimentally measured speed of the 11 µm bead along the wire and corresponding potential energy
landscape calculated from the model. (a) and (b): Hz = ±40 Oe and Hxy = 60 Oe and 150 Oe, respectively. (c)
and (d): Hxy=10 Oe and Hz = ±10 and ±80 Oe, respectively. Vertical blue lines indicate locations of wire vertices.
Corresponding experiments determined particle speed for (e) Hz = -40 Oe and Hxy = 60 Oe and 150 Oe and (f)
Hxy= 10 Oe and Hz = -10 Oe and -80 Oe. As Hz increases relative to Hxy secondary traps shift closer to wire
vertices and, as predicted in (a)-(d), the bead travels a larger distance. S01, S02, Sf1, Sf2 are the initial (S01 and S02)
and final traps (Sf1 and Sf2) for different field values.

with no intermediate traps evident (Fig. 5.27 (a-d)). According to the model, for wires

∼40 µm and longer, the initial and final traps are more separated, enabling an intermediate

trap to emerge for the 11 µm sized beads (Figure 5.28).
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Figure 5.28: Theoretical calculations of energy landscapes for an 11µm bead. External fields Hxy=60 Oe and
Hz = ±40 Oe for (a) 15 µm and (b) 40µm long wires. With longer wires, an intermediate trap Si appears near the
first vertex and between the initial (S0) and final (Sf ) positions of the bead, as occured in the case of the 2.8µm bead
with the 14.5 µm long wires. Blue vertical lines identify the locations of the vertices.

The experimental results of Fig. 5.27 (e) and (f) for the 11 µm beads confirm that the

corresponding translational speeds are smaller than those of the 2.8 µm beads for the same

external field configuration. The smaller measured speeds and reductions in the distance

traveled along the wire with increasing Hxy are in line with the model. Confirmation of

theoretical predictions (Figs. 5.26 and 5.27) of the measured starting and ending locations,

as well as recorded changes in the particle speed with applied fields for the different beads

thus validates the models related to (1) domain wall-generated fields (Hdw), (2) response

of the energy landscape to Hxy +Hz and (3) the magnetic properties of the beads.

The contrast between the light and dark regions of the Janus particles allows for a

qualitative understanding of the orientation of the bead to differentiate between rolling and

sliding motions. As shown in Figure 5.29, it was observed that the 11 µm Janus particles
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exhibit an initial rolling motion prior to sliding along the wire from the first vertex (Fig.

5.29 (a) (i and v)) to the second vertex (Fig. 5.29 (b) (iv and viii)). Upon the reversal

of Hz, (Figure 5.29 (a) (i-iv) and (v-viii)), the entire bead is observed to rotate to align

with the net field. It subsequently slides along the wire to reach the neighboring vertex,

maintaining its orientation during this motion (Fig. 6.35 (b) (i-iv) and 6.35 (b) (v-vii)).

Figure 5.29: Janus particle transport. An 11µm Janus particle exhibits (a) rolling
and (b) sliding motion during vertex-to-vertex transport. Microscope images (i-
iv) are paired with schematics (v-viii) illustrating orientation of dark- and light
(translucent)-colored regions during rolling and translational motion.

These findings reveal

a field-induced rotational

torque on the microbead

immediately after the

field is reversed. This

torque in turn suggests

the presence of a small

ferromagnetic character

for the bead, which is

likely due to a size distri-

bution in the embedded

magnetic nanoparticles.

Despite the weak ferro-

magnetic character, the

overall field response of the beads is largely in agreement with that of a superparamagnetic

microbead.

5.1.3 Forces

The velocity data obtained from experiments presented above (Figure 5.26) also allow for

an experimental determination of in-plane forces exerted by wire traps on microbeads.

Here a simple model is assumed, in which two opposing in-plane forces are exerted on the

bead along the horizontal direction of motion. The magnetic force, which propels the bead

along the wire from one vertex to the next, is opposed by the hydrodynamic drag force

(see Chapter 3), which is determined by Stokes’ Law (Equation 3.4), neglecting near-wall
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Figure 5.30: Magnetic forces associated with zigzag wires. (a) Theoretically calculated (see Chapter 3) in-plane
magnetic force applied to a 2.8 µm microbead for field strengths Hxy = 10 Oe and Hz = 10, 25, 40, and 60 Oe. (b)
Experimentally determined in-plane magnetic force applied to a 2.8 µm magnetic microbead in the same fields shown
in (a). Both plots correspond to a 14.5 µm long CoFe wire.

effects. The position vs time data that is collected allows for calculation of velocity and

acceleration of the bead along the trajectory, thus allowing determination of the net force

on the bead. The magnetic force opposing the calculated drag force can then be evaluated,

as shown in Figure 5.30 for a 2.8 µm bead during its motion along a 14.5 µm long CoFe

wire.

The calculated magnetic force, given the magnetic potential energy determined by the

point-charge theory (Chapter 3), is shown in Figure 5.30 (a) for external field strengths Hxy

= 10 Oe and Hz = 10, 25, 40, and 60 Oe. Larger forces are predicted near the vertices

with weaker forces along the wire between the vertices. The experimentally determined
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magnetic forces corresponding to these fields are shown in Figure 5.30 (b). Qualitatively,

the experimental graph of Fig. 5.30 (b) shows a striking resemblance to those calculated

through the point charge method (Fig. 5.30 (a)).

Though the force graph qualitatively corresponds well to the theoretical predictions,

there is approximately a 20-30% difference in the values of the experimentally determined

in-plane forces, which were found to be as high as about 3 pN in this study. The theoretically

predicted forces were determined to be as high as about 14 pN. These differences could

arise from a number of factors. As discussed previously in this chapter, the Janus particle

experiments revealed an initial rolling motion in the trajectory, which we were unable to

detect prior to this study and is thus not accounted for in the theory. The extent of

this rolling motion depends on the initial orientation of the magnetic moment of the bead

(as determined by the external field) as well as the diameter of the bead. The friction

coefficient, µk, will also be different depending on whether the motion is rolling or sliding

motion [80]. The resulting near-wall effects, which were not accounted for in the theoretical

approximation, will be different in each portion (rolling vs sliding) of the trajectory and

will affect the value of the drag force.

The forces that have been determined through these experiments are on the order of

magnitude (1-10 pN) of forces associated with cellular components [63, 81], which makes

this setup ideal for safely manipulating cells and probing the internal cellular structure.

Similarly, such forces are capable of stretching double-stranded DNA to nearly their full

contour length [63, 65] in what is known as the low-force regime. However, forces an order

of magnitude larger would be required to perform studies analyzing the overstretching

transition of double-stranded DNA, in which molecules are observed to extend beyond their

contour lengths [65]. Although an upper limit has not been experimentally determined,

higher forces are achievable on this platform, most readily by increasing the applied external

magnetic field.
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5.2 Potential energy landscapes associated with magnetic

disk traps

Figure 5.31: Magnetic disk trap localization. Microscope images of a 2.8 µm bead
in external field (a) Hxy = 80 Oe and Hz = 120 Oe and (b) Hxy = 120 Oe and Hz

= 80 Oe. (c) Corresponding magnetic potential energy plots are shown for these
field configurations. As predicted, the beads sit nearer to the center of the disk
when Hxy < Hz and further outside the edge of the disk when Hxy > Hz .

To further the studies

shown here and for the

biotechnological applica-

tions of Chapter 4 and

Chapter 6, experiments

have begun similar to

those described in this

chapter to validate the

theory currently used to

map out potential energy

landscapes on Permalloy

magnetic disk traps (see Chapter 3). Preliminary studies have shown that the position

of a 2.8 µm bead localized on a 30 µm diameter disk will vary depending on the external

field configuration (Figure 5.31). In Fig. 5.31 (a), the bead is held in an external field in

which the out-of-plane field is higher than the in-plane field (Hxy = 80 Oe and Hz = 120

Oe). In Fig. 1 (b), however, the magnitudes of the two fields are reversed, such that Hxy >

Hz. This change will adjust the direction of the bead’s internal magnetic moment as well

as the exact location of the trap, as shown in Fig. 5.31 (c). As is visible in the images, the

bead is held closer to the center of the disk in Fig. 5.31 (a) and further outside the edge of

the disk in Fig. 5.31 (b). The measured shift in the position of the center of the bead is

0.35 µm. As shown in Fig. 5.31 (c), this slight shift in position is predicted in the theory to

be approximately 0.32 µm. This demonstrates that, as with the zigzag wires, the trap lo-

cations on the disks can also be adjusted by tuning the external magnetic fields. To further

validate the theory, experiments that utilize high frame rate videos (∼10,000 fps) to track

the position of 2.8 µm microbeads upon reversal of the direction of the out-of-plane field,

thus manipulating the particle away from the disk, can be used to determine the potential
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energy landscapes involved with particle manipulation on the disks.

5.3 Conclusion and future work

The zigzag wires presented in this study show promise as one of a handful of micro-magnetic

methods to capture, transport, and spatially localize targeted molecules. The work de-

scribed in the present chapter has allowed for careful experimental mapping of the energy

profile of these traps to test the current theoretical understanding of potential energy land-

scapes and associated forces. The experiments confirm that the theory is capable of pre-

dicting energy landscapes very well for various wire and bead sizes. The experimental force

determination provides insight into the theoretical approximations that may need improve-

ments, for example in accounting for the rolling motion at the start of the trajectory. This

data offers a pathway for future modeling, which would include near-wall frictional effects

that will differ depending on whether the bead is rolling or sliding [80].

