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ABSTRACT
Microfluidics has been demonstrated as a cornerstone technology in environmental
testing and biological, chemical, biomedical, clinical and forensic analysis. This technique yields
advantages of high-throughput analysis and low consumption of reagents. Microfluidic devices
are now entering the market and focusing on flexibility and usefulness in various applications, but
spatial control over biological molecules and micro-/nano-size structures in fluid environment
with simple instruments is still a problem. External optical fields, magnetic fields, and electric
fields have been explored to be compatible with microfluidic devices to provide sufficient forces
in order to control motion of micro-/nano-size molecules and structures. However, the complex
fabrication process and associated instrumentation still limit their practical applications. In this
thesis, chemically powered channelless microfluidic devices were designed, fabricated, and
characterized. Bimetallic devices consisting of silver and gold catalytic junctions can generate a
proton gradient and an associated electric field which in turn drives electroosmosis, and
electrophoresis when a charged particle is present in the vicinity of the field during the reaction of
hydrogen peroxide decomposition. The influences of patterned regions of different surface zeta
potential, device geometry and size on the motility of negatively charged carboxyl-functionalized
microspheres were evaluated. Carboxyl-functionalized microspheres were chosen in part to
simulate negatively charged biomolecules. Rectangular silver features patterned on a gold thin
film with different surface zeta potentials were used to evaluate the impacts of bimetallic feature
geometry on the motility of carboxylated spheres. The width of silver features was held constant
at 50 µm and the lengths were 200 µm and 300 µm. Amine terminated self-assembled monolayer
(SAM) was used to modify the surface zeta potential, which in turn controlled the direction and
magnitude of electroomostic fluid flow. This manifested itself as a depletion region around both
the silver feature and the area where the SAM had been assembled. On the gold surface without
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SAM modification, the depletion region extended to ~ 15-20 µm away from the edge of silver
features, while on the gold surface with SAM modification, it extended to ~ 85 µm as
electroosmotic fluid flow was aligned with electrophoretic force for negatively charged particles.
Velocities of microspheres increased in the case where a larger silver catalyst area was
implemented. In addition, velocities of microspheres decreased gradually as distance to silver
edge became larger. In addition, some practical channelless microfluidic devices were designed
and demonstrated. In particular, a device exhibiting a circular silver-gold bimetallic catalytic
junction fabricated on a silicon dioxide surface is capable of focusing particles into a defined
region on the surface, where their density was ultimately increased by a factor of 10. Velocity of
tracers in the region of 0-50 µm away from the silver edge was 45 ± 5 µm/min, which was twice
as large as that at the region of 50-100 µm. Little variation in velocities were observed when the
dimension was larger than 50 µm. This device and other similar devices may open the possibility
of integrated chemically powered channelless microfluidic devices. The efficiency and ease of the
fabrication suggest the possibility of versatile applications.

Keywords: Catalysis, Electroosmosis, Electrophoresis, Microfluidics

v

TABLE OF CONTENTS
LIST OF FIGURES ................................................................................................................. vi
LIST OF TABLES ................................................................................................................... ix
ACKNOWLEDGEMENTS ..................................................................................................... x
Chapter 1 Introduction ........................................................................................................ 1
Chapter 2 Literature review of microfluidic devices .................................................. 15
2.1 Optical fields .............................................................................................................. 15
2.2 Magnetic fields ........................................................................................................... 20
2.2.1 Permanent magnets ......................................................................................... 22
2.2.2 Electromagnets ................................................................................................ 25
2.3 Electric fields ............................................................................................................. 29
2.3.1 Electrophoresis ................................................................................................ 29
2.3.2 Dielectrophoresis ............................................................................................ 30
Chapter 3 Catalytic powered devices for micro-sized particle manipulation ....... 47
3.1 Introduction ................................................................................................................ 47
3.2 Mechanism of catalytic power generation ................................................................. 48
3.2.1 Interfacial tension ............................................................................................ 50
3.2.2 Electrochemical model .................................................................................... 51
3.3 Motion of micro and nanoscale system through catalytic reaction ............................ 56
3.4 Research objectives and hypotheses .......................................................................... 58
3.5 Experimental setup ..................................................................................................... 59
3.5.1 Device Fabrication .......................................................................................... 59
3.5.2 Motility study .................................................................................................. 61
3.6 Results and discussion ............................................................................................... 61
3.6.1 Effect of bimetallic feature sizes and the presence of an adjacent patterned
SAM on the motility of carboxylic-terminated spheres.................................. 61
3.6.2 Practical bimetallic device .............................................................................. 68
3.6.2.1 Circular geometry ................................................................................... 68
3.6.2.2 Triangular geometry ............................................................................... 75
Chapter 4 Conclusion and future work ........................................................................... 81
4.1 Conclusion ................................................................................................................. 81
4.2 Future work ................................................................................................................ 81

vi

LIST OF FIGURES
Figure 1-1: Number of publications with the term ‘microfluidics’ from ISI-web of
knowledge database... ...................................................................................................... 1
Figure 1-2: Schematic illustration of a microfluidic device. Black, white, gray, sky-blue,
yellow, and dark yellow represent silicon tubes, air channels, glass, liquid channels,
PDMS, and the coverslip on the PDMS, respectively (Ohnuki et al., 2009).... ............... 3
Figure 1-3: Schematic of fabrication for glass microchannels: (A) Cr and Au are
deposited on glass plate and followed by a thin layer of photoresist; (B) Sample is
exposed to UV-light and the chemical property of photoresist exposed to the light is
changed; (C) Photoresist is developed and the pattern is transferred from a master
mask to the sample; (D) Exposed metal is etched; (E) Part of glass is exposed and
etched; (F) Photoresist and metal are removed; (G) Sample is bonded to another
glass plate and creates a capillary (Fan and Harrison, 1994)... ........................................ 4
Figure 1-4: Schematic illustration of soft lithography for PDMS microchannels
fabrication. (A) A transparency is used as a photomask to transfer the pattern to a
master which is later employed as a mold for PDMS; (B) Liquid PDMS prepolymer
is mixed and cast on the master and cured at 70 ˚C for 1h to allow the pattern
transferred from the master to PDMS; (C) PDMS is peeled from the master; (D)
PDMS is bonded to a flat surface to form microchannels (McDonald and
Whitesides, 2002)............................................................................................................. 5
Figure 2-1: Schematic illustration of an optical tweezer manipulating objects in three
dimensions by a laser beam. The gradient force drives dielectric particles to the
focusing point and the radiation force has a tendency to drive them along optical
axis (Girer, 2006). ............................................................................................................ 16
Figure 2-2: (A) Schematic of biological sorting machine based on an optical lattice. By
introducing a body-centred tetragonal (b.c.t) lattice, one kind of particles is
selectively pushed upper and collected in chamber C while the other one is collected
in chamber D as laminar flow dominates in microchannels. (B) Optical sorting of 2µm diameter protein microcapsules for drug delivery (black) and 4-µm diameter
capsule (white) (MacDonald et al., 2003).... .................................................................... 18
Figure 2-3: (A) Schematic illustration of conventional OET. It is made up of a transparent
ITO electrode on the top and a-Si:H photosensitive electrode at the bottom. (B)
LOET has an array of interdigitated photosensitive electrodes at the bottom plane.
The optical pattern controls the configuration of electrode arrays when the light is
turned on (Ohta et al., 2007).... ........................................................................................ 19
Figure 2-4: (A) Schematic illustration of a magnetic platform to manipulate magnetic
beads with external permanent magnets. (B) Photographs of Ni posts (a) before the
experiment; (b) capturing beads after permanent magnets is placed; (c) releasing
beads after permanent magnets is removed (Deng et al., 2002)....................................... 24

vii
Figure 2-5: (A) Illustration of forces experienced by a magnetic particle near a circular
ferromagnetic wire which deforms a uniform external magnetic field. (B) Schematic
illustration of the magnetic platform with one inlet and three outlets for sorting
RBCs and WBCs at (a) perspective view; (b) cross-section view (Han and Frazier,
2004)...... .......................................................................................................................... 24
Figure 2-6: (A) Schematic of a microelectromagnet matrix. Two layers of conducting
wires are aligned perpendicular to each other, insulate layers were inserted between
and on top of them. (Lee et al., 2001) (B) (a) A micromachined DNA manipulation
device consists of six microcoils, a fluidic channel, and a gold patterned surface. (b)
Schematic of forces exerting on a tethered-DNA magnetic bead, including the
magnetic force, DNA elastic force and gravity force (Chiou et al., 2005)...... ................ 27
Figure 2-7: Schematic of force exerting on a particle arise from (A) magnitude gradient (a
nonuniform electric field); (B) phase gradient (a travelling electric field) (Hughes,
2002). ............................................................................................................................... 31
Figure 2-8: (A) Self-assembled of liver-cells (HepG2) in pDEP (Ho et al., 2006). (B)
Schematic of (a) a pDEP micromachine and (b) the pattern of yeast cells within a
non-uniform electric field (Hunt et al., 2008)..... ............................................................. 34
Figure 3-1: Schematic illustration of the electrochemical model. Gold and platinum
catalyze hydrogen peroxide decomposition. It drives a catalytically generated
electric extending from the proton rich region on the gold surface to the proton
consuming region on the platinum surface... ................................................................... 52
Figure 3-2: (A) Comparison of velocity of 3.6 µm carboxylated (-60 mV) and 2.7 µm
sulfated (-82 mV) microspheres. (B) Comparison of velocity of silica microspheres
(-80 mV) on 90 µm and 180 µm gold circles in diameter (Kline et al., 2006)... ............. 54
Figure 3-3: Schematic of electrophoretic force and electrosmootic fluid flow exerting on
positively and negatively charged microspheres on SAM patterned gold surface
(Subranmanian and Catchmark, 2007)... .......................................................................... 55
Figure 3-4: Schematic of bi-layer lift-off process.. .................................................................. 59
Figure 3-5: (A) Schematic illustration of a bimetallic device. (B) Schematic illustration of
electroosmotic fluid flow (grey lines) and electrophoretic force (black lines)
experienced by carboxyl tracers based on the electrochemical mechanism... ................. 62
Figure 3-6: Pattern formation of 3 µm carboxyl latex spheres (which appear dark in the
image) on a silver-patterned and (A) SAM modified and (B) unmodified gold
surface in 0.25% hydrogen peroxide solution... ............................................................... 63
Figure 3-7: Velocity of carboxyl tracers moving towards the silver features in the region
of 0-50 µm........................................................................................................................ 65
Figure 3-8: Velocity of carboxyl tracers moving towards the silver features on side A of
bimetallic devices. ............................................................................................................ 66

