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Abstract

Microfluidic chips have become a powerful tool in research where biological cells
are processed and/or analyzed. One method for contactless cell manipulation in
microfluidic chips that has gained an increasing amount of attention the last decade
is ultrasonic standing wave (USW) technology. This Thesis explores the biocom-
patibility of USW technology applied to microfluidic chips, and presents a novel
USW-based method for serial processing and accurate characterization of living
cells.

The biocompatibility has been investigated by measuring the proliferation rate of
cells after they had been trapped and aggregated inside a chip by ultrasound. No
negative influence was observed after continuous exposure to 0.85 MPa pressure
amplitudes for up to 75 min. Furthermore, the heat generation in the fluid channel
caused by the ultrasound has been measured and used in a regulation scheme where
the temperature can be controlled around any relevant temperature (e.g. 37℃) with
±0.1℃ accuracy for more than 12 hours. The proliferation rate and temperature
investigations suggest that USW technology applied to microfluidic chips is a bio-
compatible method useful for long-term handling of living cells.

We have introduced a new concept of contactless ultrasonic ”caging” of single cells
or small aggregates of cells. These cages are channel segments in the microfluidic
chips that are geometrically designed to resonate at one or several actuation fre-
quencies. The actuation is performed remotely by up to five external frequency-
specific wedge transducers, where each transducer produces a localized and spatially
confined standing wave with a specific orientation of its corresponding radiation
force field. By multi-frequency actuation, sophisticated and flexible force fields
are realized by both overlapping and separated single fields. The Thesis describes
two different cages: A sub-mm ”micro-cage” for tree-dimensional manipulation
of single cells, and a 5-mm ”mini-cage” for selective retention of small cell aggre-
gates (up to approx. 103 cells) from a continuously feeding sample flow. Finally,
our microfluidic chips were also designed to be compatible with high-resolution
optical microscopy. We have demonstrated sub-µm-resolution confocal fluorescence
and trans-illumination microscopy imaging of ultrasonically caged living cells.
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Chapter One

Introduction

A detailed knowledge of the function of cells is essential for our understanding of
all biological organisms, plants to humans. Acquiring this information requires
many advanced tools from physical instruments, such as microscopes and manip-
ulators, to biological labels and assays. In order to obtain reliable results it is of
special importance to ensure that the tools do not significantly perturb the investi-
gated cellular system. The present Thesis investigates a novel method for contact-
less manipulation of single and multiple cells in microfluidic chips: the ultrasonic
tweezer.

Mammalian cells are extensively used in biomedical research to understand the func-
tion of our body and to improve treatments of diseases. When investigating, e.g.,
drug metabolism in a laboratory animal we term it in vivo experiments. However,
this is often not the first step. It is much more common to cultivate mammalian
cells in a laboratory and perform experiments in vitro, i.e., outside a living ani-
mal. To successfully cultivate mammalian cells one needs to mimic their natural
environment and control important factors such as temperature, gas exchange, nu-
trients and moisture [1]. In vitro cell experiments are most often performed on
large populations of cells giving averaged results. This is a useful method when
investigating, e.g., how a certain protein is expressed in a cell culture, but does not
give an answer to how an individual cell reacts or expresses the investigated pro-
tein. Therefore it is of importance to analyze the response from an individual cell
to varying environments in contrast to the response from a large cell population.
To quote Lidstrom and Meldrum [2]: ”To understand complex molecular outcomes
it will be necessary to determine how individual parts are integrated in time and
space to form complex, dynamic cellular functions. . . . Such analyses require the
simultaneous measurements of multiple variables in living cells in real time.”
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2 CHAPTER 1. INTRODUCTION

In cases where it is important to conduct a physiological or biochemical study
of single cell behavior in response to, e.g., a drug test [3] or for investigating the
heterogeneity of individual cells [4], microfluidic environments offer useful platforms
for experiments on low cell numbers. To perform single cell research, many different
technologies are needed and must be combined in a modular fashion. Important
parts to be integrated into microsystems for cultivation and handling of living cells
include: Flow controls, a contactless trapping system, sensitive optical detection
systems, data and electronic handling systems and in some cases a cell-lysis module
for experiments further downstream [2].

Contactless manipulation is conventionally performed by optical [5] and dielectro-
phoretic traps [6]. In this Thesis we investigate ultrasonic tweezers as the technical
platform for contactless cell manipulation, i.e., ultrasonic standing wave (USW)
manipulation to trap and handle cells in microfluidic chips. The first microfluidic
observation hereof was described by Dyson et. al. in 1971 when the flow of blood
cells in thin chicken blood vessels was observed to be stopped during ultrasonic
exposure [7]. Later, ultrasonic manipulation technology has been implemented in
microfluidic systems by, e.g., works performed in the late 1990s and early 2000s
by the groups of T. Laurell [8], M. Wiklund [9], M. Hill [10], J. Hawkes [11],
J. Dual [12] and S. Johansson [13]. The last few years, many new groups have
entered the field suggesting new actuation methods using surface acoustic waves
and new applications, e.g., fluid mixing [14], droplet actuation [15], lateral cavity
acoustic transducer for pumping and mixing on chip [16] and active patterning of
cells and microbeads on chip [17].

The work described in this Thesis explores the biocompatibility of USW techno-
logy applied to microfluidic chips by investigating cell proliferation of USW-trapped
cells and by characterizing the heat generation in the fluid channel. It is shown that
ultrasonic manipulation of cells is a potentially gentle and biocompatible method.
In addition, the concept of contactless ultrasonic ”caging” of single cells or small
aggregates of cells is described. These cages are channel segments in the microfluidic
chips that are geometrically designed to resonate at one or several actuation fre-
quencies. The use of multiple external transducers for actuation of the chip makes it
easy to integrate this technique into existing lab-on-a-chip platforms for sequential
cell handling. Precise optical characterization of the trapped cells is performed by
high-resolution microscopy, being possible due to the optically transparent chips.

The outline of this Thesis is as follows: Chapter 2 discusses important aspects
of microfluidic platforms for cell handling, including advantageous properties for
microsystems and an overview of different cell manipulation methods. Chapter 3
describes the fundamentals of ultrasonic manipulation and also summarizes the
experimental platform used in the Papers. Finally, Chapter 4 focuses on gentle cell
handling applications using ultrasonic manipulation and is then followed by the last
Chapter, with concluding remarks and an outlook into possible future work.



Chapter Two

Microfluidic Platforms for Cell Handling

Sections 2.1-2.3 review the basic properties of classical as well as microfluidic plat-
forms for cell handling. The following Sections 2.4-2.5 discuss different cell manip-
ulation methods.