The studies in this chapter probed energy landscapes exclusively along the length of

the wire (Figure 5.32 (a)). However, both the point charge model and experimental trials

confirm that deterministic forces on a bead are not constrained to the wire conduit [24].

This feature has many advantages because a silicon chip could be patterned with not one

but many zigzag wires in an array (Figure 5.32 (b)), and magnetic beads may then be

moved in various directions, such as that shown in Figure 5.32 (c). Within the present

model, the trajectories will be remarkably similar to those observed and reported in this

chapter, since only the distance between the vertices will change. The magnetic potential

energy plots for two different distances are shown in Figure 5.32 (d-e). The path shown in

Fig. 5.32 (e) is slightly longer, which simply changes the location of the final trap. One

advantage of this is that beads may be manipulated in any direction across an array of wires

rather than being limited to vertices along the length of a single wire. Furthermore, it was

demonstrated earlier in this chapter that intermediate traps will form along the direction

of the applied in-plane field for |Hxy| > |Hz|. Due to these intermediate traps, there are

numerous locations at which a microbead may be localized on the array. These trapping
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Figure 5.32: Zigzag wire transport capabilities. (a) Schematic of trajectories analyzed during this chapter. (b)
Microscope image shows an array of CoFe wires patterned onto a surface. (c) Theory and experiments show that
deterministic forces are not constrained to the wire itself (e.g. the bead could jump to a vertex of a nearby wire).
Theoretical potential energy curves for a particle moving to the vertex of a nearby wire (d) if the spacing is 14.4 µm
and (e.) if the spacing is 20.3 µm.

sites are not limited to the domain wall at the vertex. They may be situated along any

path from one vertex to a neighboring vertex, both along the wire and outside the conduit.

The locations for bead localization may be tuned by adjusting the strength and direction of

the in-plane and out-of-plane components of the external field. The extent of this control

shows promise for new micromagnetic trap designs based on the zigzag wire model that will

be adaptable to more diverse biological applications.
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Chapter 6
Integrating magnetic traps with

nano- and micro-channel
electroporation

Gene transfection into cells is an extremely important and broad field. In human cells,

gene therapy is being investigated for the treatment and control of diseases such as can-

cer [82, 83, 84] by probing the cellular response to injections of various concentrations of

molecules. It is capable of detecting targeted cellular contents such as mRNA and proteins,

to better understand the purpose of such proteins, especially in contributing to diseases.

The importance of gene transfer is not limited, however, to biomedical purposes. DNA

transfer to plant cells allows for genetic modification such as herbicide and insecticide re-

sistance and plant hybridisation [85]. Furthermore, bacterial cells naturally replicate DNA

and synthesize proteins, and thus can be used as tiny “machines” to amplify DNA or create

proteins [86, 87]. The strides made in the field of gene transfection are not possible without

techniques to rapidly and effectively deliver genes and other entities into cells. To conduct

statistically significant research, what were once single-cell experiments must be advanced

to become more high throughput techniques. In this section, the incorporation of mag-

netic traps with methods of cellular transfection to enable high-throughput, multiplexed

outcomes will be addressed.
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6.1 Cellular injection techniques

In vivo, a cell depends on its phospholipid bilayer cell membrane (schematic shown in

Figure 6.33 [88]) to regulate intake of extracellular material. The hydrophilic-hydrophobic-

hydrophilic structure of the membrane ensures that water soluble materials cannot easily

penetrate the cell. Thus genes, drugs and proteins are unable to easily enter a healthy

living cell. The challenge of cellular injection techniques is therefore to penetrate this

natural barrier and introduce foreign substances into the cell while preserving cell structure

and vitality.

Figure 6.33: The cell membrane of a eukaryotic cell con-
sists of a phospholipid bilayer in which hydrophobic tails
are protected on either side by hydrophilic heads. Image
from Singer and Nicolson, Science, 1972.

A wide variety of established techniques

capable of introducing biomolecules into cells

exist. They include, but are not limited

to, viral vectors [89], physical bombardment

[90], microinjection [20, 91], and electropora-

tion [37, 40, 92, 93, 94, 95, 96]. These and

other techniques are utilized to inject genes,

drugs, fluorescent dyes, and other molecules

into cells. To probe cellular response over

time, it is critical for these techniques to have

low cell mortality rates. It is also desireable for a technique to have the ability to con-

trol dosage, to be easily and inexpensively operated, and to deliver molecules into many

individual cells simultaneously. Two common techniques, microinjection and bulk electro-

poration, will be briefly addressed below. The techniques of microchannel and nanochannel

electroporation will then be presented.

6.1.1 Microinjection

Microinjection is one of the few techniques that allows for precise dosage injection into a

single cell. For this process, a microneedle physically penetrates the membrane of a cell

and pushes pre-loaded liquid containing a controlled amount of fluorescent dye, DNA, or
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proteins through the needle tip and into the cell [91]. The cell may be attached to the

surface of a petri dish (Figure 6.34 (a-c)) or

Figure 6.34: Single-cell microinjection. Microinjection
may be performed on adhered cells (a-c) or suspended
cells (d) localized with negative pressure through a mi-
cropipette. In both cases, an injection needle uses posi-
tive presssure to inject into cytosol or the nucleus. Image
from Zhang and Yu, BioEssays, 2008.

suspended in solution with a micropipette

(Figure 6.34 (d)). An optical microscope is

used to view the experiment while microma-

nipulators attached to the injection needle al-

low for precise positioning of the needle, which

permits the researcher to inject into either the

nucleus or the surrounding cytosol.

Injection pressure and time must be care-

fully regulated in order to control the injected

volume; the ability to do so and thus carefully

regulate dosage is the most important advan-

tage of this technique. A critical drawback,

however, is that it is inherently a single-cell

technique that requires manual injection for

each cell. Some progress has been made to

automate the technique and increase the rate

of cell injection [20]. However, it nonetheless remains low-throughput as compared to other

cellular injection techniques.

6.1.2 Bulk electroporation

The single-cell nature of microinjection suggests a need for techniques that can transfect

large numbers (103 to 106) of cells simultaneously. Bulk electroporation, a commercialized

lab technique [36], uses high voltage electric pulses applied between two electrodes in a

cuvette filled with cells in solution to simultaneously transfect up to millions of cells. For

any given cell in solution to porate, the voltage pulse must be high enough to increase the

transmembrane potential of that cell past a critical value (shown to be around 200 mV

[97]). The magnitude of this threshold voltage varies depending on the size and type of cell.
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The resulting pores that form are likely on the order of tens to hundreds of nanometers in

size [92], and small molecules will traverse the membrane via the pores to enter the cytosol.

Molecules that are very small, such as propidium iodide dye (668 Da) diffuse through the

pores unaided. Larger molecules, such as long strands of DNA (>4 kDa), however, are

endocytosed into the cell in vesicles when electroporation takes place. To transfect any

particular molecule into the cells with bulk electroporation, that molecule must be added

to the solution containing cells in the cuvette. Following transfection of a molecule, it is

critical that the cell membranes heal in a matter of minutes after the voltage is removed.

Although it is fast, easy, and transfects many cells simultaneously, there are two serious

drawbacks to bulk electroporation. First, unlike microinjection, the dosage is almost com-

pletely uncontrolled. It is possible to somewhat increase the affected area of the cell surface

by increasing the voltage (once above the critical applied voltage) and it is also possible to

modify the extent of poration by adjusting the duration and number of pulses [37]. However,

there is no precise control; the location of each cell in the cuvette contributes more than

anything else to the extent of poration of each individual cell for a given voltage. As such,

each cell will be transfected with a different dosage. The second major drawback of bulk

electroporation is also highly location-dependent. A large fraction of the cells, particularly

those near the electrodes, are lysed or damaged due to the non-uniform and hazardous

electric fields. Indeed, electroporation can also be used as a cell lysing technique called

electrical lysis [96, 98, 99]. The resulting high cell mortality rates in bulk electroporation

limit the usefulness of this technique for clinical applications. The three critical aspects

of transfection: namely, efficiency, gene delivery to targeted cells and cell viability, are not

guaranteed with the bulk electroporation approach [41].

6.1.3 Nano- and micro-channel electroporation

The research presented here uses electroporation techniques to deliver molecules into cells

but rather than bulk techniques, methods referred to as nano-channel and micro-channel

electroporation are employed. In general, these methods [18, 41, 94, 100] often focus the

voltage pulse through either a microchannel or a nanochannel onto an individual cell in the

53



channel or pressed directly against the channel. Cells can be manipulated and localized

by optical tweezers [18], dielectrophoresis [101], vacuum [94, 102], or microfluidics [19].

Many micro- and nanochannel devices are single-cell or very low throughput techniques.

However, in this research magnetic manipulation techniques are integrated with micro- and

nanochannel electroporation devices, which allows for cell localization and manipulation

during the experiment. These devices are consequently automated and high-throughput.

The most beneficial aspects of electroporation, (1) simplicity of use, (2) ability to transfect

into most cell types, and (3) high-throughput transfection are all preserved in this approach.