viii
Figure 3-9: Velocity of carboxyl tracers moving towards the silver features in the region
of 100-150 µm.................................................................................................................. 67
Figure 3-10: Velocity of carboxyl spheres moving towards the sivler features on side B of
bimetallic devices.. ........................................................................................................... 68
Figure 3-11: (A) Schematic illustration of a cross section of a channelless microfluidic
device depicting the surface charge, proton distribution, direction of the
electroosmotic fluid flow and electrophoretic force, and a negatively charged
carboxyl terminated sphere (used for device characterization). (B) Schematic
illustration of the surface geometry of the device. W is the width of the silver
cathode and D is the diameter of the gold anode. The gold anode had an 11-amino-1undecanethiol SAM on its surface which presented a positive charge. There was a
small overlap of the two patterns to ensure that contact was made upon fabrication.
Two sizes of devices were fabricated. The width of the silver feature was held
constant at W=50 µm while the diameters of gold feature coated with the SAM were
D=200 µm and D=300 µm for devices A and B, respectively.. ....................................... 70
Figure 3-12: (A) Photographs of carboxyl-terminated microspheres motion on device A
with 0.5% hydrogen peroxide solution at the time of (a) 0s; (b) 90s; (c) 225s; (d)
450s. (B) Photographs of tracers motion on device B with 0.5% hydrogen peroxide
solution at the time of (a) 0s; (b) 90s; (c) 315s; (d) 600s. Scale bar represents 100
µm.. .................................................................................................................................. 71
Figure 3-13: Photographs of carboxyl-terminated microspheres motion on device A with
0.5% hydrogen peroxide solution at the time of (A) 48s; (B) 78s. Scale bar
represents 50 µm... ........................................................................................................... 72
Figure 3-14: Illustration of spatial electric field distribution due to proton diffusion in the
catalytic reaction near the silver-gold junction and silver-silicon dioxide junction......... 72
Figure 3-15: Velocity of carboxyl-terminated spheres at different regions away from the
silver edge on devices A and B.. ...................................................................................... 74
Figure 3-16: Schematic illustration of surface geometry. For device A, L = 1000 µm, W =
400 µm, X1 = 2400 µm, X2 = 2000 µm. For device B, L = 250 µm, W = 300 µm, X1
= 200 µm, X2 = 500 µm... ................................................................................................ 76
Figure 3-17: Movement of carboxyl-functionalized spheres on device A after (a) 50s; (b)
1min 45s; (c) 2min 30s; (d) 4min. On device B after (a) 65s; (b) 1min 45s; (c) 2min
30s; (d) 4 min. Scale bars represent 200 µm.. .................................................................. 77
Figure 4-1: Schematic of potential application of circular bimetallic devices for
biosynthesis and bioreactions........................................................................................... 83

ix

LIST OF TABLES
Table 1-1: A broad scope of potential applications of microfluidic devices (McDonald et
al., 2000). ......................................................................................................................... 7
Table 2-1: Comparison of different microfluidic magnetic separators presented in the
literature (Lund-Olesen et al., 2007).. .............................................................................. 28

x

ACKNOWLEDGEMENTS
I would like to thank Dr. Catchmark for his constant help in my research and graduate
life. I would like to acknowledge my committee members, Dr. Puri and Dr. Velegol, for valuable
suggestions. I would like to thank Dr. Brown for letting me use her lab for surface modification
experiment. I would also want to thank staff of Penn State Nanofabrication facility for helping me
in my projects. I am also thankful to Agricultural and Biological Engineering department to give
such a valuable opportunity to study in U. S. and pursue my master degree.
I also want to thank Penn State Center for Nanoscale Science; NSF Grant; National
Science Foundation Cooperative Agreement the National Nanotechnology Infrastructure
Network, with Cornell University; and The Pennsylvania State University Materials Research
Institute for funding this project. Last but not least, I would like to thank my family in China and
States for their constant help these years.

Chapter 1

Introduction
Microfluidics refers to technologies which control and manipulate tiny amount of fluids
(10-18- 10-9 L) in microchannels with a dimensional range from one to hundreds of micrometers
(Whitesides, 2006). It is a multidisciplinary field that covers techniques of engineering, physics,
chemistry, and biology. Microfluidics offers the capabilities of low cost, very low consumption of
samples and reagents, high resolution and sensitivity in separation and detection, short time for
analysis, and small footprints for analytical devices (Whitesides, 2006). A broad scope of current
and future potential applications leads to intense research and development of microfluidics, as
shown in Figure 1-1.
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Figure 1-1: Number of publications with the term ‘microfluidics’ from ISI-web of knowledge
database.
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The origin of microfluidics lies in ink jet print nozzles arrays (Bassous et al., 1977) and a
miniaturized gas chromatography system which included a capillary column, a sample injector
and a detector on a silicon wafer (Terry et al., 1979). However, these developments did not lead
to intense interest in integrated microfluidic devices, i.e. labs-on-a-chip and miniaturized total
analysis systems, until the early 1990s. Manz et al. (1990) developed a miniaturized total
chemical analysis system for better fluid transportation performance and shorter transportation
time due to a shorter channel length. Since then, microfluidics has developed into a diverse
commercial field that grows into new areas of analysis, and perhaps synthesis, of molecules in the
future (Whitesides, 2006). Traditionally, microfluidic devices consist of the following
components (Fig. 1-2): a device to introduce samples into microchannels; a device to manipulate
fluids, such as mixing and separating in the microchannels; an incorporated device for detection;
a cross-sectional microchannel network. In the early work, microfluidic devices molded from
glass (Harrison et al., 1993; Li and Harrison, 1997; Kopp et al., 1998) and silicon (Mtillenborn et
al., 1996; Martinoia et al., 1999) were used for biological samples analysis. Glass and silicon
based microfluidic devices are fabricated by using the combination of etching and
photolithography techniques, in which patterns are transferred from a photo mask to photoresist
on the substrate by an optical method (Mahalik, 2006), as shown in Figure 1-3. Glass allows the
use of high voltages for rapid separation and its transparency allows optical observation
(Stjernstrom and Roeraade, 1998). However, both of them are now largely displaced by polymers
for several reasons. Glass is amorphous and it is difficult to etch vertical side walls (McDonald et
al., 2000). Silicon is expensive and does not allow the use of transmitted visible and ultraviolet
light (Whitesides, 2006). One of polymers used for microfluidic devices is
poly(dimethylsiloxane) (PDMS). PDMS is a soft elastomer that allows optical observation and
simple fabrication with the development of soft lithography (McDonald et al., 2000). Soft
lithography is a technique of using an elastomeric stamp or mold, such as PDMS, to generate
2

patterns (Xia and Whitesides, 1998), as shown in Figure 1-4. However, PDMS can not withstand
high temperatures and it is also unsuitable for organic solvents or low molecular weight organic
solutes (McDonald et al., 2000).

Figure 1-2: Schematic illustration of a microfluidic device. Black, white, gray, sky-blue, yellow,
and dark yellow represent silicon tubes, air channels, glass, liquid channels, PDMS, and the
coverslip on the PDMS, respectively (Ohnuki et al., 2009).
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Figure 1-3: Schematic of fabrication for glass microchannels: (A) Cr and Au are deposited on
glass plate and followed by a thin layer of photoresist; (B) Sample is exposed to UV-light and the
chemical property of photoresist exposed to the light is changed; (C) Photoresist is developed and
the pattern is transferred from a master mask to the sample; (D) Exposed metal is etched; (E) Part
of glass is exposed and etched; (F) Photoresist and metal are removed; (G) Sample is bonded to
another glass plate and creates a capillary (Fan and Harrison, 1994).
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Figure 1-4: Schematic illustration of soft lithography for PDMS microchannels fabrication. (A) A
transparency is used as a photomask to transfer the pattern to a master which is later employed as
a mold for PDMS; (B) Liquid PDMS prepolymer is mixed and cast on the master and cured at 70
˚C for 1h to allow the pattern transferred from the master to PDMS; (C) PDMS is peeled from the
master; (D) PDMS is bonded to a flat surface to form microchannels (McDonald and Whitesides,
2002).
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To date, microfluidic devices have been demonstrated in environmental testing,
biological, chemical, clinical and forensic analysis, as shown in Table 1-1. However, this
technique still has problems which are needed to be addressed. One of the problems is to precise
control over the position and motility of biological molecules and micro-/nano-size structures. In
microfluidics, the laminar flow with low Reynolds number (~10-3), which is defined as the ratio
of inertial forces to viscous forces, poses a challenge in the design of actuators as inertial effects
are not sufficient for mixing and sorting (MacDonald et al., 2003). As a result, external optical
fields, magnetic fields, and electric fields have been explored to be compatible with microfluidic
devices to provide sufficient forces in order to control the motility of micro-/nano molecules and
structures. However, the complex fabrication process and associated instrumentation still limit
their broad application in clinical and basic research. Recently, heterogeneous catalyst has been
explored as an alternative method in directing the movement of micro-size and nano-size rods
(Paxton et al., 2004; Fournier-Bidoz et al., 2005; Dhar et al., 2006), gears (Catchmark et al.,
2005), and spheres (Kline et al., 2005; Subramanian and Catchmark, 2007). This method enables
ease of manipulation without any complex fabrication procedure or instrumentation compared to
previous studies. Hence, this thesis explores the potential of heterogeneous catalyst for
manipulation of microspheres in channelless microfluidic bimetallic devices.
Chapter 2 gives a brief literature review on sources to manipulate micro- and nanoobjects, including external optical fields, magnetic fields, and electric fields. Chapter 3 will
discuss factors of bimetallic geometry and the surface zeta potential on a catalytically generated
electric field and the mobility of microspheres. It will also explore some practical bimetallic
devices which can be further utilized as micro/nano structures sorting and manipulation. Chapter
4 will summarize the thesis and future work to explore the potential of these chemically powered
devices.
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Table 1-1: A broad scope of potential applications of microfluidic devices (McDonald et al.,
2000).
Area
Minaturized analytical
systems
Genomics and
proteomics
Chemical/biological
warfare defense

Clinical analysis

High throughput
screening
Environmental testing
Biomedical device
Implantable device
Tools for chemistry
and biochemistry
Small-scale organic
synthesis
Sample preparation
Amplification of
nucleic
acids/sequences
Systems for research
of fluid flow
Studies of chemical
reactions
Biomimetic systems
Systems to study small
amounts of sample

Application
Rapid, high density sequencing (Liu et al., 1999; Blazej et al., 2006;
Kumagai et al., 2008), DNA fingerprinting (Healy et al., 2005; Wise et
al., 2009), combinatorial analysis (Yu et al., 2009), forensics (Medintz
et al., 2001;Yeung et al., 2009), gene expression assays (Neely et al.,
2006; King et al., 2007), integration of fluidics with DNA arrays (Miller
et al., 2001; Bau et al., 2009)
Early detection and identification of pathogens and toxins; early
diagnosis; triage (Rucker et al., 2005; Bunyakul et al., 2009)
Rapid analysis of blood and bodily fluids (Srinivasan et al., 2004; Fan
et al., 2008), point of care diagnostics based on immunological (Riegger
et al., 2006; Herr et al., 2007) or enzymatic assays (Srinivasan et al.,
2004), electrochemical detection (Tansil et al., 2005), and cell counting
(Cheng et al., 2009)
Combinatorial synthesis and assaying for drugs (Khetani and Bhatia,
2008; Fernandes et al., 2009). Toxicological assays (Fernandes et al.,
2009).
In situ analysis of environmental contamination (an den Berg et al.,
1993; Campo et al., 2005)
Devices for in vivo drug delivery, in vivo monitoring for disease and
conditions. (Lavan et al., 2003; Prescott et al., 2006; Fiering et al.,
2009)
Combinatorial synthesis (Watts et al., 2001; Kikutani et al., 2002)
Purification of biological samples for further analysis (Liu et al., 2004;
Easley et al., 2006; Irima et al., 2009)
Polymerase Chain Reaction (PCR) (Liu et al., 2004; Easley et al., 2006)
and Reverse transcription polymerase chain reaction (RT-PCR)
(Kaigala et al., 2008; Toriello et al., 2008)
Study on Electroosmotic fluid flow (EOF) and laminar flow in small
channels (Chen et al., 2006); Study of diffusion (Salmon, 2007)
Enzyme-substrate (Urban et al., 2006; Kim et al., 2009)
Development of machines that mimic biological functions (Tan and
Desai, 2004; Cieslicki and Piechna, 2009)
Detection of single molecule (Mogensen et al., 2004; Vollmer and
Arnold, 2008)
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Chapter 2

Literature review of microfluidic device
Spatially controlling the motion of micro- and nano-size objects including biological
molecules in microfluidic devices is essential for the development of lab-on-a-chip, by which one
or more laboratory functions can be processed in a chip format. In this chapter, optical, magnetic,
and electrical manipulation of micro- and nano-sized structures will be discussed.