2.1 Classical platforms for cell handling

The classical platforms for cultivating cells are petri dishes and roller flasks. Both
are suitable when working with high cell concentrations and volumes and both are
in the size range of a few cm. A typical protocol for cultivating, e.g., the adherent
COS-7 cells, derived from a fetal monkey kidney, or human embryonic kidney cells
(HEK) used in this Thesis include steps of washing and cell removal, preparation
of new cell medium, resuspension of the cells followed by incubation at 37℃ in 5%
CO2 atmosphere. The details are found in the Appendix.

In modern biotechnology and life science research more and more interest is drawn
to miniaturization, due to advantageous properties such as shorter reaction times,
low consumptions of reagent volumes and the possibility of easy parallelization. As
a first step the microplate was introduced in the 1950s. A microplate has multiple
”wells” ordered in an array format. Each well can be used as one small test tube
for cell cultivation or bioassays, e.g., the common enzyme-linked immunosorbent
assay (ELISA), forming the basis of many medical diagnostic tests. A microplate
can have from 6 up to 1536 sample wells but the most popular are the 96- and
384-well plates. The array format is perfect for high-throughput screening since
it is possible to perform multiple experiments simultaneously, such as testing of
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4 CHAPTER 2. MICROFLUIDIC PLATFORMS FOR CELL HANDLING

new drug compounds and investigation of cell-cell interactions when using different
chemical concentrations in a series of wells.

Although petri dishes and 96-well plates are functioning well for cell cultivation they
have drawbacks when aiming at handling or growing single or few cells. The main
disadvantage is the size difference between the individual well and the size of a cell,
making it difficult to handle or localize the individual cells. Therefore the cellular
microenvironment for in vitro cultivation often have large intra-cellular distances
and fluid stresses and cell volume/cell medium volume ratios less than one. To
better mimic the in vivo situation with closer cell-cell distances and defined fluid
and temperature control miniaturized chambers are advantageous [18]. A cell has a
size of some 10 µm whereas a standard petri dish has a diameter of 10 cm and the
individual wells in a 96-well plate some millimeters meaning that the throughput or
possibility to find each cell are rather low. Therefore, the cell handling tool needs
to be down-scaled to match the size of the cell. Microfluidic chips typically have
channels with dimensions of about 30-300 µm which improve the efficiency when
handling low cell numbers.

2.2 Microfluidic systems

In addition to the good match in size with regards to cells, microchannels also facili-
tate good spatial and temporal control of the fluid flow required for perfusion-based
cell handling. Other favourable attributes acquired when downscaling a system to
the microfluidic regime are laminar flow profiles and short diffusion times, resul-
ting in quicker reaction times and reduced consumptions of reagent volumes. Here
we briefly introduce flow and other characteristics of microfluidic chips. The text
follows the extensive review in Ref. [19].

Flow characteristics are characterized by the dimensionless Reynolds number Re

Re = ρv0d0
η

, (2.1)

where ρ is the density and η the dynamic viscosity of the fluid, respectively. The
characteristic flow velocity v0 and the characteristic length scale of the channel d0
are other important factors. A Reynolds number above 1500 is interpreted as a risk
of getting a transitional flow and above 4000 the flow is often turbulent. However,
for most cases in microfluidic systems the flow has a Reynolds number below one,
resulting in a smooth and laminar flow.

For macroscale systems most mixing is driven by convection but on the microscale
diffusion is the dominant mixing mechanism. Molecules or other particles diffuse
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from regions with high concentration to regions of lower concentration. However,
the 5-10 µm latex beads used in this Thesis for trapping experiments are to large to
be influenced significant by diffusion. A particle with radius r0 is instead dragged
with the fluid with velocity v by the hydrodynamic drag force often known as
Stokes’ drag force FStokes defined as

FStokes = 6πηr0v. (2.2)

The Stokes’ force is only valid in the special case for a spherical single particle in
a laminar flow, i.e., with a very low Reynolds number. Furthermore, suspended
beads or cells (with density ρp) are effected by gravity (with gravity constant g)
and start to sink in the channel if they are heavier than the fluid. The time it takes
to sink a distance h is described by the sedimentation time τsed

τsed = 9ηh
2(ρp − ρ)r2

0g
. (2.3)

Both the Stokes’ force and the gravity can be used to measure the trapping force
of, e.g, an ultrasonic trap. In Paper I the ultrasonic trapping force was balanced
against gravity to estimate the trapping force and in Paper III an ultrasonically
trapped bead was retained against a flow with known velocity, thereby determining
the trapping force.

Besides the microfluidic properties of a microchip, the manufacturing procedures of
such a chip are also important to consider. Typically, the microchips are fabricated
in either elastic polydimethylsiloxane (PDMS), SU-8 (an epoxy-based photoresist),
glass, silicon, or in a combination of these materials. PDMS chips are often pre-
ferred as quick model system to investigate a new design concept or as a disposable
chip, since the fabrication time is rather short. However, PDMS might negatively
influence long-term cell culture in chips as oligomers from the PDMS were identified
in the plasma membranes of cells cultivated in a PDMS-chip [20]. For ultrasonic
manipulation, glass or silicon chips are preferable since they give a larger difference
in acoustic impedance and better resonances inside the cavities (cf. Section 3.4).
Channels in glass or silicon are often etched in order to obtain structures of the re-
quired depth. A commonly employed method to close the system is anodic bonding
of the etched channels to an upper glass plate.
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2.3 Cell handling in microsystems

Several factors are important for successful cultivation of cells in miniaturized sys-
tems. It is essential to have a good perfusion system. This provides the cell with
fresh cell medium with nutrition, removes waste products, and provides a good
exchange of oxygen and carbon dioxide. A beautiful example is described by Lind-
ström et al. [21] where single cell sorting and long-term cultivation of individual
stem cells in microplate format are demonstrated, see Figure 2.1. Kim et al. have
published an extensive review of microfluidic perfusion cell culture [22].

Figure 2.1: Cell sorting of individual cells in microplate format. This system allows
for high throughput analysis of a large numbers of single cells sorted in and grown in
microwells. Reprinted with permission from [21].

Once a cell is inside the microfluidic environment, it is important to be able to
handle the cell, e.g., position it at a pre-defined location or to perform a washing
step within the device. Different ways of active manipulation methods will be
discussed in Sections 2.4 and 2.5. Passive manipulation methods include, e.g.,
the possibility to fine tune chemical concentration gradients in different parts of
the chip [23] by precise control of the fluidic environment, which is one important
advantage of microscale devices for cell handling. Another passive technique is to
modify the channel surface in order to study cell adhesion or motility [24]. Cell
adhesion to surfaces have been used in studies aiming at understanding the cells’
natural environment in vivo. Experiments in the microengineered world include
usage of micropatterning on substrates and modification of the channel surface as
described in the review paper [25]. Microfilters based on microsized structures
have been used for cell trapping by size matching [26], and as reaction chamber for
chemical reactions on beads [27]. Filters on chips with dimensions slightly less than
the cell diameter have trapped cells, shown in Figure 2.2, for cell death studies of
HL60 cells to discriminate between viable, apoptotic and necrotic cells through the
use of the dyes FLICA and propidium iodide [28].
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a) b)

Figure 2.2: (a) Filter structures on chip with dimensions slightly less than the cell
diameter used to trap cells for viability studies. (b) The cells are trapped against a buffer
flow. Reprinted with permission from [28]. © 2005 The Royal Society of Chemistry.