Importantly, these techniques additionally overcome many of the inherent drawbacks of bulk

electroporation including achieving a sharp reduction in cell mortality.

The use of magnetic manipulation techniques also provides a foundation for incorpo-

ration with downstream analysis in a combined device that may include on-chip labeling,

sorting, and analysis.

6.2 Micro-channel electroporation

6.2.1 Introduction

Microchannel electroporation (MEP) provides a means to overcome the drawbacks associ-

ated with bulk electroporation by offering a gentler environment where each cell is porated

under more controlled conditions [39, 41]. Devices often confine individual cells at micro-

scale pores, resulting in electric field strengths across each pore that are orders of magnitude

larger than those achieved by bulk electroporation [18, 95]. Thus safe, low voltages (<10 V)

are sufficient for cell poration [40, 102, 103]. Furthermore, delivery into the cells is confined

to regions determined by pore size, allowing for a more controlled environment than in bulk

electroporation.

Currently, most MEP designs highlight single-cell electroporation [38, 39, 40, 104], which

is inadequate for clinical applications that require high throughput. Recent approaches

[38, 105] include microfluidic electroporation devices, which often operate in a sequential

manner and thus are less conducive to scale-up for clinical applications [106]. On the
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other hand, a technique called 3D microchannel electroporation (3D MEP) [41, 102, 107] is

capable of achieving high throughput by handling thousands of cells on a planar membrane

with an applied electric field in the vertical direction. MEP membranes could be a carefully

patterned micro-pore array [94, 100, 102] or randomly distributed micro-pores [93].

A critical requirement for 3D MEP is an efficient approach to manipulate and localize

large numbers of individual cells over an array of micro-pores. Previously reported 3D

MEP studies utilize vacuum to trap cells at the micro-pores by applying a negative pressure

underneath the MEP chip [93, 94, 100, 102]. This method, while efficient in cell-trapping, is

however difficult to optimize in regards to trapping forces, leading to either poor alignment

due to low pressures or serious cell membrane damage due to high pressures [108]. An

alternative method of alignment of cells is optical tweezers, which precisely places individual

cells at targeted micro-pores. However, the technique has limited throughput and laser-

induced Joule heating can be a barrier as it contributes to cell damage and mortality [106].

For the micro-electroporation studies presented here, a versatile 3-dimensional magnetic

tweezers based system capable of realizing the three important aspects: (a) individual-cell

based electroporation, (b) high throughput transfection, and (c) retention of cell viability,

was developed. To efficiently place individual cells at a single micro-pore, the magnetic

tweezer platform is utilized to manipulate and align magnetically labeled cells. The mul-

tiplexed operation simultaneously controls the locations of tens of thousands of cells. The

weak magnetic fields do not generate heat nor adversely damage the cells, thus removing

cell damage concerns that arise with the optical tweezers and vacuum generated force ma-

nipulation schemes. The schematic for magnetic tweezers based 3D MEP is shown in Figure

6.35. The device is sized to fit within the electromagnetic setup (Fig. 6.35 (a)). The 3D

MEP device (Figure 6.35 (b)) utilizes a bottom Au electrode that covers the entire base

of the device. A PDMS spacer on the surface holds solution containing the molecule to be

injected. On top of the PDMS spacer is the 3D MEP chip, a silicon wafer with an array

of micron-sized pores etched through it. Aligned with the pore array is an array of mag-

netic disks (Figure 6.35 (c)) capable of localizing magnetically labeled cells directly over the

pores. The disks also allow for manipulation of cells before and after transfection.
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Figure 6.35: The 3DMEP- magnetic tweezer system setup. (a) The entire 3DMEP-MT device fits in the electromagnet
stage described previously. (b) Schematic of the 3D micro-electroporation scheme. A gold substrate serves as the
bottom electrode. A PDMS spacer holds the transfection reagents in solution. Above this spacer sits the 3D MEP
wafer with etched pores and magnetic disks. Another PDMS spacer sits on top of the 3D MEP wafer to hold cells in
solution, and a platinum electrode is placed in the solution. (c). Micrograph of a 3D MEP wafer, showing permalloy
disks aligned with 5 micron diameter pores. Cell seeding is performed by simply (d) pipetting cells in PBS buffer
solution into upper chamber and (e) allowing them to settle due to gravity with magnetic fields turned on so that
they (f) are gently pulled to trap locations, aligned with the pores.

Seeding and aligning cells in the high-throughput device is rapid. A pipette is used

to drop a predetermined concentration of cells in solution into the upper chamber of the

device (Fig. 6.35 (d)). The cells are allowed to settle (Fig. 6.35 (e)) with magnetic fields

turned on such that as the labeled cells approach the surface, they are gently pulled to

pore locations at the periphery of the magnetic disks (Fig. 6.35 (f)). For example, if pores

are aligned on the +x side of disks, Hxy = 50 Oe along +x direction, and Hz = 50 Oe in

+z direction will guide the cells to desired locations above the pores with no further user

interaction necessary to align the cells with micro-pores. Alignment efficiency and results

will be described in more detail for both low-density and high density (high throughput)

experiments in this device.
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6.2.2 Fabrication

Figure 6.36: Fabrication procedure for the low density micro-pore array
chip. Fabrication done in collaboration with Mr. Lingqian Chang

The processes used to create 3D

MEP chips are more involved

than the techniques described in

Chapter 2 and will be described

here. Two different chips, the

low density micro-pore array and

the high density micro-pore array,

have been studied. Fabrication of

these chips was done in collabora-

tion with Mr. Lingqian Chang.

Low density micro-pore array

chip

The first magnetic tweezers as-

sisted 3D MEP design, termed the

low density micro-pore array, has

a high density of magnetic traps

(∼150,000 disks/cm2) but a rela-

tively low density of pores (∼1,000

pores/cm2). This micro-pore array

chip was developed to test the per-

formance of the magnetic tweezers

on single-cell manipulation for 3D

MEP.

To fabricate the low density

micro-pore array chip, pores are

etched with a wet etch procedure (Figure 6.36). First, a metal mask layer (Cr/Au, 30
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Figure 6.37: SEM micrographs of two types of 3D MEP chips. (a) the low density MPA chip shows one single
square-shaped micro-pore (black) and a magnetic disk array (white). Scale bar = 50 µm. (b) On the high density
micro-pore array chip, each magnetic disk is aligned with a micro-pore. Scale bar = 50 µm. (c) The cross section of
the high density micro-pore array chip shows pores in the region of the terrace structure micro-trench. Scale bar =
100 µm. Insert shows zoomed-in cross section of three individual micro-pores, with scale bar = 20 µm.

nm/100 nm, E-gun evaporation, Denton DV 520A) is deposited onto both sides of a ∼200

µm thick silicon substrate ((100) orientation, Double Side Polished) (Fig. 6.36 (a)). An ar-

ray of squares (each square 250 µm in width, 315 µm center-to-center distance) is patterned

on the mask layer by photolithography (S1813, Shipley, 1.4 µm, Fig. 6.36 (b)), followed by

the use of chromium (CR-7S) and gold (GE-8111) etchants to transfer the square array to

the metal mask (Fig. 6.36 (c)). The masked silicon wafer is placed in a KOH wet-etch tank

(45%, 80◦C) for several hours. Due to the anisotropic etch properties of silicon for each

crystal plane, an array of inverted pyramid pits, with an angle of 54.7◦ to the (100) plane

are created by the etch on the square array (Fig. 6.36 (d.1)) while the opposite surface of

the wafer is simultaneously thinned (Fig. 6.36 (d.2)), resulting in a small square-shaped

micro-pore hole (approximagely 1-10 µm length) at the bottom of each pyramid-pit (Fig.

6.36 (e)). The metal mask layer was removed by using both CR-7S and GE-8111. An SEM

image of the square-shaped pore of the low-density micro-pore array chip is shown in Figure

6.37 (a).

Following the micro-pore array chip fabrication, the magnetic trap array (each circular
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trap 15 µm in diameter, 50 nm thick, with 25 µm center-to-center distance) was fabricated

with photolithography (see Chapter 2).

Figure 6.38: Fabrication procedure for the
high density micro-pore array chip. Fabrica-
tion done in collaboration with Mr. Lingqian
Chang.

A SiO2 dielectric film (∼200 nm) was deposited

on the chip by PECVD (Plasma Therm 770 SLR)

for electrical isolation during the process of electro-

poration. The entire chip consists of an array of 5 µm

pores with 315 µm center-to-center spacing, resulting

in∼1,000 micro-pores per 1 cm2, capable of transfect-

ing ∼1,000 cells under ideal trapping efficiency.

6.2.3 High density micro-pore array chip

The steps involved in the fabrication of the high den-

sity micro-pore array chip are shown in Figure 6.38.

The first steps (Fig. 6.38 (a-c)) are similar to the pro-

tocol of the low density micro-pore array chip. How-

ever, a much larger array of squares is first etched

from one side in KOH (each square ∼500 µm - 800

µm in width), creating micro-trenches (Fig. 6.38 (d)).

A micro-pore array (each pore 5 µm in diameter,

25 µm center-to-center distance) is then patterned

on the opposite side of the silicon wafer using pho-

tolithography (SPR200-7, 6 µm thick, Fig. 6.38 (e)).