2.1 Optical fields
Microfluidic devices integrated with optical tweezers can manipulate biological objects
and micro/nanostructures in fluidic channels with photonic pressure. An optical tweezer is a type
of instrument that traps and moves dielectric objects through a focused laser beam, as shown in
Figure 2-1 (Girer, 2003). When the beam hits the objects, part of the linear momentum of the
light is transferred to the objects, exerting an attractive or repulsive force, depending on the
refractive index mismatch. The force can be expressed as a function of optical power and the
relative property of the particles and fluidic medium.
Optical tweezers have been demonstrated to handle particles ranging from a few
angstroms to 10 µm (Ashkin and Dziedzic, 1987) and exert a maximum trapping force of
hundreds of piconewtons (pN) (Piggee, 2009) with high resolution down to 100 attonewton (aN)
(Gittes and Schmidt, 1998), which is sufficient to study the mechanical property of biological
sample such as DNA (Smith et al., 1996), protein (Cecconi et al., 2005), and cells (Dao et al.,
2003). High resolution, noninvasive trapping and the capacity of measuring the force have
featured this technique in multiple fields, but laser beam can induce an oxygen-mediated
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photodamage (Yi et al., 2006). Currently, near-IR lasers in the range of 800–1100 nm are used in
most commercial optical trapping platforms to reduce photodamage (Piggee, 2009). An
enzymatic scavenging system and an inert gas are also used to remove molecular oxygen
(Neuman et al., 1999). However, the effect is limited because solution will absorb the energy and
long handling time can still harm biological objects (Nilsson et al., 2008).

Figure 2-1: Schematic illustration of an optical tweezer manipulating objects in three dimensions
by a laser beam. The gradient force drives dielectric particles to the focusing point and the
radiation force has a tendency to drive them along optical axis (Girer, 2006).

Recent studies have demonstrated the potential of incorporating optical tweezers into
microfluidic device in order to manipulate micro-sized, nano-sized particles and biological
samples (Terray et al., 2002; MacDonald et al., 2003). Terray et al. (2002) optically manipulated
colloidal microspheres in microchannels and created useful valves and pumps from polymerized
microspheres, which can further control the motion of cells and small objects. To enhance
throughput, vertical cavity surface emitting laser (VCSEL) (Kroner et al., 2008), interferometry
(MacDonald et al., 2002), computer generated holograms (Monneret et al., 2007), and
Generalized Phase Contrast (GPC) method (Perch-Nielsen et al., 2006) were used to create beam
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patterns in order to allow single laser to manipulate many objects simultaneously. VCSEL is a
type of low-cost semiconductor laser diode which emits high quality laser beam from the top
surface. Kroner et al. (2008) reported a microfluidic device incorporated with a VCSEL for 4 μm
polystyrene particles manipulation at a low power output of 2.1 mW. Each laser acts individually
in the array to focus and trap dielectric objects. Holographic optical tweezers (HOTs) use a spatial
light modulator (SLM) to split a single beam into multiple beams to allow simultaneous
manipulation at sub-nanometer precision and the hologram will reconfigure the pattern of laser
beams (Schmitz et al., 2005). Monneret et al. (2007) developed a HOT based system to allow
temporal and spatial control over multiple microspheres deposited on the confined region of cells.
Interferometric patterns of laser beams enable one-, two-, and three-dimensional optical
manipulation (Korda et al., 2002; MacDonald et al., 2002; Dholakia et al., 2003). MacDonald et
al. (2003) demonstrated that optical tweezers can sort colloid particles and biological samples in
the schemes of size and refractive index, as shown in Figure 2-2A and 2-2B. A five-beam
interference pattern was used to separate two components. The mixture of 2 µm diameter polymer
and silica microspheres can be sorted in a flow rate of 30 µm/s while mixture of 2 µm diameter
protein microcapsules (drug delivery agents) and 4 µm diameter microcapsules can be sorted in a
flow rate of 20 µm/s. Throughput of the system can achieve at ~ 25 particles/second, which is
slightly larger than that reported for separation in a microfabricated fluorescent activated cell
sorting (FACS) (Fu et al., 2002). In the GPC method, optical patterns are controlled by a
programmable spatial light modulator (SLM) for independent control over individual beams.
Compared to HOT, GPC has a direct relationship between the input phase and the output
intensity. Perch-Nielsen et al. (2006) reported the first 3D real-time multi-beam microfluidic
platform using the GPC setup. Yeast cells, Saccharomyces cerevisiae, with a free flow rate of ~10
µm/s were trapped and driven at a velocity of ~ 50 µm/s by an optical tweezer.
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A

Figure 2-2: (A) Schematic of biological sorting machine based on an optical lattice. By
introducing a body-centred tetragonal (b.c.t) lattice, one kind of particles is selectively pushed
upper and collected in chamber C while the other one is collected in chamber D as laminar flow
dominates in microchannels. (B) Optical sorting of 2-µm diameter protein microcapsules for drug
delivery (black) and 4-µm diameter capsule (white) (MacDonald et al., 2003).

As an alternative of optical tweezers, optoelectronic tweezers (OET) have been applied
for micro and nanosize objects manipulation. OET reduces light intensity to 0.01 to 1W/cm and
allows the use of low numerical apertures (NA) to increase manipulation area (Shah et al., 2009).
Figure 2-3A shows the schematic of OET. The samples are placed between a transparent indium
tin oxide (ITO) electrode on the top and a-Si:H photosensitive electrode at the bottom (Chiou et
al., 2005). By turning on the light illumination, a non-uniform electric field is consequently
generated to manipulate objects through dielectrophoretic forces. The efficiency of optoelectronic
tweezers is 500 times larger than that of a conventional optical tweezer (Ohta et al., 2007).
However, a conductive planar surface is needed for OET as two electrodes are placed at different
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layers. As a result, OET can not be integrated into devices without conductive surface. Ohta et al.
(2007) developed lateral-field optoelectronic tweezers (LOET) to generate an electric field that
was parallel, but not perpendicular to the plane of the device. Figure 2-3B shows LOET with both
electrodes at the bottom layers. This device was demonstrated to separate live and dead human
white blood cells, Jurkat and HeLa cell lines. It can also manipulate polystyrene beads. Shar et al.
(2009) further integrated LOET into a microfluidic platform to separate live and dead HeLa cells.

B

A

Figure 2-3: (A) Schematic illustration of conventional OET. It is made up of a transparent ITO
electrode on the top and a-Si:H photosensitive electrode at the bottom. (B) LOET has an array of
interdigitated photosensitive electrodes at the bottom plane. The optical pattern controls the
configuration of electrode arrays when the light is turned on (Ohta et al., 2007).

Optical based microfluidic platforms have limitations as follows (Yi et al., 2006;
Applegate et al., 2008; Neuman and Nagy, 2008): (1) Homogenous and highly purified samples
are required for high resolution optical manipulation, therefore, optical tweezers are not suitable
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for manipulation in cells extract or any medium containing impurities as impurities can
interference signals though in vivo manipulation of organelles in yeast cells (Sacconi et al., 2005)
and lipid vesicles in eukaryotic cells (Gross, 2003) have been demonstrated. (2) Ghost traps and
spurious signals can arise from optical interference and non-ideal beam steering behavior. (3) As
a large number of dielectric particles can be trapped simultaneously, it is important to dilute
solution to an extremely low concentration for single molecule manipulation. (4) As discussed
before, local heating arise from the high intensity of laser beams can result in the change of
enzyme activity and local viscosity of the medium and may induce convection current. (5) High
cost, complex optical setup and operation still hinder wide applications in basic research and
clinical analysis.

2.2 Magnetic fields
Magnetic tweezers can be used to manipulate particles and biological matters and
measure their mechanical property as optical tweezers. Generally, target objects are tethered to
magnetic beads. Magnetic beads consist of magnetic cores and non-magnetic coatings for specific
objects binding. Iron oxides, such as magnetite (Fe3O4) and maghemite (c-Fe2O3), are more stable
against oxidation compared to iron, therefore, it is usually chosen as core materials (Gijs, 2004).
On the other hand, Winkleman et al. (2004) demonstrated that non-magnetic objects can be
manipulated by magnetic tweezers when a paramagnetic aqueous solution containing gadolinium
(III) diethylenetriaminepentaacetic acid (Gd·DTPA) was used. Solution exhibits a higher
magnetic susceptibility than most of the objects. Polystyrene spheres, and various living cells
including mouse fibroblast (NIH-3T3), yeast (Saccharomyces cerevisiae), and algae
(Chlamydomonas reinhardtii) were demonstrated to be trapped by magnetic tweezers in this
study.
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Magnetic tweezers provide several advantages (Chiou et al., 2005; Yi et al., 2006): (1)
Magnetic tweezers are noninvasive and thus do not harm biological objects; (2) Magnetic
tweezers do not produce photodamage as optical tweezers; (3) Magnetic tweezers can exert
appropriate magnitude order of force (pN) to manipulate biological objects such as DNA (Chiou
et al., 2006; Miné et al., 2007); (4) Magnetic tweezers, especially electromagnets, are easy to
control by tuning the magnitude of applied current; (5) Magnetic beads with a dimensional range
from tens to hundreds of nanometers do not affect cells functions and viabilities; (6) Surface
charge, pH, ionic concentration or temperature changes do not impact the application of magnetic
tweezers.
Typically, a magnetic force can be expressed by a function of the particle volume (V),
magnetic gradient (B), magnetic constant (μ0), and magnetic susceptibility difference (Δχ)
between the media and the particle (Pamme, 2006) (Eq. 2-1).

F

V 

0

( B) B

2-1

Permanent magnets and electromagnets can be used to produce a magnetic force. Each
magnetic source has advantages and disadvantages. Permanent magnets can produce a larger
magnetic force compared to electromagnets. For example, a 5 mm permanent magnet can exert a
40 pN force on a 500 nm particle whereas millimeter-size electromagnets can only produce a 104
times lower force (Gijs, 2004). Permanent magnets also provide advantages of simplicity and no
power requirement, but they could not precisely control the movement of magnetic beads (Chiou
et al., 2006). Electromagnets could precisely control the movement of magnetic beads by tuning
magnitudes of power, but joule heating will arise from high electric field which is required to
produce an appreciable force.
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Passive magnetic separators and active magnetic separators are two kinds of system used
in integrated magnetic platforms. Passive magnetic separators consist of on chip soft magnetic
structures magnetized by external electromagnets or permanent magnets, or planar coils
magnetized by external magnetic fields. Active magnetic separators consist of integrated
electromagnets. Small and soft ferromagnetic structures close to magnets can produce a high
magnetic gradient (Conroy, 2008). The passive magnetic separators provide advantages of large
magnetic forces and ease of fabrication, but lack the addressability of the individual capture sites
compared to active magnetic separators (Bu et al., 2008). Active electromagnetic structures are
addressable, but the forces are short-range. In addition, active structures require large currents to
provide sufficient forces and it may induce joule heating issue (Rida et al., 2003).