Passive cell manipulation combined with long-term cell culture in chip was re-
ported by Kimura et al. [29], where an integrated microfluidic device, illustrated in
Figure 2.3, had on-chip pumping combined with two independent channels which
were divided by a semi-permeable membrane. Caco-2 cells were successfully cul-
tivated on the membrane for over two weeks. These systems with passive mani-
pulation methods have a high labeling efficiency and reproducibility but often lack
selectivity and the possibility to release the trapped cells. In summary, within the
microfluidic world it is possible to alter both the spatial and temporal environment
for a cell, e.g., switching perfusion medium, mimicking the in vivo world for many
types of cell experiments [30].

Figure 2.3: An integrated microfluidic device fabricated in PDMS with on-chip pumping
and optical detection. The device consist of two independent channels divided by a semi-
permeable membrane allowing for both perfusion and fluorescent measurements. Caco-2
cells were successfully cultivated on the membrane for over two weeks. Reprinted with
permission from [29]. © 2008 The Royal Society of Chemistry.
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2.4 Direct mechanical cell manipulation

In addition to the passive manipulation methods described in Section 2.3 (e.g., by
surface modification and chemical gradients) it is also possible to manipulate the
cells actively. Active manipulation methods can be divided into two main groups:
Direct mechanical manipulation and contactless manipulation. Optical tweezers,
dielectrophoretic traps, ultrasonic manipulation and magnetic trapping are some
techniques of the latter class, further described in Section 2.5. The first group
includes micropipettes, micro grippers and hydrodynamic trapping and is the topic
of this Section. Several extensive review articles about cell handling in microfluidics
have been published during the last years, e.g., Refs. [3, 25, 31].

The classical tools when handling cells are pipettes for controlling the cell suspen-
sion during cell cultivation. Most pipettes are either made of borosilicate glass or of
plastic and come in wide range of sizes capable of dispensing different fluid volumes.
The range between 1 and 1000 µl are termed micropipettes, while macropipettes
dispense a larger volume of liquid. For cell manipulation, micropipettes are most
suitable and can be used to physically interact with microscopic samples such as
cells or microbeads due to the similarity in size. Micropipettes are utilized in the
procedures of microinjection and patch clamping.

The patch clamp technique keeps an individual cell in place by applying suction
through a glass pipette, which is combined with an electrode for electrical measure-
ment of different kind of communication via ion channels, e.g., calcium signals. It is
important to have a tight suction seal in order to perform measurements with high
accuracy. The invention was first developed by Neher and Sakman who later also
were awarded the Nobel Prize in Medicine in 1991 [32]. Miniaturization of patch
clamping have been investigated and reported by many groups, e.g., Figure 2.4
shows an integrated microfabricated planar patch-clamp with an etched hole used
to trap particles from a stream of continuous sample and then to record different
currents through ion channels [33]. Another example is an open-access fluidic sys-
tem for patch-clamp measurements where the surface of the patch-clamp sites was
prepared by a macroscale hole patterning method of PDMS. This device was used
for whole cell patch-clamp measurements carried out with Chinese hamster ovary
cells expressing Kv2.1 ion channels [34].

Microgrippers are miniaturized pipettes incorporated onto chips, often by etched
silicon parts or SU-8 (an epoxy-based photoresist). An integrated SU-8 based micro-
gripper for manipulating single cells in ionic solutions [35] is a good example. This
device can grip and release cells in a repetitive manner but require that the cells
first are ordered in a sequential fashion which limits the possibility of trapping
cells from a continuous sample flow. A similar microgripper device combined with
ultrasonic manipulation has also been described [36].
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Figure 2.4: A planar patch-clamp with DRIE-etched hole has been integrated on chip and
by applying a suction particles are trapped from a continuous sample stream. Reprinted
with permission from [33]. © 2006 IEEE.

Finally, hydrodynamic trapping is another active trapping technique that can be
utilized to manipulate cells or particles in microfluidic devices. Hydrodynamic trap-
ping can be performed in multiple ways but are based on the possibility to guide
flows in different channels and with varying flow velocities, making it possible to
achieve a small suction or to push particles away from a side channel. Two inte-
resting papers demonstrate physical sorting inside a chip using microstructured
membranes being pneumatically actuated [37] and pillars working as a ”bumper
array” [38]. The hydrodynamic tweezer by flow with microeddies [39] is another
alternative. However, by clever design of the fluidic network a release mecha-
nism for an individual cell, based on laser induced bubble generation, has been
demonstrated [40]. This technique has also allows for single cell handling and for
fusion of two individual cells [41]. Positive properties connected with hydrodynamic
trapping include the relatively easy handling and that limited external instrumen-
tation is required. The main drawback is the lack of selection method meaning that
it is difficult to trap an individual cell or to perform selection based on a specific
parameter.

2.5 Contactless cell manipulation

In applications that use delicate cells, it is important to avoid unwanted physical
contact as well as interference with any biological process caused by the manipu-
lation tool. Therefore, a contactless manipulation method is preferred. The classical
technologies for contactless cell handling, optical tweezers (OTs) and dielectro-
phoresis (DEP), will be the scope of this section. The third method, ultrasonic
manipulation, is the topic of the remaining chapters.



10 CHAPTER 2. MICROFLUIDIC PLATFORMS FOR CELL HANDLING

Apart from optical tweezers, DEP, and ultrasonic manipulation, magnetic trapping
should also be mentioned. When performing magnetic trapping in a microchip,
particles are trapped using a magnetic field. This means that the particle itself
must have magnetic properties, either permanent or induced. The most common
way of achieving this for the naturally non-magnetic biological cells is to label them
with magnetic beads via antibodies or to load them with nanoparticles, which are
non-magnetic outside the magnetic field and do not clump together as magnetic
microparticles do [42, 43]. The external magnetic field can be applied from a per-
manent magnet, electromagnet or an integrated microfabricated magnet, depen-
ding on the required field strength and if the magnetic trapping sites should be
movable or not [44]. Continuous sorting of “magnetized“ cells on chip has been
demonstrated [43]. However, for cell applications it is vital to remember that the
cells have bound to or taken up foreign particles which might influence and dis-
turb the natural cell behavior. As a consequence, magnetic trapping is not a truly
contactless method.