Deep Reactive Ion Etch (DRIE) is used to etch the

micro-pore array through the bottom of the terrace

array (6.38 (f)). Bosch process (SF6: 12s/100 sccm

gas flow/700 W ICP power/40 W RF power/30 mT

APC pressure; C4F8: 7s/100 sccm gas flow/700 W

ICP power/10 W RF power/30 mT APC pressure), with etch rate ∼3 µm/min, is applied

for DRIE (Oxford Plasma Lab 100). The length of the vertical micro-pores was determined
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to be about 30 µm by the thickness of the silicon wafer and the depth of the micro-trench

(Inset of Figure 6.37 (c)). The portion of the pore connecting to the bottom of the micro-

trench is the region of interest for the experiment. Once again, the magnetic disk trap array

is patterned afterwards, this time with careful alignment (EVG 620 Aligner) to connect each

micro-pore to an adjacent magnetic disk. Top view (Fig. 6.37 (b)) and side view (Fig. 6.37

(c)) SEM images show the high density micro-pore array chip.

Figure 6.39: High-density micropore array chip. Brightfield images
show pore-disk alignment while transmitted light images show locations
of pores that go through the entire thickness of the wafer.

In contrast to the low density

micro-pore array chip, this chip

has ∼40,000 through micro-pores

per 1 cm2 and is patterned such

that each micro-pore is adjacent to

one magnetic disk. The alignment

of pores with magetic traps is eas-

ily visualized in bright field while

the locations of pores may be determined by looking at transmitted light through the

pores, as shown in Figure 6.39. The high throughput nature of this chip closely aligns with

transfection requirements that are suitable for clinical use.

6.2.4 Experimental procedure and results

Materials

Four types of cells were used in the 3D MEP transfection experiments. Primary human

white blood cells were purified from whole blood from the American Red Cross (Columbus,

OH). KG1a (an acute myeloid leukemia cell line), K562 (human immortalised myelogenous

leukemia) and Jurkat (human T lymphocyte cell lines) were obtained from American Type

Culture Collection (ATCC). These three cell lines were cultured in RPMI 1640 (catalog No.

11875-093), with the addition of 10% (v/v) fetus bovine serum (FBS, heat-inactivated, cat.

no. 26010).

Propidium Iodide (PI, cat. no. P3566, Invitrogen, excitation/emitting wavelength,
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535/617 nm) was used for low throughput delivery experiments as well as for viability

assessments on the high density delivery experiments, with staining applied ∼75 minutes

after electroporation for transfection reagents other than PI. Fluorescein amidite (FAM)-

labeled oligodeoxynucleotides (FAM-ODN, Alpha DNA company, cat. no. 427520, exci-

tation/emitting wavelength, 492/517 nm) and GATA2 molecular beacon (GATA2 MB, 50

µM/ml, Sigma-Aldrich, excitation/emitting wavelength, 495/515 nm) were also delivered

into cells to evaluate transfection efficiency. An inverted microscope (Nikon Elipse Ti)

was used to check the fluorescent expression after electroporation. The nuclei of cells were

stained with Hoechst (Sigma-Aldrich, cat. no. 654434, excitation/emitting wavelength,

350/461 nm) to indicate cell locations on the chip. The micro-pore array was visualized by

phase contrast.

All four types of cells used for this study were labelled with anti-CD45 magnetic beads

(see Chapter 2); various kits are also commercially available to label different cell types.

Low density micro-pore electroporation

For single cell techniques in the low density micro-pore array, a specific cell may be aligned

on a pore using a pre-programmed disk manipulation routine. In Figure 6.40 (a), magnetic

fields are first used to guide a magnetically labeled white blood cell directly onto the pore,

demonstrating the complete control over cell manipulation and localization provided by

this device. PI dye is delivered into the cell by low voltage electroporation (10V, 10 ms,

5 pulses) in just over 1 minute (Figure 6.40 (b)). (Micro-channel transfection has been

shown to deliver molecules, even those larger than PI dye, more quickly to the cell than

bulk electroporation, depending on the size of the pores, cell type, and molecule transfected

[18]). After transfection, the cell is rapidly removed from the pore via protocols associated

with the magnetic tweezers (Figure 6.40 (c)) [25]. This is a critical attribute of the device,

as it allows for downstream analysis in lab-on-a-chip devices. This single-cell experiment

demonstrates the robust capability of the magnetic tweezers to not only align cells on the

pores, but also to manipulate them to or from any location on the array before and after

transfection.
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Figure 6.40: On-chip single cell manipulation by magnetic tweezers. (a) Programmed routines are utilized to manip-
ulate a single magnetically labeled white blood cell toward a micro-pore (indicated by red arrow) and localize it on
the pore (frame 4). (b) 10 V pulses are delivered, resulting in rapid PI dye uptake. (c) Post-transfection, the cell is
rapidly removed from the pore (indicated by white square). Time units for (b) and (c) are minutes:seconds.

High density micro-pore array

To perform a high-throughput 3D MEP transfection experiment, alignment is done as de-

scribed previously (Figure 6.35 (d-f)). After cells are aligned, 1-10 brief (10 ms) pulses are

delivered to transfect all cells simultaneously.

6.2.5 Results

Alignment

The alignment of cells over pores for 3D MEP is critical. To demonstrate this, a control

experiment was run using the high density 3D MEP chip without magnetic fields for a

random seeding control experiment (Figure 6.41). Here the first panel shows pore location
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Figure 6.41: K562 transfection with GATA2 MB with random seeding (no magnetic tweezer trapping). Phase con-
trast (pore locations), Hoechst nuclear staining (cell locations), and GATA2 MB fluorescence expressed 75 min after
electroporation (indicates transfection efficiency).

based on transmitted light and the second shows cell location from Hoechst nuclear staining.

The third panel, showing FAM fluorescent imaging after ODN-FAM delivery under identical

conditions to those used with the magnetic tweezers alignment (4 V, 50 ms pulse, 10 pulses).

The third panel demonstrates the poor transfection efficiency resulting directly from poor

alignment.

Magnetic tweezers-based alignment, on the other hand, as described previously in Figure

6.35 (d-f), is completely automated with the high-density micro-pore array. It is also rapid,

taking only a few minutes, as shown in the sequential frames of Figure 6.42 (a), in which

frames were taken starting several seconds after initial cell seeding (t = 0, in which 3 cells

have already been aligned). Most of the cells are aligned (34 cells, circled in red) and

only 2 misaligned (circled in dashed yellow) after 2 minutes and 23 seconds. Figure 6.42

(b) illustrates the cell array pattern resulting from the high throughput alignment. Pore

location is determined by transmitted light in the first panel, and cell nuclei are stained

with Hoechst for visualizing cell location in the second. These images are merged in the

third panel to show alignment over the entire 17×17 pore array.

Quantification of the alignment efficiency (Figure 6.42 (c)) shows magnetic tweezer as-

sisted cell alignment efficiency (in which an aligned cell completely covers a single pore),
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as compared to random seeding (without magnetic fields). When cells randomly precipiate

down to the chip, the chance of alignment to the micro-pores is low (∼25%) and the cells are

then not localized firmly in position. With the magnetic tweezers, the alignment efficiencies

are 87% for K562 cells, 88% for Jurkat cells, and 85% for KG1a cells. These numbers are

dramatically larger than that of the random seeding and have a direct impact on the subse-

quent transfection. A transfection efficiency of 83.4% (Figure 6.42(d)) was achieved using

magnetic tweezers for alignment and transfection of K562 cells with GATA2 MB. This is

significantly higher than the ∼4.9% transfection efficiency of the randomly seeded control

group. This result verifies findings from the transmembrane potential simulation, and un-

derscores the importance of the magnetic tweezers in increasing the efficiency of cellular

poration by aligning cells to the micro-pores.

For statistical analysis, two-sided student T-test was used to determine the significance

for data with Gaussian distribution and equal variances. Groups with p values < 0.05 were

considered statistically significant.
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Figure 6.42: Magnetic tweezer-based alignment. (a) Sequential frames during cell seeding show alignment of cell array
on pores (aligned cells circled in red, misaligned in dashed yellow) with magnetic tweezer assistance. (b) Resulting
cell alignment on a 17 x 17 array of pores, shown with phase contrast (indicates location of through pores), Hoechst
staining (indicates cell locations), and a merged image demonstrating cell-pore alignment. (c) Alignment efficiencies
of K562, Jurkat and KG1a cells to the micro-pore by magnetic tweezers, compared to K562 random seeding (cell
number n=300). (d) Efficiency of K562 transfection with GATA2 MB after magnetic tweezer assisted cell trapping,
compared with random seeding (n= 500). ***: p < 0.005; **: p < 0.01.
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Figure 6.43: High throughput cell transfection on 3D MEP. Phase contrast (showing locations of pores), Hoechst
staining (showing cell location by staining cell nuclei), green fluorescence (showing fluorescence of ODN or GATA2
MB), and PI staining (showing cell mortality/ viability) are shown for ODN + FAM delivery into KG1a cells.

High throughput ODN+FAM Delivery

The high throughput nature of the high density micropore array was first demonstrated by

injecting oligodeoxynucleotide (ODN) with attached FAM dye into KG1a cells, as shown

in Figure 6.43. Efficient alignment of the cell array onto the pores is confirmed with phase

contrast imaging and Hoechst staining. The cells were transfected with low voltage (4 V),

and the green fluorescence reported from FAM was visualized in most cells after the voltage

pulse was delivered, indicating the intracellular delivery. These preliminary experiments

demonstrate the high throughput functionality of the chip for DNA molecule delivery.