2.2.1 Permanent magnets
Recently, passive structures in the microchannels were demonstrated produce a magnetic
force by external permanent magnets (Deng et al., 2002; Rida et al., 2003; Han and Frazier. 2004;
Inglis et al., 2004; Smistrup et al. 2005a; Han and Frazier, 2006). Deng et al. (2002) demonstrated
that a microfluidic device with nickel posts arrays in microchannels and external permanent
magnets can implement microfiltration, as shown in Figure 2-4. Arrays of nickel posts were
fabricated by soft lithography and electrodeposition. When the external permanent magnets were
placed near microchannels, nickel posts were magnetized and each was capable of capturing a
maximum of fifty 4.5 µm magnetic beads from the mixture containing 6 µm non-magnetic beads.
The structure offers the capacities of capturing and releasing magnetic beads without
disassembling microfluidic devices. Using a similar setup, cells tagged with magnetic beads were
captured and separated. Direction of the flow was also changed (Inglis et al., 2004). Furthermore,
by depositing arrays of soft magnetic materials underneath and perpendicular to the
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microchannel, DNA labeled with two different kinds of magnetic beads were attracted to each of
the microchannel sidewall when a permanent magnet was applied (Smistrup et al., 2005). Longrange transport of magnetic beads was implemented by a passive structure consisting of coil
arrays (Rida et al., 2003). On the other hand, passive magnetic separator can be used to separate
untagged cells according to their magnetic properties. Han and Frazier (2004) demonstrated that
an integrated magnetic platform can be used to sort human white blood cells (WBCs) and red
blood cells (RBCs) according to their magnetic properties. A permanent magnet was used to
create an external magnetic field and a nickel wire was deposited in the centre of the
microchannel to generate a high magnetic gradient. The RBCs (paramagnetic particles) were
driven towards the nickel wire while the WBCs (diamagnetic particles) were driven away from
the nickel wire, therefore, magnetic force guided RBCs towards outlets 1 and 3 whereas guided
WBCs towards outlet 2, as shown in Figure 2-5. Single-stage magnetic platform with one nickel
wire achieved 91.1% of RBCs separated from the sample at a flow rate of 5mL/h and three-state
cascade magnetic platform with three discontinuous nickel segments implemented 93.5% of
RBCs and 97.4% of WBCs from the sample at the same flow rate (Han and Frazier, 2006).
Magnetic tweezers based on permanent magnets can be used for constant force experiments, but
lack the capability of manipulating magnetic particles in three dimensions (Neuman and Nagy,
2008).
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Figure 2-4: (A) Schematic illustration of a magnetic platform to manipulate magnetic beads with
external permanent magnets. (B) Photographs of Ni posts (a) before the experiment; (b) capturing
beads after permanent magnets is placed; (c) releasing beads after permanent magnets is removed
(Deng et al., 2002).

A

B
a

b

Figure 2-5: (A) Illustration of forces experienced by a magnetic particle near a circular
ferromagnetic wire which deforms a uniform external magnetic field. (B) Schematic illustration
of the magnetic platform with one inlet and three outlets for sorting RBCs and WBCs at (a)
perspective view; (b) cross-section view (Han and Frazier, 2004).
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2.2.2 Electromagnets
Recent studies have demonstrated potentials of passive (Ichikawa et al. 2004; Guo et al.,
2006; Smistrup et al., 2006; Ramadam et al., 2006; Lund-Olesen et al., 2007) and active
structures (Ahn et al., 1996; Lee et al., 2001; Lee et al., 2004; Wirix-Speetjens and de Boeck,
2004) using electromagnets. Ahn et al. (1996) developed a micro magnetic particles manipulator
fabricated on a silicon wafer with techniques of Micro-Electro-Mechanical Systems (MEMS) and
realized 0.8-1.3 µm magnetic particles separated from suspension when 500 mA of dc current
with a drive voltage less than 1 V was applied. An electromagnetic quadrupole was used instead
of permanent magnets to provide advantages of flexibility, controllability, and integration
feasibility (Ahn et al., 1996). Microfluidic devices can also implement magnetic particles
trapping and transportation by microelectromagnet matrix. Lee et al. (2001) fabricated a
microelectromagnet matrix that was made up of two layers of lithographically gold wires
perpendicular to each other, with an insulated layer inserted between them and another insulated
layer on the top, as shown in Figure 2-6A. This structure achieved trapping and continuous
motion of 4.5 µm particles from one magnetic field maximum to the next within a meandering
200 µm × 200 µm gold area. Similar setup incorporated into a microfluidic device drove single or
multiple yeast cells tagged with magnetic beads to continuously move along the same or different
pathways through various magnetic field patterns generated from the matrix (Lee et al., 2004).
Sawtooth shaped structures implemented stepwise and confined transportation by altering
currents (Wirix-Speetjens and de Boeck, 2004). 2 µm magnetic beads were attracted from one
sawtooth (magnetic field maximum) to the next in a distance of 20 µm between wires at a
constant frequency.
On the other hand, soft magnetic material (Ichikawa et al. 2004; Guo et al., 2006;
Smistrup et al., 2006; Lund-Olesen et al., 2007) and various patterns of micro-coils (Ramadam et
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al., 2006) were developed for the trapping of particles. Ichikawa et al. (2004) fabricated a thin
layer of Ni based permalloy elements fabricated by CO/H2/Ar plasma etching process underneath
the microchannels to capture magnetic beads. Further study showed that the passive structure
with arrays of electroplated permalloy magnetic elements can enhance the efficiency of capturing
magnetic beads due to more magnetic elements (Smistrup et al., 2006). Formation of magnetic
beads chains with a maximum length of 100 µm after applying a magnetic field for a period of
time was observed (Guo et al., 2006). A similar setup as Smistrup et al. (2006) was used to
investigate target DNA hybridization with probe DNA tethered to magnetic beads on sidewalls of
channels (Lund-Olesen et al., 2007). Capture efficiency enhanced with an integrated staggered
herringbone mixer, as shown in Table 2-1. Chiou and Lee (2005) developed a 3D integrated
microelectromagnet platform to reduces Joule heating while retains features of electromagnets
such as control over magnetic beads. Though electromagnets based microsystems offer various
advantages, electromagnets can induce closely spaced pole pieces which could not provide
constant force on the samples and local heating might damage them (Neuman and Nagy, 2008).
In addition, three-dimensional manipulation requires complex feedback control techniques
(Neuman and Nagy, 2008), which may hinder broad application in biopolymer manipulation.
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Figure 2-6: (A) Schematic of a microelectromagnet matrix. Two layers of conducting wires were
aligned perpendicular to each other, insulate layers were inserted between and on top of them.
(Lee et al., 2001) (B) (a) A micromachined DNA manipulation device consists of six microcoils,
a fluidic channel, and a gold patterned surface. (b) Schematic of forces exerting on a tetheredDNA magnetic bead, including the magnetic force, DNA elastic force and gravity force (Chiou et
al., 2005).
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Table 2-1: Comparison of different microfluidic magnetic separators presented in the literature
(Lund-Olesen et al., 2007).

Ref

Cross sec.
(µm2)

Flow rate
(µL/min)

Capt.
Eff.
(%)

Characterization

Ahn et al.,
1996

100×90

≈0.5

NA

OC

Choi et al.,
2001a

NA

NA

NA

800×250

3–50

NA

1500×50

1

≈89

Deng et
al., 2002

150×50

2

>95

Do et al.,
2004

2000×70

3–7

NA

Choi et al.,
2000,
2001b
Smistrup
et al.,
2005a

Rida and
Gijs, 2004

200×200

6

NA

Ramadan
et al.,
2006

5000×100

10–120

70–0

LundOlesen et
al., 2007

400×80
mix
400×80
200×80
mix
200×80

10–60
10–60
10–40
10–40

100–89
93–49
100–97
96–74

OC, SC. Inductance measurements are compared
to simulations to approximately deduce the
number of captured beads.
OC, SC. For different electrical currents, the
maximum fluid flow velocity where some beads
are captured is reported.
OC, OR. The capture efficiency is evaluated
using simulations but not
verified experimentally.
OC, OR. The capture efficiency is measured by
counting the number of beads exiting the system
before and after bead release. Difficulties
releasing all beads.
OC.
OC, OR. Not characterized as a magnetic
separator but the ability to
retain a plug of magnetic beads is characterized
thoroughly up to
≈50 µL/min
OC. The capture efficiency is evaluated by
counting beads in known
volumes collected at the inlet and outlet.
OC, OR, SC, CE. The capture efficiency is
evaluated using simulations (numbers in this
table) and compared to measurements of
capture-and-release efficiencies at several flow
rates. Investigation of amount of beads getting
stuck in setup for different flow rates.

The following abbreviations are used: OC: Optical verification of bead capture; OR: Optical
verification of bead release; SC: All beads can be removed in a system cleaning step; CE: Study
of capture-and-release efficiency.

28

2.3 Electric fields

Among the most frequently used manipulation method, the electric field based approach
is comparatively well fit for the microfluidic devices because it is relatively easy to produce an
electric field. In addition, it offers the capabilities of flexibility, controllability and potential of
automation. Electrophoresis, dielectrophoresis, and travelling wave dielectrophoresis have been
developed in the microchip to implement micro- and nano-size biological samples manipulation.

2.3.1 Electrophoresis

Electrophoresis is the movement of charged particles due to a force generated by a
uniform electric field. It was discovered by Reuss (1809). Electrophoresis is one of the most
popular methods to manipulate bioparticles in the macro-scale and have been integrated with
microfluidic devices to achieve electrokinetic transportation and sorting. The origin of
microfluidic electrophoresis lies on the capillary electrophoresis. The principle of capillary
electrophoresis is that negatively charged silanoate (Si-O-) groups are formed on surface when
pH > 3 and attract positive charged components in the solution. It results in the formation of two
inner layers of cations, a stern layer (where counter ions stay stagnant) and a Gouy-Chapman
diffusion layer (where ions move). When an electric field is applied, the mobile layer is directed
towards the cathode, where produce an electroosmotic fluid flow. Charged objects can also
experience electrophoresis force when present in an electric field. The electroosmotic velocity
(Veo) and electrophoretic velocity (Vep) can be calculated by Helmholtz-Smoluchowski equation
(Eqs. 2-1 and 2-2):
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where ζp is the particle zeta potential, ζw is the surface zeta potential, E is the catalytically
generated electric field, ε is the fluid permittivity, and η is the viscosity.
Capillary array electrophoresis was developed in 1990s to allow various sample analysis
in arrays of parallel silica capillaries at a time (Mathies and Huang, 1992). Later, capillary
electrophoresis on microchips achieved high throughput analysis and manipulation for virus
(Chen et al., 1999; Zhou et al., 2004; Weiss et al., 2007), bacterial (Cabrera, C. R. and P. Yager.
2001; Koh et al., 2003), eukaryotic cells (Li and Harrison, 1997; McClain et al., 2003; Toriello et
al., 2005), DNA (Woolley et al., 1996; Khandurina et al., 2000; Lagally et al., 2000; Wang et al.,
2005; Huang et al., 2006; Wang et al., 2009), and protein (Gao et al., 2001; Ramsey et al., 2003;
Wang et al., 2004; Liu and Lee, 2006; Liu et al., 2008). Nevertheless, electrophoresis of cells in
microchip is limited due to indistinguishable differences of electrophoretic mobilities, and in
most cases, it is used for pumping cell into microchannels with electroosmotic fluid flow
(Anderson and van den Berg, 2003). Electrophoresis based microchip for biomolecue sizing has
been commercialized, but fully integrated and inexpensive microchips that are compatible with
portable platforms with broad scope of applications are still under investigation.

2.3.2 Dielectrophoresis

Dielectrophoresis (DEP) refers to motions of dielectrical particles (charged or neutral)
arise from polarization in a non-uniform electric field (Yi et al., 2006), as shown in Figure 2-7
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(Hughes, 2002). Spatial variation in field strength rather than the electric field polarity governs
the magnitude and direction of force.

Figure 2-7: Schematic of force exerting on a particle arise from (A) magnitude gradient (a
nonuniform electric field); (B) phase gradient (a travelling electric field) (Hughes, 2002).