2.5.1 Optical tweezers

Light is used for many applications in our everyday life, and it can also be used for
trapping and manipulating micro-sized objects in a tightly focused laser beam. The
setup, today known as an optical tweezer (OT), was first reported by Ashkin et al. in
1986 [45]. Optical tweezers handle objects with very high precision and can be used
to investigate forces between different particles. In the pioneering work both viruses,
bacteria and cells were captured in the OT [46, 47]. Recent works include force
measurements on single DNA molecules with an optical trapping interferometer
that combines sub-pN force resolution and millisecond time resolution, unzipping
several thousand base pair long DNA sequences in an in vitro configuration. The
force signals corresponded to opening and closing the double helix [48] and to the
mechanical properties of actin filaments [49].

The force generation in optical tweezers rely on that the photons in the laser beam
carry momentum which is transferred to the particle. The focused laser beam has
a Gaussian profile so the net force will be directed towards the intensity maximum
of the beam and also work against gravity. In other words, the generated gradient
force works on particles outside the beam waist and drags them to the centre. The
second force, the scattering force, is active in the propagation direction of the laser
beam. By combining these two forces a stable particle trap is created at the point
where they balance each other, occurring beneath the laser focus, as schematically
illustrated in Figure 2.5. An important assumption is that the trapped particle has
an index of refraction being larger than that of the surrounding fluid. Typical laser
effects are between some mW up to 1 W and the trapping force is in the range from
some fN up to some 100 pN [5].
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a) b) Incident beamIncident beam

Fgrad

Fscat

Fgrad

Fscat

Figure 2.5: Schematic of optical tweezer illustrating the gradient and scattering forces
acting on a particle (the black circle). Image courtesy of O. Manneberg.

For multi-particle trapping applications several lasers can be used resulting in a
quite complicated arrangement. Alternatives include micromirrors, diffractive grat-
ings, or the use of a spatial light modulator to generate an array for multi-particle
trapping. An optical tweezer array has also been demonstrated using individual ver-
tical cavity surface emitting lasers [50]. Applegate reported on a microfluidic sorting
system integrating both an optical waveguide and a diode bar on chip [51]. Partic-
les were optically trapped and guided selectively with the laminar flow to different
outlets due to their fluorescent signals with a sorting speed of five objects/second.
Furthermore, microfluidics has been combined with optical tweezers [52] for inves-
tigations of single cells to study the forces between the endoplasmic reticulum (ER)
and chloroplasts in plant cells, see Figure 2.6.

Important to keep in mind is that the laser light eventually heats the trapped
particles and for cell handling applications this factor must be considered when
planning a gentle cell experiment. Cell viability after optical trapping has been
evaluated and cultivated Chinese hamster ovary cells showed a reduction in colony
formation and a delay of cell growth after a 2 minute exposure of 2.4 GJ/cm2 for
wavelengths around 680 nm or 1.6 GJ/cm2 for 1064 nm. Lower exposures did not
harm the cells [53].
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a)

d)c)

b)

Figure 2.6: Trapping of a single chloroplast using optical tweezers (OT). A protoplast
from a plant cell expressing green fluorescent protein (GFP) in the ER lumen, imaged
with a confocal microscope. Chloroplasts fluoresce in red and GFP in the ER fluoresce
in green. (a) An isolated protoplast: the arrow indicates the point exposed to the OT.
(b) A protoplast erupting after exposure to the OT. The white dotted line emphasizes
the border between where the protoplast is intact and where it is erupted during image
capture. (c) The optical tweezers are used to trap a chloroplast. (d) Strands of ER are
stretched out as the chloroplast is pulled away. The size of the region covered by the
individual images is approximately 40 µm times 40 µm. Reprinted with permission from
[52]. © 2007 IOP.
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2.5.2 Dielectrophoresis

Dielectrophoresis (DEP) is the phenomena when uncharged particles in a non-
uniform alternating current (AC) electric field are subjected to a force because of
their electric polarization. Pohl performed the pioneering work [54] in this field
in the 1950s. Note the difference to electrophoresis where charged objects are
placed in a uniform direct current (DC) electrical field. The size and design of
the electrodes, the permittivities of the particles and the medium, as well as the
distance between the electrodes all influence the strength of the DEP force. The
review article [6] by Voldman gives a deeper insight into the area of electrical forces
for cell manipulation.

The DEP force on a particle with volume V , permittivity ε and Erms is the root
mean square value of the electric field at the particle can be expressed as [55]:

FDEP = 3V ε
2 Re{fCM}∇(E2

rms). (2.4)

The Clausius-Mosotti factor fCM includes the frequency dependence (via ω = 2πf)
and the difference in complex permittivity between the particle and the fluid, and
is defined as

fCM = ε̄p − ε̄
ε̄p + 2ε̄ where ε̄p = σp + iωεp and ε̄ = σ + iωε. (2.5)

The fluid has electrical conductivity σ and the index p relates to the particle.
As seen above the conductivity of the fluid and the particle and the difference in
permittivity as well as the frequency all affect the magnitude and direction of the
DEP force. This makes it possible to separate particles with different permittivities
using the Clausius-Mosotti factor as contrast factor (cf. the ultrasonic contrast
factor in Section 3.1). Particles are either drawn to the high-intensity parts of
the field, called positive dielectrophoresis (pDEP) when fCM > 0, or towards the
regions with weaker field strength, termed negative dielectrophoresis (nDEP) for
fCM < 0.

As mentioned above, smaller electrode distances give a stronger field making it
convenient to integrate DEP microelectrodes into microfluidic devices. Both modes
(nDEP and pDEP) are used and in pDEP the particles are trapped at the electrode
surfaces. However, for contactless manipulation nDEP is preferred as the particles
are trapped in the free fluid volume. Different geometries of electrodes have been
used to create three-dimensional (3D) cages for single cell experiments [56]. Typical
trapping forces are in the range of a few hundred pN employing actuation voltages
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(peak-to-peak) of some 1-5 Vpp, driving frequencies of some MHz and electrode
dimensions of some tens of micrometer.

Based on dynamic dielectrophoretic traps, individual and parallel single-cell mani-
pulation of ∼ 104 cells was achieved in a device containing an array with over 105

independent electrodes and sensors [57]. The single living cells were electronically
sorted and recovered from a ml volume sample. Figure 2.7 shows yeast cells reported
to grow in DEP traps during∼ 20 hours of DEP-trapping [56]. Mammalian cells in a
microfluidic DEP-trap showed increased cellular stress after 15 minutes of exposure
time [58]. However, the cells are not grown in normal physiological cell medium
but in a medium with corrected conductivity. Cell lysis has been observed [59] so
the design criteria must take this into account when choosing frequency range and
electrode dimensions. Recently, an interesting paper [60] on optoelectronic tweezers,
based on light-induced dielectrophoresis, has been published. The authors report
on being able to manipulate and cultivate cells in normal cell culture media based
on a new phototransistor-based device.