High throughput GATA2 molecular beacon delivery

The versatility of the magnetic tweezers-based 3D MEP approach is demonstrated through

delivery of the intracellular probe, GATA2 molecular beacon (MB) for detection of the reg-

ulation level of GATA2 mRNA. Transcription factors of the GATA family play important

roles in the proliferation and differentiation of pluripotent hematopoietic stem cells (HSCs)

[109]. Among them is the GATA2 which is highly expressed in HSCs and progenitors to

regulate hematopoitic development. Its disorder has been hypothesized to be one cause

of leukemia [110, 111]. Detection of GATA2 is thus of great significance for the study of

heterogeneities of HSCs. As a transcription factor, however, few accessible technologies to

date can achieve intracellular detection for GATA2 within living cells. In this experiment,
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Figure 6.44: GATA2 MB delivery. Phase contrast (showing locations of pores), Hoechst staining (showing cell location
by staining cell nuclei), green fluorescence (showing fluorescence of ODN or GATA2 MB), and PI staining (showing
cell mortality/ viability) are shown for GATA2 MB delivery and fluorescence in K562 cells (GATA2 positive) and
Jurkat cells (GATA2 negative). (See Figure 6.46 for quantification.)

a GATA2 molecular beacon was delivered into both K562 cells and Jurkat cells to detect

the GATA2 gene. K562 is a human immortalised myelogenous leukemia cell line, a com-

mon myloid progenitor with high GATA2 expression. Jurkat is a T lymphocyte mature

leukemic cell line with low level of GATA2 mRNA. The transfected GATA2-MB specifically

hybridizes to GATA2 mRNA in the cytosol, increasing its fluorescence by unzipping the

hairpin stucture, thereby distinguishing cells with a high GATA2 level from those with low

GATA2 levels. The present study thus provides a platform to test the performance of the

GATA2 MB on identifying intracellular GATA2 mRNA within a high throughput, statisti-

cally meaningful framework. The magnetic tweezers based 3D MEP system, in combination

with molecular beacon probes, offers a novel fluorescence bio-sensing system for detection

of intracellular markers within living cells.

The successful delivery of GATA2 MB into K562 and Jurkat cells is shown Figure

6.44, with phase contrast and Hoesch staining panels to demonstrate pore location and cell

location, respectively.
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Figure 6.45: A normalized comparison of fluorescent intensity for GATA2 MB in
K562 cells and Jurkat cells. (n=400, and the average fluorescence intensity of
Jurkat is normalized to 1). ***: p < 0.005

The green fluorescence

panels of Figure 6.44

show a remarkable ex-

pression of green flu-

orescence 1 hour after

GATA2 MB delivery into

the K562 cells, indicat-

ing the up-regulation of

the GATA2 gene. In con-

trast, negative expression

of the GATA2 MB fluo-

rescence 1 hour after delivery into the Jurkat cells is also evident. Comparison of the relative

normalized fluorescence intensity between K562 and Jurkat cells (Figure 6.45) shows that

the GATA2 MB fluorescence from K562 is ∼19 times higher than that from Jurkat (p-value

< 0.005). Relatively uniform amounts of MB are delivered into cells with the device, as

evidenced by the small variation in fluorescence intensity (s.d. = 1.6). The fluorescence

intensity from Jurkat cells is weak but uniform (s.d. = 0.13), forming a sharp contrast

to the positive signals from K562. These results confirm that on-chip discrimination of

GATA2 positive cells from negative cells at the single-cell level is possible through this ap-

proach. Importantly, it presents a method to detect mRNA using intracellular probes in a

cytolysis-free manner.

Cell Viability

For each high-throughput cell transfection experiment, the cell viability was evaluated ap-

proximately 75 minutes after electroporation with propidium iodide (PI) dye. These exper-

iments were performed in collaboration with Mr. Lingqian Chang. In solution, PI uptake

will not occur in a cell with an intact membrane (excluding deliberate electroporation-based

transfection, as described previously on the low density micro-pore array), but will rapidly

enter a damaged cell membrane, intercalate into cellular nucleic acids and fluoresce brightly
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in the red.

Figure 6.46: Cell viability. (a) Quantitative analysis of PI negative fluorescence,
showing cell viability, is shown for K562 (92% viable), Jurkat (89% viable), and
KG1a (96% viable) cells. Performed 75 min after electroporation. (n=1000) (b)
A comparison of PI negative fluorescence, showing cell viability, for Jurkat cells
aligned by magnetic tweezers (90% viable) and Jurkat cells aligned by vacuum
(6∼8 Psi, 34% viable). Performed after trapping. n=600, **: p < 0.01

The images (4th panels

of Figures 6.43 and 6.44)

show no obvious PI fluo-

rescence, thus confirming

viable post-transfection

cells with intact mem-

branes. Quantitative

results in Figure 6.46 (a)

confirm viability of 92%

for K562 cells, 89% for Jurkat cells, and 96% for KG1a cells. These experimental results

show that magnetic labeling and low voltage pulses do not damage the cell membranes.

Experiments were also carried out using a conventional vacuum approach for trapping

cells on the same 3D MEP chip in order to compare alignment efficiency and cell viability

associated with this mode of localization. The instrument generating the vacuum is a filter

bottle with a porous cork and a nozzle linked to a vacuum pump. The 3D MEP chip was

placed on the porous cork while the vacuum pressure was adjusted by a control valve read

out by a pressure gauge. For cell trapping, a droplet of cell buffer with a defined cell number

was placed on the chip. Vacuum pressure drives the cells to the micro-pores, with many

cells (∼15 µm diameter) eventually being trapped on micro-pores (5 µm diameter). It was

difficult to optimize the vacuum pressure, as demonstrated in Figure 6.47. A high trapping

efficiency (8 psi) was not possible without damaging the cell membrane. In the figure, phase

contrast images for each case show the location of the micro-pore array, Hoechst nuclear

staining illustrates cell locations on the array, and PI dye staining, applied 10 minutes after

vacuum trapping, shows cell damage incurred due to vacuum generated force. If this force

was too weak, e.g. for 4 psi - 6 psi, the hydrodynamics were insufficient to draw cells down

to the micro-pore regions. Natural precipitation of cells eventually results in a random

distribution without a clear array pattern. When the vacuum was increased from 6 psi to 8

psi, however, 90% of the cells were damaged. While adjusting the vacuum to the 6 ∼ 8 psi
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Figure 6.47: Trapping Jurkat cells on the MPA chip using vacuum with varying negative pressure. Phase contrast
shows the location of the micro-pore array. Hoechst staining of the cell nuclei identifies the location of cells after
vacuum application. Cells were stained with PI dye 10 min after trapping to show the cell damages induced by the
different vacuum generated forces.

range yielded a 90% alignment efficiency in several attempts, the associated cell viability

(Figure 6.46 (b)) clearly illustrates the magnetic tweezers to be far more effective in keeping

cell membranes intact (∼90%) compared to the vacuum approach under the same trapping

results (∼34% cell viability).

The difference between magnetic tweezers and vacuum-based cell trapping mechanisms

illustrates one of the advantages of the magnetic tweezer platform. Since the effective

range of the magnetic tweezer traps is short, the cells experience the trap force only after

they gently precipitate down to the immediate vicinity of the micro-pore. In contrast, the

vacuum generated forces are long-ranged and drive cells to flow with finite speeds until they
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are abruptly brought to rest by the chip. The resulting momentum change upon reaching

the edge of the micro-pore usually causes cell deformation and/or membrane rupture. In

fact this method has been previously used to rupture cell membranes for gene delivery [108].

6.2.6 Conclusion and future work on 3D MEP

Magnetic tweezer-based 3D MEP is a safe, effective, and high-throughput cell transfec-

tion technique that offers the features necessary for statistically significant clinical studies.

Furthermore, MEP offers the potential for versatile lab-on-chip systems that integrate cell-

manipulation and real-time detection followed by cell transfer, thereby paving the road for

comprehensive analysis of cellular behaviors in response to environment, signal pathways,

cell-cell interactions and cellular dynamics in the post-transfection stage.

Current work is ongoing with the device, particularly with the goal of developing a 3D

nanochannel electroporation device. This device (“3D NEP”) would be nearly identical to

the high-density micro-pore array 3D MEP device but with sub-micron diameter (∼400

- 900 nm) pores. The advantage of 3D NEP over 3D MEP is that the cellular delivery

dosage of transfection reagent would be more controlled, as will be described in more detail

in the following nanochannel electroporation section. This will lead to more advanced and

more precise drug delivery and gene therapy capabilities. Furthermore, the smaller pores

would enhance the tight focusing of electric fields, leading to less field leakage due to pore

alignment and the ability to transfect much larger molecules (e.g. long strands of DNA).