DEP can be sorted into two groups, positive dielectrophoresis (pDEP) and negative
dielectrophoresis (nDEP). pDEP describes dielectric particles moving towards regions of high
electric field strength while nDEP is dielectric particles moving towards regions of low electric
field strength. pDEP or nDEP depends on complex permittivity of particles relative to its
surrounding medium. For example, at the frequency of megahertz (MHz), polymer beads, such as
polystyrene or latex, experience nDEP in conductive electrolyte solutions (> 1 mS/m) (Pethig et
al., 1992). Live cells experience pDEP at low frequency (< 100 kHz) and nDEP at high frequency
(>1 GHz). At the frequency of 1-100 MHz, cells experience pDEP at low solution conductivities
and nDEP at high solution conductivities (Huang et al., 1997). Whether to use pDEP or nDEP
depends on the requirements. nDEP should be used when saline or cell culture medium is
required. pDEP may be more appropriate when stable temperature is required (Voldman, 2006).
Generally, it is easier to achieve pDEP compared to nDEP because nDEP sometimes requires 3D
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confinement (Voldman, 2006). However, in order to avoid adhesion of particles and cells on the
electrodes, feedback control is usually needed for pDEP.
DEP has been successfully applied on microfluidic devices to manipulate microbeads
(Dürr et al., 2003; Kang et al., 2005; Chen and Du, 2007; Kunikata et al., 2009) and sort a variety
of bioparticles, such as bacterial (Lapizco-Encinas et al., 2004), yeast (Vahey and Voldman,
2008; Hunt et al., 2008), and mammalian cells (Gascoyne et al., 2002; Yu et al., 2004; Han and
Frazier, 2008). Discrimination of live and dead cells can be achieved by DEP depending on
conductivities difference (Li and Bashir, 2002). Highly insulating cell membranes of live cells
have a conductivity of around 10-7 S/m whereas interior cells have a much higher conductivity
(1S/m) due to many dissolved charged molecules. For dead cells, conductivity will increase by a
factor of 104 because of the permeable cell membrane.
DEP can also be applied for cell patterning. Cell patterning is a kind of technique of
guiding cells into desired fashions by external forces and the structure can be used to mimic the
real tissue for biomedical experiments (Lin et al., 2006). Current cell patterning approaches
include passive methods of pre-depositing cell-adhesive extracellular matrix (ECM) protein on
substrate by photolithography (Goto et al., 2008) and micro-contact printing (Wang et al., 2009)
for favorable adhesion of cells and active methods of applying external forces by various
techniques, such as optical tweezers (Lai et al., 2008), magnet microarrays (Lee and Westervelt,
2004), micro-electromagnets (Deng and Whitesides, 2001), ferromagnetic nanowires (Tanase et
al., 2005), and DEP trapping (Matsue et al., 1997; Albrecht et al., 2006; Ho et al., 2006; Hunt et
al., 2008) to direct cells in desired fashion. DEP can achieve large area patterning and does not
require cell pre-modification compared to other techniques (Lin et al., 2006). Initial study
(Matsue et al., 1997) employed nDEP for cell patterning. nDEP can reduce energy acting on the
cells compared to pDEP, but constructing fine cell patterns is still a problem due to cells
aggregation. In contrast, pDEP attracts cells to a local electric field maximum and fine cell
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patterns were realized by designed electrode geometry. Two different arrangements of electrodes
were used for pDEP based cell patterning. Albrecht et al. (2006) demonstrated the possibility of
using OET for cells micropatterning, however, microfluidic platforms integrated with OET for
cell patterning have not been realized yet. The second electrode arrangement is placing two
electrodes set on the same plane to generate a horizontal electric field gradient. Ho et al. (2006)
demonstrated that randomly distributed hepatocytes inside the microfluidic chamber can be
manipulated and self-assembled to a desired pearl-chain array pattern (Fig. 2-8A). Programmable
trap and designed yeast cells patterns can also be achieved by incorporating integrated circuit (IC)
into microfluidic devices (Hunt et al., 2008), as shown in Figure 2-8B.
One disadvantage of common DEP is that electrode geometries and locations already
determine the position of the attracting points (Hagedorn et al., 1992). Motion of particles will
stop when they reach these points. This can be overcome by producing a travelling electric field
and moving attracting points in the electrode chain at a speed faster than the motion of particles,
which is travelling wave dielectrophoresis (TWD). Initial TWD studies (Batchelder, 1987;
Masuda et al., 1987; Masuda et al., 1988) employed low-frequency travelling electric fields to
induce motion, which can not exclude the possibility of conventional electrophoresis (Hughes,
2002). Later work done by Fuhr and co-workers showed an asynchronous motive force could
exert on cellulose spheres (Hagedorn et al., 1992) and cells (Fuhr et al., 1991) within a highfrequency TWD. To date, microfluidic devices incorporated with TWD have been demonstrated
applications in manipulating polystyrene latex particles (Cui and Morgan, 2000; Zhao et al.,
2007), and cells (Cen et al., 2004; Nudurupati et al., 2006; Maturos et al., 2009). However, DEP
and TWD require external power supply of high frequency of AC fields, which may hinder these
techniques to be compatible with portable microfluidic systems and pose a challenge in
miniaturization when bulk power supply instruments are needed.
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Figure 2-8: (A) Self-assembled of liver-cells (HepG2) in pDEP (Ho et al., 2006). (B) Schematic
of (a) a pDEP micromachine and (b) the pattern of yeast cells within a non-uniform electric field
(Hunt et al., 2008).
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Chapter 3

Catalytic powered devices for micro-sized particle manipulation

3.1 Introduction
Directing the motion of micro and nanometer scale objects is an important and
fundamental area to many devices including nano- and microelectromechanical systems
(NEMS/MEMS), fluidic devices and sensors (Subramanian and Catchmark, 2007). However,
further miniaturization of such devices poses significant fabrication challenges, especially when
such devices are designed to have controllable moving parts. Moreover, new devices are sought
which interact with molecular scale materials such as biomolecules for applications such as
identification, sorting, mixing or other types of analysis. As discussed in Chapter 2, optical fields
(MacDonald et al., 2003), magnetic fields (Chiou et al., 2006), and electric fields (Voldman et al.,
2002) have been explored for such biological or other applications in microfluidic devices, but
they still have disadvantages of either complex fabrication processes or the need for additional
complex instrumentation. In addition, the principle of artificially stimulating and governing
motion on micro- and nanometer-scale in fluids is not fully understood (Paxton et al., 2005).
Study of this area might provide a new engineering approach of producing motility forces on
these scales for a diverse array of applications.
Biological systems can harness catalytic forces generated from chemical reactions at the
nano-scale and micro-scale. It relies on chemical energy from enzyme catalyzing ATP and GTP
hydrolysis, which is used in biological functions such as bacterial motility, cell replication, and
intracellular transport (Schliwa and Woehlke, 2003). Recently, the motility of non-biological
devices in fluidic environments through localized catalytic reactions was studied and utilized to
propel nanorods (Paxton et al., 2005), gears (Catchmark et al., 2005), and spheres (Kline et al.,
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2005a). It is an analog to biological catalytic system and provides an alternative method in
manipulating micro-/nano-structures and biological samples. Mcintosh (1901) reported that
metals or metal alloys containing silver and platinum can catalyze the reaction of hydrogen
peroxide decomposition (2H2O2 → 2H2O + O2) and harvest the chemical energy for nonBrownian motion. The percentages of silver in the alloy will influence the axial velocity in
hydrogen peroxide solution, suggesting that silver is the catalyst in this reaction (Goszner and
Bischof, 1974). Whitesides et al. (2002) fabricated a millimeter-scale PDMS structure with
platinum catalyst at one end moving with PDMS end forward in hydrogen peroxide aqueous
solution. However, Paxton et al. (2004) created a nanometer-scale bimetallic rod with connective
platinum (Pt) and gold (Au) segments of the same length, which moved with the platinum end
forward in hydrogen peroxide solution. Experiments in the macro- and micro-/nano-scale have
shown that metallic catalyst of hydrogen peroxide decomposition can be applied to catalyticpowered devices in many fields. Different motion behaviors in the macro-scale and micro-/nanoscale suggest that different mechanisms dominate in these systems.

3.2 Mechanism of catalytic power generation
To develop practical catalytic-powered devices, it is essential to understand the
mechanism to achieve the designed manner of motion. Several mechanisms, including bubble
driven mechanism (Fournier-Bidoz et al., 2004), Brownian ratchet mechanism (Dhar et al., 2006),
interfacial tension mechanism (Paxton et al., 2004), and self-electrophoresis mechanism (Paxton
et al., 2005) have been proposed to explain this non-Brownian motion of micro/nano bimetallic
structures. Paxton et al. (2005) compared different mechanisms and demonstrated two appropriate
mechanisms to explain the bimetallic nanorods moving with the catalyst end as the forward end.
In the bubble driven mechanism, bubbles evolve only in the catalyst segment of bimetallic
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nanorods, such as silver and platinum, therefore, it drives bimetallic particles with the noncatalyst end forward. It can explain the rotation of nickel/gold nanorods, where one end of the
segment was anchored on the substrate (Fournier-Bidoz et al., 2005). However, it can not be the
main reason of producing propelling force in Paxton et al. (2004) experiment in which Pt/Au
nanorods moved with the catalyst end forward. Additionally, differential pressure can not explain
the motion of Pt/Au nanorods. From the equation of the decomposition of hydrogen peroxide
(2H2O2 → 2H2O + O2), as the reaction only takes place at the catalyst end, it increases the
molecules at this end and generates a pressure gradient from the catalyst end to the non-catalyst
end. The pressure gradient should drive the bimetallic rods towards the non-catalyst segment, but
this estimation is opposite to observation, so the pressure driven mechanism can not be the
primary factor in generating the catalytic power. The reaction of hydrogen peroxide
decomposition also produces an oxygen concentration gradient that drives motion of nanorods.
The propelled velocity from the concentration gradient was estimated 5000 times smaller than the
observed velocity (Paxton et al., 2005). In addition, the bimetallic nanorods were estimated to
move with the non-catalyst end as the leading end, which is opposite to the experiment result.
Hence, concentration gradient can not be the major factor to propel the motion of bimetallic
nanorods with appropriate magnitude of velocity and the right direction. In the Brownian ratchet
mechanism, oxygen produced at the catalyst end may reduce viscosity and generate a viscosity
gradient in the solution around the rod, where diffusion is faster with platinum end forward rather
than platinum end backward. Paxton et al. (2005) estimated that the viscosity on the catalyst end
is even 10 times smaller than the air, which is impossible. It suggests that the viscosity gradient
can not be the major factor in producing this catalytic motion. Since the factors of pressure,
concentration, diffusion, and viscosity are not the major factor to attribute to the non-Brownian
motion of bimetallic nanorods, only interfacial tension mechanism and self-electrophoresis
mechanism are reviewed in details.
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3.2.1 Interfacial tension
In the interfacial tension mechanism, the reaction of hydrogen peroxide decomposition is
assumed to proceed only at the catalyst segment where oxygen is produced uniformly and
decrease gradually towards the non-catalyst end. Oxygen bubbles create a vapor/liquid interface.
Interfacial tension decreases with an increasing oxygen concentration, so force generated from
interfacial tension gradient drives nanostructures with the catalyst end forward. Paxton et al.
(2005) estimated that interfacial tension gradient induced force is sufficient to propel nonBrownian motion of nanostructures. However, the platinum/gold rod moving with the platinum
end forward also suggests that gold segment is hydrophobic. Otherwise, hydrophilic segment will
tend to reduce the interfacial tension gradient not increase it (Paxton et al., 2005). The
hydrophobic gold surface may result from nanobubbles pin on the gold surface or contamination
from the atmosphere and organic solution. Atomic force microscopy images of platinum/gold
nanorods in pure water confirm the presence of nanobubbles (Paxton et al., 2004). Organic
solution in the fabrication procedure changes the gold surface from hydrophilic to hydrophobic
(Catchmark et al., 2005) as an organic layer forms on gold surfaces when exposed to organics
(Peterson et al., 1986).
Interfacial tension mechanism can explain the correct direction of nano-sized bimetallic
structure motion and velocity at the same order of magnitude; however, it fails to explain the
influence of surface zeta potential and insulated material on motion behavior of micro-/nanosized bimetallic particles. It has been observed that modifying particle charge (Kline et al., 2006)
can influence the velocity of micro- and nanostructure in aqueous solution. Interfacial tension
mechanism is not appropriate to explain the variation of velocities resulting from particles charge.
In addition, study has shown that no ring is form when an insulated layer or component is inserted
between two metal disks. From the mechanism discussed above, bimetallic structures contain one
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catalyst metal and another non-catalyst metal, but the result indicates that electro contact is
required in the reaction of hydrogen peroxide decomposition. It is similar to the in vitro glucose
oxidation (Mano and Heller, 2005). Carbon fibers modified with redox enzyme at each end move
in the buffer containing glucose, but stop moving when an insulated layer inserted between them.
Hence, electrochemical mechanism (self-electrophoresis) was proposed to explain them.