Limitations related to DEP include the non-flexible cell handling. A certain ex-
periment must be planned before the chip is fabricated with electrodes in the right
location, meaning that it is harder to adapt the settings to new problem descrip-
tions. In contrast, this allows for high spatial control of trapped particles. The
short-ranged DEP force also requires small channels, yielding an increasing risk of
clogging.

Figure 2.7: Yeast cells proliferating in a 3D DEP cage during 22 hours. Reprinted with
permission from [56]. © 2003 IEEE.



Chapter Three

Ultrasonic Manipulation

Ultrasonic manipulation is the contactless cell manipulation method forming the
background for the work in this Thesis. Sections 3.1-3.2 cover the theoretical
background necessary to describe ultrasonic manipulation using standing waves.
Acoustic streaming is the content of Section 3.3. The last two Sections describe
the experimental platform used in the Papers starting with microfluidic resonators
in Section 3.4 including actuation methods followed by temperature control of the
microfluidic system in Section 3.5.

3.1 Ultrasonic standing waves

Sound is mediated by travelling pressure variations through a medium such as air
or water. In solid media things get more complicated and stresses take the place of
pressure in the description. The normal hearing range for humans is between 20 Hz
and 20 kHz, with ultrasound defined as sound having a frequency above 20 kHz.
Sound with a lower frequency than 20 Hz is called infrasound. To trap particles
or cells in a microfluidic system using ultrasound, a standing wave is created in a
resonator, as described in more detail below.

First, we need to consider a sound wave propagating in one direction under ideal
conditions with flat wave fronts, i.e., a plane sound wave. A plane travelling sound
wave with a propagation direction along the positive x-axis is defined by the pres-
sure amplitude p0, the frequency f via the angular frequency ω = 2πf and the
wavelength λ via the wave number k = 2π/λ. The time and space variations of the
wave can be described by a sinusoidal function as

15
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p(x, t) = p0 sin(ωt− kx). (3.1)

An ultrasonic standing wave (USW) is in the simplest case formed in a resonator
by superposition of a incident wave and its reflections, if the resonator length is
a multiple of a half wavelength. In the ideal case of only one reflection, this one-
dimensional standing wave can mathematically be described as

ptot = p0 sin(ωt− kx) + p0 sin(ωt+ kx)
= 2p0 sin(ωt) cos(kx). (3.2)

Thus, the separation of time and space indicates that we have a standing wave, i.e.,
there is no net transport of energy. The amplitude of the standing wave varies with
space and the parts with minimum pressure are called pressure nodes, in contrast
to the pressure anti-nodes with maximum pressure. Figure 3.1 shows schematically
a one-dimensional standing wave in a closed resonator. The lowest frequency giving
a single pressure node in the system is the fundamental frequency. Most often, this
corresponds to a half-wave chamber (L = λ/2), but it is also possible to design
quarter-wave layered chambers (L = λ/4) where the pressure node is close to one
surface of the reflector [61].

USW off

USW on

λ/2

L=m.λ/2

pressure

node

pressure

anti-node

Figure 3.1: An ultrasonic standing wave field is created in a cavity with resonator length
equal to a multiple of λ/2. Particles (r0 � λ) suspended in water are driven to the pressure
nodes.
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3.2 Ultrasonic radiation forces

Cells suspended in an aqueous solution are trapped in the pressure nodes of the
ultrasonic standing wave field as shown in Figure 3.1. The radiation forces acting
on the cells are caused by a non-linear effect in the time-averaged totale pressure
field at the particle surface, sometimes called the acoustic Bernoulli pressure. How-
ever, this is the total effect of contributions from two different independent trapping
forces, illustrated in Figure 3.2. Initially, the cells move within seconds along the
x-axis due to the strong component of the primary ultrasonic radiation force PRF.
Once trapped in a nodal plane, the cells form two-dimensional aggregates mainly
due to the lateral component of the PRF, but are also influenced by the secondary
radiation force SRF, being significant only at short distances (∼µm) [62]. There
are also other forces acting on the cells that influence the trapping performance
such as the viscous drag force from the flow and gravity.

v, p

x

p

v

t
1 t  2 t 3

PRFs

SRFs

a) b) c) d)

Figure 3.2: a) Half-wave resonator with a single pressure node. The velocity v and
pressure fields p are out of phase. b) Initially, the cells move within seconds along the
axial direction due to the primary ultrasonic radiation force FPRF. c) Once close to
the pressure node, the lateral component of the PRF and also the secondary radiation
force (FSRF) attracts the cells to d) form two-dimensional aggregates. Image courtesy of
O. Manneberg.
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3.2.1 Primary radiation force

The largest contribution to the particle trapping comes from the primary radiation
force (PRF) which moves cells suspended in a fluid to the pressure nodal planes.
Other particles such as oil drops would instead end up in the pressure anti-nodes
due to different material properties, as will be discussed below. For a perfect one-
dimensional sound field, the PRF works along the axis of the sound wave, but in
reality the sound field almost always contain lateral gradients, which results in a
lateral component of the PRF. The PRF was first derived by King [63] for the case
of a rigid sphere within a plane standing wave. It was shown that the force acting
on a particle in a standing wave is much larger than that from a travelling wave.
Later, the compressibility of a particle was added to the derivation by Yosioka and
Kawasima [64]. In 1962, Gor’kov published an important article [65] deriving the
radiation force on a compressible spherical particle. Finally, Doinikov included both
the viscosity of the fluid [66] and thermal dissipation effects [67].

Following the formalism derived by Gor’kov [65] the (time-averaged) PRF on a
particle of volume V in an inviscous fluid with density ρ, speed of sound c, and
compressibility β can be expressed as the gradient of a potential function depending
on both the pressure and velocity field. In Paper IV it was shown that the three-
dimensional PRF for a time-harmonic field can be expressed only in terms of the
spatial pressure distribution p(r) according to

FPRF = −V β4 ∇
[
f1p

2(r)− 3f2
2k2 (∇p(r))2

]
, (3.3)

where k = 2π/λ and the contrast factors f1 and f2 are defined as

f1 = 1− ρc2

ρpc2p
= 1− βp

β
,

f2 = 2(ρp − ρ)
2ρp + ρ

. (3.4)

The dimensionless factors f1 and f2 form the ultrasonic contrast factors, since
they depend only on material properties such as the density and sound velocity
of the trapping medium (ρ and c, respectively) and the particle (ρp and cp). The
compressibility β includes both of these. It is the contrast factors that decide
whether a trapped particle is pushed to a node (f1 + 3

2f2 > 0) or an anti-node
(f1 + 3

2f2 < 0).
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For cells in an aqueous environment some typical numbers for the density ρp and
compressibility βp are listed below and compared with the corresponding values for
water (with values for the cells (red blood cells) taken from Gherardini et al. [68]):

ρp = 1094 kg/m3 βp = 3.4 · 10−10 ms2/kg
ρ ≈ 1000 kg/m3 β ≈ 4.5 · 10−10 ms2/kg,

resulting in the contrast factors f1 = 0.24 and f2 = 0.06, i.e., the cells are trapped
in a pressure node. The corresponding maximum force in a standing wave would
then be some tens of pN at frequencies of a few MHz, assuming a pressure amplitude
of 0.85 MPa (as in Paper I).