One anticipated challenge of 3D NEP is difficulty in fabrication: aligning magnetic disks

with sub-micron sized pores, due to optical microscope limitations. However, magnetic traps

are critical in this 3D NEP technique because, in addition to the aforementioned benefits

of magnetic tweezers over other methods of localization, vacuum generated forces are not

sufficient to trap cells onto nano-pores (not shown).
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6.3 Nano-channel electroporation

6.3.1 Introduction

As its name suggests, nanochannel electroporation (NEP) utilizes channels that are

nanoscale in diameter for transfection; in the studies presented here, pores range from

about 90 to 500 nm diameter. The technique was developed in 2011 [18] and advances both

bulk electroporation and microchannel electroporation by allowing for dosage-controlled

transfection, which, while possible in microinjection, is largely unattainable with any cur-

rent high-throughput techniques. The technique presented is a two-dimensional technique

(2D NEP).

Originally, this technique was developed as an optical tweezers-based device [18]. Al-

though optical tweezers allow for very precise positioning of a single cell against a nanochan-

nel, a major drawback is the low-throughput nature of the technique. To transfect more

than one cell at once, each cell must be individually manipulated and localized one at a

time against the nanochannel, and this time-intensive technique is not feasible in a clinical

setting. Therefore, a multiplexed method for cell localization against the nanochannels is

required to enable this technique to be high throughput. As with the microchannel electro-

poration discussed in the previous section, magnetic tweezers offer the multiplexing abilities

required for advancing the device to a high throughput technique.

6.3.2 Materials and Methods

The devices for 2D NEP consist of quartz chips patterned with micro-magnetic traps bonded

to PDMS with molded micro- and nano-channels. This device sits within the electromag-

netic setup required for magnetic tweezer manipulation (see Chapter 2). Electrodes are

made of electrochemically inert materials such as gold or platinum. A power supply ca-

pable of delivering a square wave pulse of high (100-300 V) voltage is used to deliver the

pulse (Gene Pulser XcellTM , Bio-Rad [36]). The transfection reagent must be taken into

consideration to determine the position of the electrodes. For example, PI dye is positively

charged while DNA carries a negative charge.
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Figure 6.48: The basic construct of 2D NEP. The device consists of (a) two micro-channels connected by a nano-
channel. One of these micro-channels contains the cell while the other contains the transfection reagent. A voltage
pulse is delivered across this construct for transfection. (b) Schematic shows that the cells and transfection reagent are
loaded into the device and the electrodes connect the channels via reservoirs cut into the PDMS. A Jurkat cell is shown
adjacent to the nano-channel (manipulated with optical tweezers). Image from Boukany et al, Nature Nanotechnology,
2011. (c) Schematic of multiplexed device, in which large reservoirs connect microchannels, allowing simultaneous
transfection across all microchannels. (d) Micro-magnetic disk traps imprinted beneath the microchannels allow cells
to be manipulated to the nanochannels. One cell’s movement is tracked in red in the image; cells in the two adjacent
microchannels have already been localized at the nano-channels.

First generation 2D NEP device

Various device designs were utilized for 2D NEP. The first, developed by Boukany et al

[18] for optical tweezers-based electroporation, is based on the microchannel-nanochannel-

microchannel construct shown in Figure 6.48 (a). The channels are molded onto a PDMS

device, which is bonded onto a quartz wafer. A cell and transfection reagent are intro-

duced into the micro-channel (∼40 µm diameter) on the left and right, respectively. The

micro-channels are connected by a nano-channel (∼90-400 nm diameter, 5-10 µm long),

shown in Figure 6.48 (b). To multiplex, each 2D NEP device can contain hundreds of

microchannel-nanochannel-microchannel constructs (Figure 6.48 (c)). This allows a single
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pulse (or multiple pulses) to be delivered simultaneously across all microchannels.

In the magnetic tweezer-based method presented here, an array of magnetic disks is

patterned on the quartz NEP chip and manually aligned with the magnetic traps under one

side of the PDMS device, with a disk aligned at each nanochannel for cell localization during

the experiment. The PDMS is bonded to the quartz wafer with the permanent bonding

(oxygen plasma method) described in Chapter 2. The chip is then treated with PEG silane

to reduce cell adhesion. Magnetically labeled cells are placed into the cell-side reservoir and

magnetic traps are used to transport them to the nanochannels (Figure 6.48 (d)) through

remotely activated protocols. Post transfection, the cells may be removed from the device

with the same protocols via the same reservoir. This provides a simple means of moving all

cells simultaneously into and out of the device.

Second Generation 2D NEP Device

Although capable of transfecting nearly 100 cells in one experiment, one drawback of the

first generation 2D NEP device is that transfected cells are not sorted from those that have

not been transfected. They are removed from the microchannels using the same pathway

through which they entered, thus mixing un-transfected cells with transfected cells. To

overcome this, a new design was developed (two versions shown in Figure 6.49 (a-c)). This

device consists of a single microchannel on the cell side, with an input and output reservoir

at either end; the dye side is similar to the original design.

In the second generation design, all cells start at one end of the device (labeled “Input

Reservoir,” Fig. 6.49 (d)), are manipulated along the microchannel by the traps, aligned

with nanochannels (Fig. 6.49 (e)) and localized for transfection. Post transfection they are

manipulated out of the device in the same direction as they were moved in (toward “Output

Reservoir”). With all output cells being transfected, this technique offers the ability to easily

study cells that were transfected separately from those that were not. In current studies,

sorting is often a very desireable feature in lab-on-chip experiments [112, 113], whether it

is the singular purpose of the device or just one aspect of a multistep process. This sorting

technology offers a simple combination of two steps (transfection + sorting) into one.
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Figure 6.49: Second generation 2D NEP devices. (a-c) Two devices are shown,
with the entire device (a) as well as zoomed-in schematics (b and c). (d) Schematic
shows the sorting capabilities of this device. The transfection reagent is placed in
the reservoir on the right, cells are placed in the input reservoir. Post-transfection,
only transfected cells are manipulated to the output reservoir. (e) Micrograph of
three magnetic beads of various sizes (circled in dashed white) aligned by magnetic
traps with the nanochannels in second generation device described by schematic
(b).

In all devices, PDMS

is bonded to the quartz

surface using the protocol

described in Chapter 2.

Before use, all devices are

treated with PEG-silane

to reduce cell adhesion to

the surface. They are

also sterilized with UV

light (UV-ozone) prior

to long-term cell exper-

iments. The use of

non-conductive substrate

(quartz) electrically iso-

lates the two sides. It is

important that the disks

are not located underneath the nanochannels because the uneven surface (disks ∼60-70 nm

above the surface) results in poor bonding near the nanochannels, often leading to leakage

of transfection reagent and poor electrical isolation of the two sides.

6.3.3 Results

First generation 2D NEP device results

Preliminary studies integrating the magnetic traps with the 2D NEP device were performed

with the first generation device, which had approximately 98 microchannels on each side.

Cells labeled with magnetic microbeads were placed in the reservoir and manipulated toward

the nanochannels with the magnetic traps as shown in Figure 6.48 (d).

Some challenges presented with this device are that air bubbles, debris, or clumps of

cells can cause blockage at the inlet of a microchannel. This results in some channels not
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Figure 6.50: Transfection with 2D NEP. (a) Brightfield microscopy image shows 9 cells aligned with the nanochannels.
Three of the microchannels also have more than one cell in the channel, further from the nanochannel. These will
not be affected by the voltage pulse and thus will not be transfected. (b) After the pulse, all nine of the cells are
transfected, shown in a single frame of a video under fluorescence. The red traces for cells 1,3,4,5, and 7 show traces
of the motion of the cells out of the microchannels after transfection. Cells 2,6,8, and 9 were transfected but had
adhered to the surface of the chip and the magnetic traps were unable to remove them.

containing cells. Furthermore, in channels with no clogging, it is possible that too many cells

could enter the channel. It is thus critical to wash cells to remove unlabeled cells and to mix

cells well prior to placing them in the reservoir to reduce cell-cell adhesion. Furthermore,

cell concentration should be adjusted depending on the number of microchannels in the

device. For these experiments in the 98-microchannel devices, channels were first filled with

∼50-100 µL buffer followed by addition of ∼1-10 µL of cells in buffer (at a concentration of

106 cells/mL).

Figure 6.50 (a) shows an image taken after cell localization in a section of the 2D NEP

device prior to transfection. The cells are human white blood cells, purified from whole

blood from the American Red Cross (Columbus, OH), labeled with 1 µm diameter anti-

CD45 magnetic microbeads (Stemcell Technologies CD45 depletion kit, cat. no. 18259 and
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Figure 6.51: Precise nanochannel transfection. (a) A micrograph taken on an inverted microscope after transfection
shows micro-channels with several white blood cells in each. However, only the cell located directly against the
nano-channel was transfected, as labeled in (b). Magnetic disks (black) are 15 µm in diameter.

D particles, cat. no. 19250). A section of the 98-channel device is shown, in which 9 cells

are aligned next to the nano-channels. Using the 106 cells/mL concentration, it is shown

that although three micro-channels contain more than one cell, most of the channels contain

only one cell and that cell is aligned well with the nano-channel.

The transfection reagent for this experiment was propidium iodide (PI, cat. no. P3566,

Invitrogen, excitation/emitting wavelength, 535/617 nm) dye. A single voltage pulse (240

V, 20 ms) was delivered and Figure 6.50 (b) shows the transfection results. A video of pulse

delivery and subsequent manipulation of cells out of the device indicated that all 9 cells

aligned with the nanochannels in the frame were transfected. Cells identified 1, 3, 4, 5, and

7 were then remotely manipulated out of the device with the magnetic traps; the red traces

of Fig. 6.50 (b) track the paths of each. Cells 2, 6, 8, and 9 were not removed from the

device as they seemed to have adhered to the surface and the magnetic traps were unable

to overcome the adhesion forces.