3.2.2 Electrochemical model
In the electrochemical model, catalytic reactions of hydrogen peroxide decomposition
take place at each end of bimetallic surface. One catalyzes a reduction reaction and the other
catalyzes an oxidization reaction. Motion is achieved through a locally produced ion gradient
which in turn generates a local electric field. This electric field drives electrokinetic phenomena
including electroosmosis and electrophoresis. Eqs. 3-1 and 3-2 can describe this process:
Ared→ Aox + H+ + e-

3-1

Box + H+ + e- → Bred

3-2

Electrochemical potential study demonstrated that reduction of oxygen is the primary
reaction in the cathode and four-electron reduction of oxygen to hydrogen peroxide is the major
reduction reaction (Wang et al., 2006). The catalytic reactions are as followed: (Eqs. 3-3 to 3-5)
Overall: 2H2O2 → 2H2O + O2

3-3

Anode: 2H2O2 → 2O2 + 4H+ + 4e-

3-4

Cathode: O2 + 4H+ + 4e- → 2H2O

3-5

These reactions create an ion gradient and an associated electric field which extends from
the proton rich region near the gold surface to the platinum surface where the protons are
consumed, as shown in Figure 3-1.
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H+ generation

Anode: 2H2O2 → 2O2 + 4H+ + 4e-

H+ consumption

Cathode: O2 + 4H+ + 4e- → 2H2O

Direction of a catalytically generated electric field
Direction of a catalytically generated proton
flux

Gold
Platinum

Figure 3-1: Schematic illustration of the electrochemical model. Gold and platinum catalyze
hydrogen peroxide decomposition. It drives a catalytically generated electric extending from the
proton rich region on the gold surface to the proton consuming region on the platinum surface.

The localized electric field drives electroomosis, and electrophoresis when a charged
particle is present in the vicinity of the field. As discussed in Chapter 2, the electroosmotic
velocity（Veo）and electrophoretic velocity（Vep）can be calculated by Eqs. 2-1 and 2-2,
respectively:

Veo 

Vep 

 w E



 p E


where ζp is the particle zeta potential, ζw is the surface zeta potential, E is the catalytically
generated electric field, ε is the fluid permittivity, and η is the viscosity.
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2-1

2-2

According to the electrochemical mechanism, velocities of electroomosis and
electrophoresis depend on the zeta potential of surface and particles, respectively. In a bimetallic
system consisting of gold and silver thin films, tracers experience an electroomostic fluid flow
towards the silver feature as gold exhibits a negative surface zeta potential. A positively-charged
tracer experiences an additional electrophoretic force towards the silver feature, while a
negatively-charged tracer experiences an electrophoretic force with the opposite direction. Kline
et al. (2006) showed that carboxyl terminated tracers with a zeta potential of -60 mV moved
slightly slower than sulfated tracers with a zeta potential -82 mV (Fig. 3-2A). Subramanian and
Catchmark (2007) demonstrated that by modifying surface charge of a gold thin film with selfassembled monolayer (SAM) and maintaining the surface charge of a silver disk, tracers with
positively or negatively charged formed rings with various diameters (Fig. 3-3). SAMs consist of
a head group with a stronger affinity to the substrate and a tail group exhibiting specific surface
property. They are well-order molecular layers formed by chemisoption of the head group and
two-dimensional organization. Alkanethiolates monolayers with amine or carboxylic head groups
were used due to the high infinity of thiol to the gold substrate. The observation agrees with
electrochemical mechanism. Moreover, velocity of tracers also depends on the strength of the
self-generated electric field. Kline et al. (2006) showed that velocity of sulfated tracers increased
when sizes of silver features patterned on gold surface increased (Fig. 3-2B). More protons are
produced and consumed with increasing bimetallic features sizes, so the strength of electric field
increased which will further enhance electroosmosis and electrophoresis velocities of tracers. The
result also suggested a dipole catalytically generated electric field model. In this model, at a
critical distance away from the silver edge (Dcrit), the radial electric field is zero and at a distance
larger than the critical point, the direction of electric field reverses.
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A

B

Figure 3-2: (A) Comparison of velocity of 3.6 µm carboxylated (-60 mV) and 2.7 µm sulfated (82 mV) microspheres. (B) Comparison of velocity of silica microspheres (-80 mV) on 90 µm and
180 µm gold circles in diameter (Kline et al., 2006).
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Figure 3-3: Schematic of electrophoretic force and electrosmootic fluid flow exerting on
positively and negatively charged microspheres on SAM patterned gold surface (Subranmanian
and Catchmark, 2007).

55

3.3 Motion of micro and nano-scale system through catalytic reaction
Autonomous motion through heterogeneous catalyst of hydrogen peroxide decomposition
has been explored as an alternative method in directing the movement of micro-scale and nanoscale structures. Paxton et al. (2004) created a catalytic powered nanorod with 370 nm in
diameter and 2-μm-long platinum and gold segments. It was electrochemically fabricated by
template directed growth in a porous membrane. The motor moves with the platinum end
forward. The average velocity along the axial direction was measured to be ~ 6.6 µm/s at 3.3%
hydrogen peroxide aqueous solution. Bubbles of oxygen were observed at the platinum end. The
speed and directionality of nanorods along the axial direction were shown as function of
hydrogen peroxide concentration. Increasing hydrogen peroxide solution concentration can
increase velocities of nanorods and reduce the effect of Brownian motion. Fournier-Bidoz et al.
(2005) reported that gold-nickel nanomotor can rotate with a constant speed of 1.5 rad/s in
aqueous hydrogen peroxide solution, where the gold end was immobilized to the surface of a
silicon wafer. Clockwise and anti-clockwise rotations of bimetallic rods were observed under this
condition. Catchmark et al. (2005) fabricated a gold gear like structure with platinum deposited
on one side of the teeth. The structure was 100 μm in diameter and can achieve clockwise rotation
at a speed of 1 rad/s in hydrogen peroxide solution when immobilized on a silicon wafer with
platinum teeth down. The linear speed was 390 µm/s. Bubbles formation was also observed in the
region of teeth, where platinum was deposited. Other than gear like structure that can achieve
rotational motion, several methods have been proposed to control the motion pattern. Kline et al.
(2005b) showed that platinum-nickle-gold nanorods can move perpendicular to the magnetic field
with an external magnetic field. Platinum and gold segments involved in the hydrogen peroxide
decomposition and generated the catalytic force, while the ferromagnetic nickel segment was
magnetized by the magnetic field and directed the nanorods moving perpendicular to the external
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field. Kline et al. (2005a) also showed that a thin film of silver disk with a diameter of ~ 6-120
µm on gold surface can produce a local electric field in hydrogen peroxide solution. Negatively
charged, positively charged microspheres, and gold rods formed rings around the silver disk. 2
µm amine-terminated polystyrene microspheres and gold nanorods moved towards the silver disk
and were swept upwards when arrived at distance from the silver edge (r = a). The more buoyant
microspheres formed a ring at a distance of ~ 10-15 µm from the silver edge, while the less
buoyant gold nanorods formed a tighter ring. The upward microspheres or gold rods moved away
the silver feature and later sediment on the gold surface at a distance away from the silver edge (r
= b) due to the gravity, producing a convective flow. The experimental result agrees with
prediction from the electrochemical model. In this study, the local electric field extends from
proton rich region (gold) to proton consuming region (silver). According to Eqs. 2-1 and 2-2, at a
distance away from the silver edge (r = a), electrophoresis and electroomosis balanced each other.
As a consequence, microspheres or gold nanorods formed a ring. He et al. (2007) developed a
dynamic shadowing growth technique to fabricate Si/Pt, L-shaped Si/Pt, Si/Ag nanorods and
nanosprings with asymmetric catalyst coating. The structures were characterized with 1.5% - 5%
hydrogen peroxide solution. The driving force was estimated on the order of 10-13 - 10-14 N to
propel ~ 3.0 µm long nanorods moving at a speed of ~ 6.3 µm/s. Subramanian and Catchmark
(2007) demonstrated that by modifying surface charge of a gold thin film with amine or carboxyl
terminated self-assembled monolayer (SAM) and maintaining the surface charge of a 50-µmdiameter silver disk, amine or carboxyl-stabilized 2-µm-diameter polystyrene spheres formed
rings with various diameters. Sundararajan et al. (2008) demonstrated Pt/Au nanorods can bind to
charged microspheres by electrostatic interaction or strong affinity of biotin – streptavidin and be
transported to a region of higher hydrogen peroxide concentration. Gibbs and Zhao (2009)
reported that ~ 2.01 µm silicon dioxide microspheres with 50 nm Pt-coating can be pushed with
platinum end backward by bubbles evolution and detachment in hydrogen peroxide
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decomposition. Silica microspheres moved at a velocity of ~ 5.2 µm/s in 3.3% hydrogen peroxide
solution, which is comparable to the result of Pt/Au bimetallic nanorods obtained by Paxton et al.
(2004).

3.4 Research objectives and hypotheses
The specific objectives of the research were as follows.
1. To evaluate the effect of device geometry and surface zeta potential on the motility of
negatively charged carboxyl microspheres on rectangular asymmetric Ag/Au bimetallic devices.
2. To develop practical channelless microfluidic Ag/Au bimetallic devices in order to
control motions of carboxyl tracers in prescribed manner.
The following hypotheses were examined through experimental testing.
1. An asymmetric bimetallic device consisting of a silver feature connected to an oxide
surface on one side and a gold surface on the other side, where the zeta potential of the gold
surface was modified using a SAM with a positive surface charge group, will exhibit a continuous
electroosmotic fluid flow flowing from the oxide to the gold surfaces.
2. Velocity of negatively charged carboxyl microspheres increases with a larger silver
catalyst.
3. Velocity of negatively charged carboxyl microspheres decreases as distance to the
silver feature becomes larger.
4. SAM can modify the surface charge of gold and influence velocities of negatively
charged particles.
5. Circular bimetallic devices can focus negatively charged particles to a certain location.
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3.5 Experimental setup

3.5.1 Device Fabrication

Two types of bimetallic devices used for experimentation were fabricated as follows.
Ultraviolet photolithography techniques were used to pattern both the metals and SAM as
described previously (Subramanian and Catchmark, 2007). The procedure is shown in Figure 3-4.

Ultraviolet light
Photomask
Exposure
Photoresist 1813
LOR 5A

Develop

Metal
Substrate
Substrate
Metal

Deposition

Develop

Figure 3-4: Schematic of bi-layer lift-off process.