For the ideal and simple case assuming a one-dimensional standing wave with pres-
sure field p(x) = p0sin(kx), the primary radiation force FPRF on a particle with
volume V in an inviscous fluid with density ρ and speed of sound c is given by

FPRF = −V β4 p2
0k

(
f1 + 3

2f2

)
sin(2kx). (3.5)

The PRF can be used for sorting of particles with different sizes as it scales with the
volume of the particle. Also note that shorter wavelengths (via λ = 2π/k) result
in a stronger force, which is favorable for work in microsystems. The derivation is
only valid for a single trapped particle with radius r0 being much smaller than the
acoustic wavelength (r0 � λ).

Outside of the ideal case of having a plane sound wave, in reality the wavefront is
often disturbed and non-perfect containing both axial and lateral force components,
as described by Eq. 3.3. The lateral components of the PRF together with the SRF
tend to concentrate the particles into aggregates.

3.2.2 Secondary radiation force

After the first movement of the particles to the nodal plane by the PRF, the mean
particle-particle distance becomes smaller. Then, the scattered sound field from one
particle interacts with the scattered field from another nearby particle and this sec-
ondary scattered sound field gives rise to a corresponding secondary radiation force
FSRF. This force is also discussed in the literature as Bjerknes [69] or König [70]
force and can be expressed as

FSRF = 4πr6
0

(
(ρp − ρ)2(3 cos2 α− 1)

6ρd4 v2(x)− ω2ρ(βp − β)2

9d2 p2(x)
)
. (3.6)
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Here the assumptions are a standing wave in the x-direction [71], that the particles
are much smaller than the wavelength (r0 � λ) and that the center-to-center
distance d between the particles is small (d � λ). α denotes the angle between
the center-to-center line between two particles and the propagation direction of the
sound wave.

The SRF works only at very short distances and affects only particles already
pre-concentrated in the pressure nodes by the axial and lateral components of the
PRF or at very high particle concentrations. The sign of the SRF decides whether
the force is attractive (negative SRF) or repulsive (positive SRF). In our case the
pressure term can be neglected as the particles are trapped in the pressure nodes
(p(x) ∼ 0) meaning that the SRF becomes attractive (as α = 90° when the particles
are in the pressure nodal plane). Experimentally, the SRF contributes to form the
closely packed aggregates shown in, e.g., Papers I and VI.

3.3 Acoustic streaming

When performing USW trapping experiments in microchannels beads of different
sizes can be observed to move differently depending on their size. Large beads of
5-10 µm are quickly trapped in the pressure nodal planes by the radiation forces.
However, smaller beads in the size range of a micrometer can sometimes be seen
to follow fluid vortices in the surrounding medium. The origin of these vortices is
called acoustic streaming, a phenomenon primarily caused by absorption of acoustic
energy in the medium.

Acoustic streaming can be divided into three categories depending on the type
of streaming and the involved dimensions [72]: Eckart streaming or quartz wind,
Rayleigh streaming and Schlichting streaming. Eckart streaming [73], caused by
absorption in the medium, manifests itself as a large-scale streaming with a length
scale much larger than the acoustic wavelength in the medium and gives rise to
streaming away from the transducer within the ”sound beam”. The second type,
Rayleigh streaming [74], creates vortices of the scale λ/4 [75, 76] thereby moving
particles away from the pressure nodes and might therefore influence particle trap-
ping in half wavelength resonators [77]. Rayleigh streaming arises due to energy
losses in the viscous boundary layers close to the walls. Finally, Schlichting stream-
ing [78] occurs within the viscous boundary layer near a surface and drives vortices
much smaller than λ and thus can be neglected for cell and particle handling appli-
cations. Acoustic streaming in microsystems is often regarded as a negative effect
that one tries to minimize. On the other hand, in some applications streaming
might help and improve the result, as in the case of mixing [79] or immuno-sensor
applications [80].
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3.4 Microfluidic resonators

Figure 3.3 shows the major components of a typical experimental arrangement used
in this Thesis: The microfluidic chip with wedge transducers to couple ultrasound
into the fluid channel and connections for inlets and outlets of the fluidic system.
Tubing and external syringe pumps are used to connect the external “macro world“
to the microfluidic ”world on chip”.

scale:
5 mm

branched
outlet

branched
inletflow

2.1 MHz

mini-cage

pre-alignment

channel

6.9
MHz

4.6
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Figure 3.3: Three wedge transducers mounted on the optically transparent glass-silicon-
glass chip containing the mini-cage, described in Sections 3.4.3 and 4.3 and in Paper VI.
The chip have three inlets and three outlets for connection to tubing and syringe pumps.
During most experiments only one inlet and one outlet were used.

The utilized microfluidic chips were of two different types. The experiments in
Paper I were carried out in an in-house made glass-PDMS-glass device while for the
later studies in Papers II-VI glass-silicon-glass sandwich structures were employed
(produced by GeSim [81]), as shown in Figure 3.3. The etched silicon wafer was
bonded to both an upper and lower glass plate to achieve a system with full optical
access. The lower glass plate was of optical coverslip thickness to enable good
observation by high-resolution optical microscopy using an inverted microscope.
Typical channel cross-section dimensions are around 110 µm × 375 µm and flow
rates in the range of 0.1-5 µl/min. For trapping experiments either living cells or
polystyrene and polyamide beads in the size-range of 5-10 µm have been used. The
beads worked well as cell model since they have similar acoustic properties.

3.4.1 Actuation principle and USW transducers

To actuate the system an ultrasonic transducer is used. Commonly the transducer
is based on a piezoelectric material and a matching layer. A piezoelectric material
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contracts and expands when exposed to electric AC voltage due to the piezoelectric
effect resulting in that electric energy is transformed into pressure variations or
sound waves that can further travel through the medium. Lead zirconate titanate
(PZT) ceramics are used in this Thesis to generate the ultrasound.

Transducer

Spacer

Reflector layer

Matching layer λ/4

λ/2

λ/4

Figure 3.4: Sandwiched resonator layout.