Following the experiment, the entire 98 channels of the device were viewed. Approxi-

mately 30 cells were fluorescing (i.e. transfected). (Note, however, that this scan was taken
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after cells were manipulated out of the device and therefore only includes the cells that had

remained in the channels due to adhesion to the surface.)

For nano-channel electroporation, it is critical that the cell is pressed directly against

the nanopore to promote safe, controlled transfection [18]. This allows for the pore to

directly control the maximum size of nano-pores formed on the cell membrane, as well as

the affected area of the membrane. It also prevents leakage of transfection reagent into the

surrounding solution, thus contributing to proper dosage control.

Figure 6.51(a) shows a merged image (bright field + fluorescence) demonstrating that

only the cells that were directly pressed against the nanochannels were transfected. These

are circled in red for clarity in the same image in Fig. 6.51 (b), whereas cells that were not

transfected are identified by red dots.

Second generation 2D NEP device results

Figure 6.52: ODN-FAM transfection. A schematic (a) and
fluorescent image (b) are shown of a single cell that was
transfected with ODN+FAM in the second generation 2D
NEP device. Post transfection, the cell was moved away
from the nanochannel and is seen here localized on a mag-
netic trap some distance away from the nanochannel used
for transfection.

Experimental work is ongoing with the sec-

ond generation device. As shown previously

in Figure 6.49 (e), alignment of various sizes

of cells is possible even without focused mi-

crochannels. Preliminary studies show that

transfection through the nanochannels in

this design is possible. Figure 6.52 shows

a single human white blood cell that was

transfected with ODN+FAM. In this exper-

iment, the cell was localized adjacent to a nanochannel, transfected (3 pulses, 200 V and

10 ms each), and then manipulated out of the channel. The post-transfection image (Fig.

6.52 (b)) and corresponding schematic (Fig. 6.52 (a)) show a snapshot of the transfected

cell at a random location in the channel, localized by a magnetic trap.

Challenges introduced with this new design relate to hydrodynamics within the single

microchannel on the cell side. Because there is a reservoir at either end filled with fluid,

additional hydrodynamic forces are introduced which can either assist in cell loading or
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oppose it. Assistance with cell loading occurs when a gentle fluid flow in the direction of

loading causes the cells to enter the channel and flow through until they are picked up

by magnetic traps. However, even when these forces assist with cell loading, they often

fluctuate, likely due to slight changes in pressure from one reservoir or the other. This is

a common challenge with microfluidic devices [2, 114] and can be controlled more carefully

by using a syringe pump capable of very low flow rates (i.e. nl/min - nl/hr).

6.3.4 A theoretical model

Modeling the effects of a voltage pulse on a cell membrane in the nanochannel electropo-

ration device can be done with an equivalent circuit (Figure 6.53) [39, 100, 115, 116]. The

model shown here was originally presented in Boukany et al [18]. The cell membrane is

divided into two sections, M1 (the portion directly adjacent to the nanochannel) and M2

(the rest of the membrane). Each section of the membrane is modeled as a capacitor in

parallel with a resistor. In the model of 2D nanochannel electroporation, the microchannels

filled with PBS act as current-carrying wires due to relatively low resistance (< 1 MΩ), as

estimated using

R = G−1 =
l

σ ·A

Figure 6.53: Equivalent circuit for a single cell
against a nanochannel for the first generation
2D NEP device. The nanochannel is repre-
sented by a resistor. The cell membrane is di-
vided into M1 (adjacent to nanochannel) and
M2, each represented by a resistor in series with
a capacitor.

where R, G, l, and A are the resistance, conductance,

length and area of the channel, respectively, and σ is

the conductivity of the solution in the channel (PBS),

σ ∼ 1.5 S/m [18]. A nanochannel, which has a very

small cross-sectional area, will act as a resistor (∼100-

500 MΩ, depending on the diameter). Approximate

values for this model, including equivalent resistances

and capacitances of M1 and M2, are listed in Table

6.1.

Capacitances are calculated based on membrane
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capacitance Cm = 1.0×10−2 F
m2 [117] and cell diameter 5 µm (corresponding to the purified

white blood cells used for 2D NEP). Resistances are calculated based on membrane resistace

Rm = 1× 104 Ωcm2.

Table 6.1: Estimated values associated with the equivalent
circuit theoretical model of nanochannel electroporation for
experiments discussed in this chapter.

Upon application of the voltage pulse,

M1 will quickly charge and porate upon

reaching the membrane threshold voltage.

Once M1 has porated, the current will travel

through the cytosol (σ ∼ 0.2 - 0.5 S/m

[18, 118]), essentially shorting the resistor

at M1 in the model. A short time after-

wards, M2 will then charge, reach threshold

voltage, and porate as well.

The small length and cross-sectional area of the nanochannel will limit additional diffu-

sion during and after the pulse, which allows for successful dosage control in NEP.

Figure 6.54: Equivalent circuit for a single cell against a
microchannel for 3D MEP. The microchannel represents a
resistor (∼6 MΩ) and the section of cell membrane adjacent
to the microchannel (M1) and the rest of the cell membrane
(M2) are each represented by a resistor in parallel with a
capacitor.

The circuit model used to describe

nanochannel electroporation can be uti-

lized to explain some of the inherent differ-

ences between nanochannel and microchan-

nel electroporation. Figure 6.54 describes

the same circuit, now applied to microchan-

nel electroporation (see also Table 6.2).

Here, the area of membrane adjacent to the

channel (M1) is much larger than in the case

of the nanochannel. The larger area of the

microchannel will result in a significantly

lower resistance (∼1 MΩ) and thus only a

slight reduction in voltage from the applied voltage. This is why much lower voltages (1-10

V) must be used to preserve cell viability.

Once M1 has porated, the transfection reagent is free to diffuse through the microchannel
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and into the cell until the pores once again close, which could take several seconds or even

minutes.

Table 6.2: Estimated values associated with the equivalent
circuit theoretical model of microchannel electroporation
for experiments discussed in this chapter. Note that these
values estimate a cell diameter of 5 µm for comparison with
NEP estimates. In reality, slightly larger cells are generally
used for the 5 µm pore size.

Diffusion was much more limited in the

NEP design due to the smaller diameter

of the nanochannel. Experimentally, the

amount of time it took to visualize the dye

in the cells after transfection (on the order

of minutes compared to the nearly instan-

taneous visualization of dye in cells during

NEP) confirmed this diffusion-based trans-

fection.

It has been noted in some studies that

perhaps more complex models are required to fully explain the system of cell electroporation

for both microchannel [119] and nanochannel [115] electroporation. Nonetheless, these

models offer both a qualitative description of the MEP/NEP process and a method of

determining voltages applied to the membrane based on the experimental design parameters.

6.4 Conclusion

Applications of 2D NEP and 3D MEP, which range from transformation of bacteria for gene

amplification to detection of a family of mRNA in cancer cells, are broad and varied [42].

The robust devices described in this chapter have the ability to transfect many different

types of charged molecules into various prokaryotic and eukaryotic cells, including cells

that do not lend themselves easily to other types of injection. We have demonstrated

automated cell loading for both single cell and high throughput applications, rapid and

simple transfection, and the possibility for integration into complex lab-on-chip devices.

The weak magnetic fields and low voltages applied to the cells do very little to no damage

to the cells, thus leaving them viable after the experiment, which is not the case with many

current high throughput technologies.
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Chapter 7
Conclusion

The previous chapters of this thesis have demonstrated the advancement of thin film-based

micromagnetic traps, which have provided an effective manipulation platform for both cells

and DNA. Critical attributes of this platform that are particularly useful in biomedical

applications have enabled multiplexed manipulation and localization, an experimentally

verified understanding of the applied forces, and a demonstration of the ease of integration

into lab-on-a-chip devices.

Multiplexed manipulation and localization

While many techniques are capable of manipulating and/or localizing a single or a few

molecules, a current critical need of clinical relevance is methods that carry out each of

these operations in parallel on tens of thousands of biological entities. Performing such

experiments on large populations of cells is also required for statistically significant results.

Scale-up of conventional techniques is challenging; for instance traditional magnetic tweezers

are generally limited to unidirectional forces applied normal to the platform on a few cells or

molecules. Vacuum-generated forces, on the other hand, while able to multiplex the function

of localization (see Chapter 6), are not capable of manipulation. In contrast the magnetic

tweezers platform described in this thesis provides precise localization and manipulation

capable of multiplexed maneuvers on biomolecules (Chapter 4) as well as on cells (Chapter

6).

As described in Chapter 6, the magnetic tweezers are capable of simultaneously exert-

ing identical forces on tens of thousands of cells, enabling their parallel manipulation and
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localization. Currently, such a 1 cm × 1 cm magnetic tweezers based electroporation chip

can transfect 40,000 cells simultaneously. Clearly, by simply increasing the size of the chip

(e.g. a 2 cm x 2 cm chip), it is possible to drastically scale up the number of cells that are

concurrently transfected. Alternatively, by slightly changing the design on the same size

chip, the number of cells transfected could be increased. For example, 14 µm diameter disks

with 20 µm center-to-center spacing would render the chip capable of transfecting ∼60,000

cells/cm2. Instead of changing the sizing of the disks, a second array of appropriately placed

pores could also be added such that two cells are aligned on each disk, with one on either

side [25]. This design would increase the number of transfected cells to ∼80,000 cells/cm2.