Several devices were produced using Process A as follows. 200 Å chromium and 1000 Å
gold were deposited as a blanket film on the 3-inch wafer using a Kurt Lesker E-Gun/Thermal
Evaporator. The use of chromium was to improve adhesion between gold and silicon dioxide. A
1000 Å thick silver layer was then deposited on the gold layer using a bilayer lift-off process. The
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lift-off process consisted of the following steps. Nonphotosensitive material LOR-5A
(MicroChem Corp.) was spun on the silicon wafer at 4000 rpm for 40 s and the wafer was baked
on hotplate at 190 °C for 10 min. Then photoresist SPR 1813 (MicroChem Corp.) was spun on
the LOR 5A layer at 4000 rpm for 45 s and the wafer was baked at 110 °C for 90 s. A Karl Suss
MA6 contact aligner with an unfiltered mercury lamp UV source with an output power of 12
mW/cm2 was used to align features on the photomask to the wafer and expose the resist for 9.8 s.
Chemical resistance of the photoresist SPR 1813 to the developer (CD26) was changed when
exposed to the UV radiation. Then, the resist was developed in CD26 (0.1 N solution of
tetramethyl ammonium hydroxide in water) for 2 min. The exposed photoresist and the
underlying LOR were dissolved in CD26 to form an undercut feature. The undercut is produced
because the LOR dissolves slightly more quickly than the SPR 1813. A silver film was then
deposited on the wafer. Then the photoresist SPR 1813 and nonphotosensitive LOR were
dissolved in acetone and CD26, respectively, removing the excess metal.
Other devices were produced using Process B as follows. 100 Å chromium and 500 Å
gold were patterned on 3-inch wafers using a lift-off process and a Kurt Lesker E-Gun/Thermal
Evaporator. A 500 Å thick silver layer was then deposited on the gold layer using the bilayer liftoff process.
Subsequent processing steps were the same for all devices. The third layer was the SAM,
which controlled the electroosmotic fluid flow by modifying the surface zeta potential from
negative (exhibited by the gold surface) to positive (due to the amine end group). After contact
alignment and exposure as described above, the wafer was immersed in CD26 and acetone
sequentially, resulting in the silver feature being covered with LOR5A. The wafer was then
immersed in a 1mM solution of 11-amino-1-undecanethiol, hydrochloride SAM (Dojindo
Molecular Technologies Inc.) for 12 hours, resulting in a 2-nm thick monolayer deposited on the
gold. This SAM produces a positive surface charge.
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3.5.2 Motility study

4% w/v 3 µm carboxyl charge-stabilized hydrophobic polystyrene microspheres
(Invitrogen) were diluted to 0.04% with 0.25% and 0.5% hydrogen peroxide solution,
respectively. Surfaces of microspheres were only functionalized with carboxyl groups. The mixed
hydrogen peroxide sphere solution was introduced on pieces of wafers with bimetallic devices
and capped with a cover glass. The motion of the spheres was observed under a microscope and
videos were captured at one frame per second, which was fast enough to capture the motion of
microspheres.

3.6 Results and discussion

3.6.1 Effect of bimetallic feature sizes and the presence of an adjacent patterned SAM on
the motility of carboxylic-terminated spheres

Two different sizes of silver rectangles were designed (Fig. 3-5A) and fabricated with
Process A. For each device, the width of the silver feature was held constant at W=50 µm while
the lengths were L=200 µm and L=300 µm for devices A and B, respectively. The dimension of
the gold surface coated with the SAM was S=300 µm. Unmodified gold exhibits a surface zeta
potential of ~ -15 mV at a pH = 5.5 (Giesbers et al., 2002) while gold surface modified with a 11amino-1-undecanethiol SAM exhibits a positive zeta potential of ~ +50 mV at a pH = 5.5 (Shyue
et al., 2004). Carboxyl-terminated spheres exhibit a negative zeta potential of ~ -60 mV (Kline et
al., 2006). Silver surface zeta potential has been measured using nanoparticles and is between -30
mV and -40 mV at a pH of 5.5 depending upon ion concentration (Dougherty et al., 2008).
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According to the electrochemical mechanism, electrophoretic force is aligned with electroosmotic
fluid flow and sweeps carboxyl particles outwards, away from the silver feature on side B. On
sides A, C, and D, electroosmotic fluid flow drives carboxyl tracers towards the silver edge.
Carboxyl tracers experience an outward electrophretic force when getting close to the silver
feature, therefore, tracers will stop moving when electroosmotic fluid flow balanced with
electrophoretic force, as shown in Figure 3-5B.

A

side C

gold

W

B

SAM on gold

SAM on gold
silver

side A silver

side B
L
S

side D

Figure 3-5: (A) Schematic illustration of the bimetallic device. (B) Schematic illustration of
electroosmotic fluid flow (grey lines) and electrophoretic force (black lines) experienced by
carboxyl tracers based on the electrochemical mechanism.

For devices A and B, catalytic activity in the presence of hydrogen peroxide created both
electroosmotic fluid flow and electrophoretic forces on the carboxyl-functionalized spheres. This
manifested itself as a depletion region around both the silver feature and the area where the SAM
had been assembled, as shown in Figure 3-6A. The electrophoretic force on the particles
prevented the inward electroosmotic fluid flow from carrying the spheres too close to the silver
periphery. However, on side B where the SAM was present, a depletion region formed and
extended about 85 µm away from the silver edge, which was larger than observed on the other
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sides without surface modification. The larger depletion region extending over the SAM modified
gold surface formed since the electroosmotic fluid flow was aligned with the electrophoretic force
on the negatively charged particles in that region. In the control experiment where gold features
were not modified with amine SAM, the depletion regions were symmetric, approximately 10-15
µm away from the silver edge, as shown in Figure 3-6B.

A

B

a

100 µm

b

100 µm

Figure 3-6: Pattern formation of 3 µm carboxyl latex spheres (which appear dark in the image) on
a silver-patterned and (A) SAM modified and (B) unmodified gold surface in 0.25% hydrogen
peroxide solution.

For analysis, the velocities were measured and averaged from five carboxylic spheres
randomly picked at four locations (sides A, B, C and D, as shown in Fig. 3-5A) where one or
more of the following distances from the silver edge were considered: 0-50 µm, 50-100 µm, 100150 µm, and 150-200 µm. Velocity was calculated by dividing the distance a given sphere
traveled by the travel time. The experiment was repeated twice to get the average velocity and
standard deviation. Velocities of carboxyl tracers on sides C and D are only showed in the region
of 0-50 µm. In addition, as the depletion region on side B was ~85 µm, velocities of tracers were
analyzed at the locations of 100-150 µm and 150-200 µm from the silver edge. For side A,

63

velocities of carboxyl tracers were analyzed at the locations of 0-50 µm, 50-100 µm, and 100-150
µm.
For device A, in the region of 0-50 µm, velocities on sides C and D were not significantly
different while both of them were about 50% higher than that on side A, as shown in Figure 3-7.
For device B of the same region, velocities on side A, C, and D showed the same trends. The
variation of velocity of particles moving on side A compared to sides C and D of the silver
feature indicate the impact of the device geometry on the self-generated electric field. The local
electric field (E) can be estimated by Nernst-Planck equation (Eq. 3-6) (Kline et al., 2006)

E

kTJ 
z eD n
2

3-6

where k is the Boltzmann constant, T is the temperature, J+ is proton flux, z is the proton charge, e
is the elementary charge, D+ is the proton diffusion coefficient, and n is the proton concentration.
Proton flux can be estimated as protons moving across per unit cross-sectional area at per unit
time. Hence, the result suggests that the geometry parameter is one of the factors that impact the
variation of proton flux. On the other hand, velocity of tracers on side A of device B was larger
than that of device A. The same trend showed on sides C and D. Results indicate that increasing
sizes of silver catalyst can increase the velocities of tracers as it can induce a stronger electric
field produced on device B.
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Figure 3-7: Velocity of carboxyl tracers moving towards silver features in the region of 0-50 µm.

For devices A and B, the velocity of carboxylic-terminated spheres on side A decreased
gradually as distance to silver edge became larger (Fig. 3-8). At the region of 150 – 200 µm,
tracers exhibited Brownian motion. At about 150 µm away from the silver feature, microspheres
started to move towards the silver edge as a result of electroosmosis and electrophoresis,
according to the electrokinetics model proposed by Kline et al. (2006). Protons generation and
consumption may account for the gradual decrease in velocity. More protons were generated and
consumed at the region near bimetallic adjunction, and thus created a stronger electric field,
providing a stronger electroosmotic fluid flow towards silver edge and electrophoretic force with
an opposite direction. Electroosmotic fluid flow and electrophoretic force balanced at around 15
µm away from the silver edge.
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Figure 3-8: Velocity of carboxyl tracers moving towards silver features on side A of devices A
and B.

The effect of the patterned SAM on sphere motion was characterized by examining the
velocities of spheres on side B and comparing these results to the data taken on spheres located
on side A. The results show that for devices A and B, in the region of 100-150 µm, velocities of
spheres on side B were larger that that observed on side A, as shown in Figure 3-9. Dynamic
observations of particle motion in the SAM region clearly shows that particles were swept away
from the silver-gold interface to the upper plane of the fluid, which was consistent with the
modified surface zeta potential aligned the electroosmotic and electrophoretic velocities in this
direction. However, it is not clear why the motion of particles at a distance further than this
depletion region was in a direction opposite to the aligned electroosmotic and electrophoretic
velocities. I speculate that it is related to the model of a dipole electric field predicted by Kline et
al. (2006). At a critical distance away from the silver edge (Dcrit), the radial electric field is zero
and at a distance larger than the critical point, the direction of electric field reverses. In this study,
the critical distance was the edge of depleting region (~ 85 µm) and for a distance larger than 85
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µm, the electric field reversed with a direction away from the silver feature. The reversed electric
field in these regions induces electroosmotic fluid flow and electrophoretic force towards the
edge of depleting region. After microspheres approached the edge of the depleting region, they
were driven to the upper plane. Velocities on side B at different regions of the same device were
similar, but varied in different devices of the same region due to the sizes of bimetallic features,
as shown in Figure 3-10.
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Figure 3-9: Velocity of carboxyl tracers moving towards silver features in the region of 100-150
µm.
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Figure 3-10: Velocity of carboxyl tracers moving towards the silver features on side B of
bimetallic features.

3.6.2 Practical bimetallic device

3.6.2.1 Circular geometry

A new asymmetric device architecture where a single silver-gold junction is patterned on
the surface of an insulating silicon dioxide layer grown on a silicon wafer was designed and
fabricated with Process B. A cross section of the device depicting the geometry and hypothesized
principle of operation is shown in Figure 3-11A. In this case, protons are produced in region 1 on
the gold. They are completely consumed in region 2 on the silver. Since region 3 consists of an
insulating oxide layer and thus no catalytic activity and no protons are produced. As a result, the
proton gradient and the associated electric field are confined to regions 1 and 2. The direction of
the electric field is also shown and points to the silver surface in region 2. According to Eqs. 2-1
and 2-2, the direction of the electroosmotic fluid flow points toward the gold for a positively
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charged surface as illustrated in Figure 3-11A. Due to continuity of fluid flow (the fluid is
incompressible), a continuous fluid flow would be created across the junction flowing from
region 3 to region 1 and beyond the device boundaries. A negatively charged particle caught in
the fluid flow will also move from region 3 to region 1. Once the particle entered region 2, the
electric field would then exert an electrophoretic force on the particle and due to the negative
charge and the direction of the electric field, the force on the particle would also propel it in the
direction of the electroosmotic fluid flow and move it from region 2 to region 1.
The device was also designed to manipulate the direction of particles in the vicinity of the
catalytically produced electric field. In particular, the silver-gold junction is shaped in a halfcircle configuration as shown in Figure 3-11B. This configuration was designed to focus or
concentrate negatively charged particles which enter regions 1 and 2 at the center of region 1. In
this case, both the electroosmotic fluid flow and electrophoreic forces point toward the center of
the circular area depicted in blue in Figure 3-11B.
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Figure 3-11: (A) Schematic illustration of a cross section of a channelless microfluidic device
depicting the surface charge, proton distribution, direction of the electroosmotic fluid flow and
electrophoretic force, and a negatively charged carboxyl terminated sphere (used for device
characterization). (B) Schematic illustration of the surface geometry of the device. W is the width
of the silver cathode and D is the diameter of the gold anode. The gold anode had an 11-amino-1undecanethiol SAM on its surface which presented a positive charge. There was a small overlap
of the two patterns to ensure that contact was made upon fabrication. Two sizes of devices were
fabricated. The width of the silver feature was held constant at W=50 µm while the diameters of
gold feature coated with the SAM were D=200 µm and D=300 µm for devices A and B,
respectively.