The most conventional way of designing a complete system of transducer and res-
onator is illustrated in Figure 3.4. The layer thicknesses are calculated to give one
pressure node in the middle of the channel to avoid any contact with the walls.
To obtain this, the resonance length needs to be half a wavelength to host a single
standing wave and the reflector and matching layer should be a quarter wave-
length [61]. A similar system was used in Paper I, having PDMS as the spacer
layer. For the chips employed in the later studies (Papers III-VI) the channels
are designed for 2D alignment at two independent frequencies (for the vertical
direction close to 6.9 MHz) resulting in a glass-silicon-glass stack with layer thick-
nesses of 0.20 mm (∼ λ/4 @ 6.9 MHz), 0.11 mm (∼ λ/2 @ 6.9 MHz) and 1.0 mm
(∼ 5λ/4 @ 6.9 MHz), respectively and channel cross sections of 0.11 mm (height)
and 0.11-5 mm (width).

Several different transducer arrangements have been reported for actuation of micro-
channels, e.g., attaching the piezos below the fluidic channel without any matching
layer [8] and integrating fabricated miniaturized transducers within the microfluidic
system [13]. Another possible arrangement is to define a pair of orthogonally aligned
electrodes on the piezoelectric surface and form the standing wave by superposition
of two in-plane orthogonally oriented standing pressure waves [36].

In this Thesis, two different transducer designs have been investigated. In Paper I,
the PZT-element was glued onto the upper glass plate of the chip which acted
as a matching layer. In Papers II-VI external replaceable wedge transducers have
been used, as thoroughly described in Paper IV. In the experiments, the typical alu-
minum wedge angle was 30° and frequencies between 2-10 MHz have been employed
with actuation voltages (peak-to-peak) in the range of 2-10 Vpp.
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Figure 3.5: Comsol simulation (FEM) of the transducer-chip system showing the dis-
placement field in the solid structure (not to scale), and the force field in the channel. The
magnified section shows force calculations of the x and y components.

The 2D cross-section of the experimental system with a wedge-transducer glued on
to a chip, illustrated in Figure 3.5, has been numerically simulated using the finite
element method (FEM) software Comsol Multiphysics [82] to get the pressure fields.
These were transferred to and used for force calculations in Matlab [83] based on the
pressure-dependent force, Eq. 3.3, resulting in force potentials presented in parts of
Papers IV-VI. The force fields can be spatially confined by matching frequencies to
specific parts of a channel with varying width. The resonances in the fluid channel
are built up from complex resonances in the solid chip-transducer system and can
not be considered as the ideal case with a plane standing wave. We also noted during
experimental validation of the simulations that the simulated resonance frequencies
did not match the experimentally observed. A possible reason might be that the
chip-transducer system gives rise to complex 3D sound fields while we only model
a 2D cross-section [84]. Despite this limitation, the simulations agreed well with
the reality regarding the ”wavy nodes” found in experiments in parallel channels
without any flow as presented in Figure 3.6.

3.4.2 Channel-integrated plane-parallel resonators

Plane-parallel resonators can be designed to host a single or several pressure nodes
by choosing the correct resonator dimension, either λ/2 or a multiple thereof for
multiple pressure nodes. A microfluidic channel with straight walls works as a
plane-parallel resonator and if the channel cross-section is homogeneous the whole
channel is resonant and leads to particle manipulation in the entire channel. This
approach is useful for lab-on-a-chip applications focusing on, e.g., filtration [10] or
particle washing [85], both based on λ/2-channels. However, for other lab-on-a-
chip applications a more versatile tool is needed to be able to have a single chip
with separate functions. To accomplish this, resonances can be spatially confined
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in the chip by a combination of varying the channel width and using multiple ac-
tuation frequencies as described in Paper III. Resonances in different directions
can be addressed independently by the frequency-specific transducers described in
Section 3.4.1. To investigate the ultrasonic pressure and force fields the method
of micro-particle imaging velocimetry (µ-PIV) was utilized in Paper III. In these
experiments, beads in the size of 5 µm was used as tracer particles being imaged
during ultrasonic trapping allowing for calculation of velocity profiles of the beads.
These velocity profiles were then used as a measure of the PRF field. Furthermore,
in the case of no flow the force field in straight channels with constant cross-section
is often spatially inhomogeneous, visible in Figure 3.6 by the “wavy nodes“, due
to the complex 3D modes, temperature differences, and transducer placement on
chip. Manneberg et al. [86] report how to circumvent this problem by frequency
modulating the signal and also show flow-free particle transport by slow modulation
of the frequency acting ”along” the channel.

200 µm

x

a) b)

Figure 3.6: Experimental images of single node trapping and simulations in the plane-
parallel channel with homogeneous cross-section. Simulation (top-view) and experimental
verification of the focusing component of the force field without any flow. a) Good focusing
of the beads. b) The beads are only partially focused resulting in inhomogeneous ”wavy
nodes”.

3.4.3 Channel-integrated ultrasonic cavities

Based on the idea to further confine resonances to very small parts of the channel,
aiming at manipulating very low number of particles or cells, channel-integrated
cavities, or ”cages”, were introduced into our chips as reported in Papers V and
VI and in [79]. The cages were designed to create retentive forces in order to
trap particles in the cage against flow and also to increase the number of possible
manipulation dimensions. Similar resonator designs have previously been employed
in macro-scale systems for trapping of mm-size objects in air [87, 88], and of µm-size
objects in both fluid suspensions [89, 90] and capillaries [91]. Two different cavities
have been investigated in this Thesis: The 5-mm-wide mini-cage (Paper VI) and
the 0.3-mm-wide micro-cage (Paper V) illustrated in Figures 3.7 and 3.8.
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Figure 3.7: The confocally shaped mini-cage, being 5 mm wide, is characterized with a)
pressure field simulation assuming no-flow, b) ultrasonic manipulation pattern for no-flow
static condition and c) retention of sample during perfusion for different flow rates.
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Figure 3.8: The square shaped micro-cage, being 0.3 µm ( = λ/2), is characterized with
a) force field simulation, b) ultrasonic manipulation with no-flow and c) retention of beads
during flow-through.