Understanding of forces applied

In addition to multiplexing, it is critical for the forces exerted onto biological entities to

be well characterized. This is important for validating measurements (e.g. DNA elasticity)

and for preserving the viability of cells. As our magnetic tweezers platforms continue to be

implemented into more complex biotechnologies, experimental justification of mathematical

models of the applied forces become important. The experiments in Chapters 4 and 5 have

shown that the generated forces lie in the pico-Newton regime, a range characteristic of typ-

ical intracellular forces, thereby rendering the mobile magnetic traps capable of influencing

responses without damaging the targeted objects.

Ease of integration into lab-on-a-chip devices

Cells and biomolecules must be magnetically labeled through a simple procedure prior to

their use on the magnetic tweezers platforms. The benefit of this step is that the unit may

be easily integrated with other lab-on-chip components that also take advantage of magnetic

signatures. In Chapter 6, labeling prior to electroporation technologies allowed the traps

to not only localize cells for transfection but also to subsequently manipulate them out of

the device following transfection. The magnetic labeling and presence of magnetic traps

throughout a complex lab-on-chip device thus enables simple, user-controlled, multiplexed

manipulation of entities from one process to the next. Moreover, because these tasks are
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controlled by pre-programmed routines, limited user input is required for operation of the

device.

Future work

It has been demonstrated that micromagnetic tweezers, which can be seamlessly integrated

into various microfluidic devices to serve as a foundation for cell and molecule manipula-

tion in complex technologies, is now capable of probing intracellular components. These

developments open up much potential for future work. Any microscopic magnetic material

or biological entity labeled with magnetic microbeads (e.g. cells or DNA) may be manipu-

lated and analyzed on this platform. This could, for example, lead to fluorescent imaging

of biomolecule stretching or supercoiling, observed in real-time on one horizontal plane.

With the added functionality of manipulating magnetic beads away from the conduit of

the zigzag wire, as discussed in Chapter 5, different precise stretch lengths can be realized.

Furthermore, the various methods of tethering DNA to beads and surfaces allow for differ-

ent models to be used to stretch molecules. Surface tethering in this device would also be

further improved by patterning locations for DNA attachment on the surface [8].

The ability of this system to access not only the exterior but also the interior of cells

through integration with electroporation techniques opens up possibilities to transfect dif-

ferent types of cells with genes, drugs or molecular beacons, as demonstrated in Chapter

6. The 2D NEP and 3D MEP systems improve upon major drawbacks of other trans-

fection techniques. The rapid, high-throughput nature of 3D MEP makes it a candidate

for experiments in which studies of large populations of cells yield statistically significant

results, such as clinical studies on gene therapies for cancer [84]. On the other hand, 2D

nanochannel electroporation, which is not as high-throughput as 3D MEP but capable of

delivering controlled dosages into cells, is useful for studies requiring more careful control

either for the safety of the cell or for dosage-related studies [18]. Furthermore, implementa-

tion of 3D microelectroporation with smaller nanochannels could lead to dosage-controlled

3D NEP in the future. Since cells may be manipulated by micromagnetic traps before and

after transfection, this device could be combined with downstream magnet-based analyses.
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Finally, these devices are capable of transfecting nearly any cell (at least 5 µm diameter

for 3D MEP and any size for 2D NEP). In the field of microbiology, bacteria transformed

with plasmids are used as nanofactories to amplify DNA and create proteins; bacteria with

magnetic traits or capable of being magnetically labeled could therefore be integrated into

this device.

The remote operation of the device, implemented in Chapter 6 for automated alignment

of cells on the high-density micropore array for 3D microelectroporation, demonstrates the

ease of use of the device. Future work in voice control and preprogrammed routines could

further enhance ease of use for electroporation and in other multiplexed biomedical devices.
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Appendix A: Functionalization of surface with Antidigoxigenin

This protocol is used within a flow channel (either compression channels or PDMS

channels, see Chapter 2) to coat the surface with antidigoxigenin (Anti-digoxigenin, Fab

fragments from sheep, Roche Diagnostics cat. no. 11214667001), for attaching digoxigenin-

labeled DNA (see Chapter 5). The first steps (chip processing) should be done prior to

placing the chip in the flow channel.

1. Si Chip Processing

(a) Rinse the sample in ethyl alcohol, then DI water, dry with nitrogen gas to remove

particulate matter

(b) Sonicate in toluene 30 minutes

(c) Dip in DI water to rinse, dry with nitrogen gas. Keep samples covered at all

times on bench to reduce dust and particulate matter

(d) Potassium hydroxide (KOH, Amresco R⃝) etch in constant temperature (50oC)

water bath. Use a quartz or pyrex beaker for the KOH etch. 30% KOH in water.

Etch should be approximately 50 nm per hour (note that the surface being etched

here is SiO2, from the silicafilm, see Chapter 2). Etch for ∼20-60 minutes.

(e) Place chip in DI water, then rinse in DI water and dry well (in incubator overnight

is best).

(f) Silanize surface after KOH etch: place in a beaker and cover with 60 mL chro-

masolve acetone. Place on rotator for gentle agitation for 10 minutes. Add 1.2

mL silane drop by drop while rotator is still agitating solution. Allow to mix for

3 minutes. Then place the chip into 50:50 ratio chromasolve acetone to MilliQ

(2 minutes) water followed by just MilliQ water (2 minutes). Dry in incubator

for 1 hour.

(g) Now place chip inside microfluidic channel.

2. Microfluidic channel should be well sealed and a syringe pump is used to regulate fluid
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flow rate (usually limited to around 1 µL/s with DNA tethered, and as high as 10

µL/s for coating a compression channel). Begin with air flow through channel.

3. Flow ∼100 µL DI water slowly through, ensuring that there are no air bubbles

4. Flow in 100 µL of PBS at room temperature, degassed

5. Flow ∼100 µL 8% glutaraldehyde (in PBS) through flow cell.

6. Allow the device to incubate at room temperature (15 minutes)

7. Flow ∼100 µL distilled water through the cell

8. Flow ∼100 µL PBS through channel

9. Flow 100 µL 0.1 mg/ml antidigoxigenin in PBS through channel. Clip ends of tubing

and incubate 30 minutes at room temparature.

10. Flow 50-100 µL BSA through channel (10 mg/ml)

11. Incubate for 15 min at room temperature. It is best to use this the same day.

12. For long-term storage, flow 200 µL PBS + NaN3 and refrigerate until use
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Appendix B: Functionalization of carboxyl magnetic microbeads with

antidigoxigenin

1. Wash 2.5 µL 5% w/v 1-1.4 m Carboxyl particles (Spherotech cat. no. CP-10-100) in

sodium acetate buffer, 0.01 M, pH 5.0

2. Add 0.02 mg 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC

Thermo Scientific, Product no. 22980) to the pellet and mix (pipette in and out)

3. Incubate at room temperature for 1 hour

4. Vortex and incubate for 2 hrs at room temperature on a rotary mixer

5. Centrifuge at 3000g for 15 minutes

6. Remove the supernatant carefully

7. Resuspend the pellet in 40 µL of PBS

8. Repeat steps 7 and 8 once and resuspend in 20 µL PBS

note: MES buffer could be used in the place of sodium acetate buffer.
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Appendix C: Labeling of lambda DNA with two microbeads

This protocol utilizes previously prepared lambda DNA labeled with digoxigenin on

one end and biotin on the other end. Antidigoxigenin-coated nonmagnetic microbeads

(see Appendix B) are attached to one end and streptavidin-coated magnetic microbeads

(Dynabeads R⃝ M280, cat. no. 11205D) are attached to the other.

1. Wash Streptavidin-coated M280 beads in 0.5×TE buffer

(a) Vortex beads and remove 1 µL

(b) Combine with ∼20 µL 0.5×TE

(c) Spin for 1-2 minutes on centrifuge

(d) Rotate tube 180 degrees, spin for 1-2 minutes

(e) Gently remove supernatant immediately after the spin

2. Add 20 µL 0.5×TE, spin 1-2 minutes again, and remove supernatant again

3. Resuspend in 20 µL 0.5×TE.

4. Prepare lambda DNA

(a) Remove from freezer and allow DNA to thaw

(b) Mix thoroughly: pipette in and out for 3-5 minutes

(c) Test DNA on nanodrop UV-Vis spectrophotometer (3x) for concentration.

Record average reading and calculate amount to add from this concentration

(suggested values shown below)

5. Combine the 20 l 0.5 x TE and 1 µL beads from the previous step with 2 µL DNA at

2.9 ng/µL and 1 µL NaCl (2M in 0.5xTE)

6. Gently pipette in and out several times

7. Incubate at room temp in rotisserie for ∼30 minutes.

8. Vortex and add 4 µL antidig-coated beads in 0.5×TE (see Appendix B)
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9. Incubate at room temp in rotisserie for ∼30 minutes.

10. Refrigerate on rotisserie to reduce clumping
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