The bimetallic devices shown in Figure 3-11A and 3-11B were fabricated on a 3 inch
silicon wafer with 500nm of thermal oxide. The devices were characterized by introducing a
0.5% hydrogen peroxide in water solution containing ~ 0.04% w/v of 3 µm carboxyl-terminated
spheres. The aligned electroosmotic fluid flow and electrophoretic forces were perpendicular to
the bimetallic junction, so microspheres located in, or entering region 1 first formed a half-circle,
then focused to a single point, located roughly at the center of the gold circle, and later continued
to move along the center line of gold feature away from the junction (Fig. 3-12A and 3-12B).
Spheres entering in, or located, in the right side of region 2 closest to the gold were also swept
toward the center of the gold feature. However, microspheres entering in, or located, in the left
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side of region 2 closest to the silicon dioxide surface, or on the oxide near the silver feature, were
swept towards the oxide and away from the silver feature, as shown in Figure 3-13. It is possible
that this asymmetry results from the presence of protons in region 3 which diffused into this
region from the gold surface in region 1. A portion of these protons were consumed by the silver
catalyst which resulted in an ion gradient and an associated electric field in region 3. Figure 3-14
illustrates the hypothetic operation of the device based on the observed motion of negatively
charged spheres. Notwithstanding the behavior in region 3, all spheres located in region 1 were
concentrated to the center of the gold feature. The device increased the density of spheres per unit
surface by approximately a factor of 10.
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Figure 3-12: (A) Photographs of carboxyl-terminated microspheres motion on device A with
0.5% hydrogen peroxide solution at the time of (a) 0s; (b) 90s; (c) 225s; (d) 450s. (B)
Photographs of tracers motion on device B with 0.5% hydrogen peroxide solution at the time of
(a) 0s; (b) 90s; (c) 315s; (d) 600s. Scale bar represents 100 µm.
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Figure 3-13: Photographs of carboxyl-terminated microspheres motion on device A with 0.5%
hydrogen peroxide solution at the time of (A) 48s; (B) 78s. Scale bar represents 50 µm.
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Figure 3-14: Illustration --of spatial electric field distribution due to proton diffusion in the catalytic
reaction near the silver-gold junction and silver-silicon dioxide junction.

I further characterized the devices by measuring the velocity of tracers in different gold
regions away from the silver edge (region 1): 0-50 µm, 50-100 µm, 100-150 µm, and 150-200
µm. Velocity of tracers is shown as a function of distance from the edge of silver feature (Figure
3-15). The measured velocities are consistent with those measured on other structures (Kline et
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al., 2006). Average velocity of the tracers in the region of 0-50 µm was twice as large as that at
the region of 50-100 µm for the same device. This indicates that a strong electric field was
generated in the 0-50 µm region driving both electrophoresis and electroosmosis. The strength of
electric field decreased when the length scale exceeded ~ 50 µm. Thus for distances larger than
~50 µm, continuity of fluid flow plays an important role in driving the motion of the particles.
Little variation in tracer velocities between devices A and B implies that a slight change in the
ratio of silver and gold area does not strongly affect the catalytically generated electric field. It
was observed through the analysis of other devices that per unit area, the catalytic activity of gold
is the limiting factor in the overall reaction rate as described in Eqs. 3-3~3-5. However, there is
also a limit on the distance on the gold from the junction over which increasing the gold
dimensions can not contribute to the catalytic reaction. For example, for a 20 µm silver disk, the
maximum effective diameter of an unmodified gold disk was approximated to be 72 µm (Kline et
al., 2006). This limitation results from the finite conductivity of the solution and the associated
potential drop across the solution over the distance from the junction to a given position on the
gold. Device A has the smallest gold area where D = 200 µm. This is much larger than the
approximated effective length of the gold area, thus an increase to D = 300 µm in device B does
not significantly contribute to the generation of the ion gradient and thus no increase in the
velocity of the spheres is observed. However, the model of dipole electric fields can not explain
this continuous motion of tracers. According to this model, reversed electric field will drive the
aligned electroomostic fluid flow and electrophoretic force towards the silver circular feature,
which impede continuous motion of tracers across the gold features. I speculate this may arise
from the impact of the parameters of bimetallic geometry.
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Figure 3-15: Velocity of carboxyl-terminated spheres at different regions away from the silver
edge on devices A and B.

I also observed spheres entering or located in region 3 have a velocity of approximately
86 ± 7 µm/min away from the silver feature, which is larger than that in region 1. It is unclear
why the velocity was higher in this region. According to electrochemical mechanism, the
electrophoretic force counters the electroosmotic fluid flow in that region thus impeding the
motion of the spheres away from the silver feature toward the oxide. It is believed that the electric
field in this region is lower than in region 1 since no protons are being produced and protons
present have diffused into the region. If the zeta potential of the spheres is constant, then the
velocity of the spheres should be lower. Another possibility is that in this study, excess silver
catalyzed hydrogen peroxide decomposition itself. Gibbs and Zhao (2009) reported that ~ 2.01
µm silicon dioxide microspheres with 50 nm Pt-coating can be pushed with platinum end
backward by bubbles evolution and detachment in hydrogen peroxide decomposition. Silica
microspheres moved at a velocity of ~ 5.2 µm/s in 3.3% hydrogen peroxide solution, which is
comparable to the result of Pt/Au bimetallic nanorods obtained by Paxton et al. (2004). Hence, it
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is possible that excess silver near region 3 may catalyze hydrogen peroxide decomposition and
produce chemical gradient which pushed microspheres away from the silver edge. However,
recent study showed that no ring was formed at the side of silicon dioxide when a silver feature
patterned half on gold and half on silicon dioxide though motion of microspheres on the side of
silicon dioxide was not showed in details (Kline, 2006). Kline (2006) also showed that silica
microspheres aggregated at the edge of silver disks pattered on silicon dioxide surface when no
UV light was applied, suggesting that silver can not generate a chemical gradient to drive
microspheres away the silver feature. Additional work is needed to understand the motion
behavior of tracers on this device architecture.

3.6.2.2 Triangular geometry

This geometry was fabricated with Process B. It provides a continuous fluid flow along
the length of the gold wedge in the direction of increasing wedge width, as shown in Figure 3-15.
As electroosmosis and electrophoresis are perpendicular to the interface of silver and gold, it
generates a force gradient in which larger catalyst area with increased wedge produces a larger
force compared to smaller catalyst area.
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Figure 3-16: Schematic illustration of surface geometry. For device A, L = 1000 µm, W = 400
µm, X1 = 2400 µm, X2 = 2000 µm. For device B, L = 250 µm, W = 300 µm, X1 = 200 µm, X2 =
500 µm

Figure 3-16 shows the carboxyl spheres movement on devices A and B with 0.5%
hydrogen peroxide solution. Tracers placing in the vicinity of gold and silver moved parallel to
the vicinities, and then tracers from both sides gathered and continued moving across the centre
line of gold triangle. Microspheres located at the center line near the smaller wedge width moved
at a speed of 38 ± 4 µm/min and 80 ± 15 µm/min on devices A and B, respectively. Large
differences of velocity arise from the parameters of geometry. However, bubbles evolution and
explosion were observed at the silver-gold interface and silver feature. Fluidic currents caused by
bubbles moving across the device may obscure accurate measurement of particle motion and
cause asymmetric pattern of tracers, as shown in Figure 3-17B.

76

A a

b

c

d

B a

b

c

d

Figure 3-17: Movement of carboxyl-functionalized spheres on device A after (a) 50s; (b) 1min
45s; (c) 2min 30s; (d) 4min. On device B after (a) 65s; (b) 1min 45s; (c) 2min 30s; (d) 4 min.
Scale bars represent 200 µm.
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Chapter 4

Conclusion and future work

4.1 Conclusion
The effect of bimetallic device geometries and surface zeta potential on catalytically
generated electroosmotic and electrophoretic forces via the motion of carboxyl latex spheres were
examined. The velocity of spheres moving with respect to the device with a larger silver catalyst
increased, suggesting a stronger electric field is present due to the increased production and
consumption of protons. Additionally, modifying the surface zeta potential can influence
electroosmotic fluid flow and results in changes in the location and motion of tracer spheres.
Different geometries of bimetallic features are proved to achieve various charged particle motion
behaviors. In particular, an asymmetric silver-gold bimetallic channelless microfluidic device
architecture, which is capable of focusing and concentrating negatively charged particles into a
given area was fabricated and demonstrated. This device and other similar devices may open the
possibility of integrated chemically powered microfluidic devices.

4.2 Future work
The ability of harvesting chemical energy from catalytic reactions makes it a candidate
for portable microfluidic devices without complex instrumentation or complex experimentation.
In this thesis, several questions arose during the study and further investigation is needed for a
full understanding of catalytically chemical power systems.
Carboxyl tracers located on the asymmetric bimetallic structure exhibited different
motion behaviors due to different zeta potentials. However, it is not confirmed that microspheres
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located beyond the depleting region moving with an opposite direction is because of the dipole
electric field as it has been reported yet. In addition, carboxyl tracers located at the circular
geometry driven by aligned forces can be explained by continuity of flow beyond the boundary
the electric field on gold surface rather than the dipole electric field. Mechanism dominating these
motion behaviors of carboxyl tracers has not been demonstrated yet and needs to be elucidated.
Carboxyl tracers located at the regions of silicon dioxide near the circular silver feature
exhibited movement away from the silver edge at a higher velocity than those on the gold surface.
One possibility is that silver surface near the silver-gold junction catalyze the catalytic reaction
accompany with gold and acted as cathode whereas silver surface near the silver-silicon dioxide
junction catalyzed the hydrogen peroxide decomposition itself. Bubbles evolution and
detachment drive microspheres away from the silver-silicon dioxide junction. Hypothesis needs
to be demonstrated in further study.
In order to implement optimum operation and enhance catalytic efficiency, correlations
of parameters of geometries and magnitudes of forces, SAM and electrons distribution for
electroosmosis and electrophoresis need to be studied. It has been reported that increasing the
hydrogen peroxide concentration can enhance the transportation velocity in the channelless
microfluidic device. However, it is essential to balance the efficiency and practicability. It is well
known high concentrations of hydrogen peroxide, on the magnitude of hundreds of micromolar
(~1-1.5%), cause oxidative injuries by reacting with different cellular component such as DNA
and protein (Vanderauwera et al., 2009). Hence, it is important to study the optimum
concentration of hydrogen peroxide in order to achieve the efficiency and biocompatible.
Furthermore, other heterogeneous catalyst system needs to be studied to provide other efficient
and compatible ways for biological applications.
As discussed in chapter 3, the circular bimetallic geometry can focus microspheres and
increase the density by a factor of 10. This geometry can be used for sample concentration. It can
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be applied for sorting when large differences of electrophoretic motility exist. It can be further
utilized for bioreactions and biosynthesis. For example, it is applicable to load two chemicals at
different locations of silver catalyst and then adds fuel, hydrogen peroxide, to mix and transport
the production across the gold feature and collect them in a reservoir, as shown in Figure 4-1.
Another potential application is for long DNA stretching and separation. DNA immobilized on
the modified silicon dioxide dots on gold surface can be stretched by catalytically generated
forces and followed by restriction enzyme digestion. It is capable of maintaining order
information of DNA and compatible to sequencing machine.

Chemical A

Reservoir

Chemical B

Figure 4-1: Schematic of potential application of circular bimetallic devices for biosynthesis and
bioreactions.
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