To limit and spatially define the acoustic field the idea is to incorporate different
dimensions in the channel, so that the longest dimension in the cavity corresponds
to the lowest frequency and in this way avoiding to actuate other parts in the chip.
In particular, this has been used as a design criterion for the micro-cage. However,
this is not possible in multiple-wavelength resonators such as the mini-cage, where
spurious mode phenomena often occur [92]. The confinement of resonances gives
localized and/or separated manipulation functions being essential for cell handling
applications such as selective cell retention and cell characterization as will be
further described in Sections 4.3 and 4.4.
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3.4.4 Multi-frequency actuation for spatial separation of manipulation
functions

Using the mini-cage it is possible to combine up to three different frequencies for
different purposes in the chip as schematically illustrated in Figure 3.9. For con-
tactless manipulation the particles are first two-dimensionally aligned in the inlet
channel in one or two nodes using a combination of a levitating frequency (6.9 MHz)
together with pre-alignment actuation at either two nodes (4.6 MHz) or one node
(2.1 MHz). By adjusting the switching time between the two and one node pre-
alignment it is possible to control the number of particles reaching the retention
region in the mini-cage. A demonstration of selective sample injection from a con-
tinuous sample flow using this idea is discussed in Section 4.3.
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Figure 3.9: Schematic view of possible manipulation functions in the mini-cage present-
ing a) the resonator design and b) possible manipulation functions.
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3.5 Temperature-regulated microfluidic system

When ultrasonically actuating a microfluidic chip with sub-µl volume fluidic chan-
nels the chip will be heated and a temperature increase in the active fluid volume
will follow. Possible reasons for the temperature increase include losses in the piezo
and in the thin glue layer as well as sound absorption in the chip structure and
fluid layer. The fluid channel has high surface-to-volume ratio and only constitutes
∼ 2% of the highly heat-conductive silicon structure, making it difficult to regulate
the fluid temperature externally (e.g., by regulating the fluid temperature outside
the channel inlet of the chip). Therefore, the temperature in the chip itself must
be regulated in order to retain a biocompatible environment [93].

Paper II presents a temperature regulation method that uses calibration data of the
temperature increase due to the ultrasonic actuation for influencing the tempera-
ture of the surrounding air and microscope table, controlled by a warm-air heating
unit and a heatable mounting frame. The heating methods were independent of
each other, resulting in a flexible choice of ultrasonic actuation voltage and flow rate
for different cell and particle manipulation purposes. The diagram in Figure 3.10
indicates that it is possible to perform stable temperature regulation with an ac-
curacy of the order of 0.1℃ around any physiologically relevant temperature (e.g.,
37℃ with high temporal stability and repeatability.

The temperature increase due to the applied ultrasound was at most a few℃ for the
actuation voltages needed in cell manipulation applications (<10 Vpp). The voltage
interval 2-10 Vpp resulted in ultrasonic radiation forces of sufficient magnitude for
retention of cells in chips operated in flow-through mode at medium flow rates
(∼ 5− 10 µl/min). For such flow rates, we also noted that the temperature is
independent of the flow rate.
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Figure 3.10: The temperature stability during 12 h of particle manipulation at a constant
transducer voltage of 10 Vpp without any flow and with active temperature regulation.





Chapter Four

Ultrasonic Live Cell Handling and Characterization
in Microsystems

Section 4.1 aims at summarizing important cell handling contributions previously
reported within the field of ultrasonic manipulation in microsystems and is fol-
lowed by Section 4.2 presenting results on cell proliferation (i.e., cell growth) after
ultrasonic manipulation in chip. The last two Sections concern gentle cell handling
applications: selective retention of sample in Section 4.3 and cell characterization
in Section 4.4.

4.1 Background

Applications of ultrasonic manipulation technology cover a wide range of relevant
biological fields and two recent review papers [8, 94] are highly recommended for an
overview of bioapplications of ultrasonic manipulation in microsystems as well as
Ref. [95] for bead-based assays applications. Ultrasonic manipulation as the sample
focusing method in flow cytometer has been discussed [96]. An early microfluidic
device, presented by Coakley [97], had a circular resonator made of steel and glass
working at 1.5 or 3.17 MHz with a resonator length of λ/2, has been used for
studies of cell-cell interaction and cell membrane spreading. Interesting application
examples in silicon microsystems previously described are blood separation [98],
affinity selection of antibodies [62] and a microgripper for cells [99]. Moreover,
sample separation and fractionation are possible to perform using USWs in chips
[10, 98, 100] as well as washing [11, 85]. Combining ultrasonic manipulation with
integrated optical waveguides on a microfluidic chip improved the sensitivity of a
bead-based assay [101] and increased the detection rate of bacteria on a sensor
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chip [102]. Recently, an acoustic separation chip for sequential removal of enriched
blood cells in multiple steps was presented yielding high quality plasma of low
cellular content [103]. This chip was combined with an antibody microarray chip
resulting in good prostate specific antigen detection. In contrast, another important
application is to keep or trap cells in a desired place and preferably retain them
against a buffer flow by the use of ultrasonic manipulation. Positioning of cells is
described in [12] and aggregation and retention of cells are reported in [13, 104] and
used for continuous monitoring of red blood cells during perfusion with different
chemicals [105]. Ultrasonic trapping and enrichment of sperm cells in a valveless
glass microchip is successfully used for improving the sample preparation step for
faster sexual assault evidence [106].

Instead of defining the different contactless manipulation methods (ultrasonic mani-
pulation, OTs and DEP-traps) as competitors, they might be considered as comple-
mentary techniques, each having their pros and cons. Microfluidic systems combin-
ing two different techniques have been reported, e.g., ultrasound and DEP utilizing
the ultrasound for prealignment and the DEP-force for focusing into a single line
or for bead trapping with high spatial control [9, 107]. Fuhr and Reichle showed
cell trapping by DEP combined with an optical tweezer for sensitive receptor-ligand
force measurements in the pN range [108].

4.2 Cell proliferation

Cell viability and cell proliferation are important factors for evaluating the biocom-
patibility of cell experiments performed in microfluidic systems. In addition, it is
vital to perform a control experiment without the tested factor, e.g. no ultrasound,
simultaneously with the real experiment to correctly analyze the result. Numerous
studies on cell viability in macro-systems utilizing ultrasonic manipulation have
been reported and have often used different methods for evaluating the viability
and they are briefly summarized below for comparison. A common method for
checking cell viability is to label the cells with a fluorescent probe or assay such as
the viability probe calcein AM. Calcein AM is non-fluorescent but, once loaded into
living cells, is cleaved by esterases to produce highly fluorescent calcein. This cell
label provides a brightly fluorescent, pH-independent, cytoplasmic cell marker for
viable cells. Fluorescent assays are also used to study early and late apoptosis [109].
Another similar method is to measure the integrity of the cell membrane, which is
determined by, e.g., the use of trypan blue dye or propidium iodide [110] where a
dead cell is stained when the membrane breaks and the dye enters the cell. Further-
more, the release of intracellular compounds, e.g., potassium ions and hemoglobin
from red blood cells [111, 112] as well as the production rate of proteins, monoclonal
antibodies, or viruses [113] have been measured. In addition, transmission electron
microscopy has been used for detailed examination of the structure and morphology
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of intracellular components [114]. In all these macro-scale studies the cell survival
rate, directly after ultrasound exposure using a pressure amplitude in the range of
0.1-0.7 MPa with moderate temperature increase, was typically 95-99%.

Biocompatibility of ultrasonic manipulation in microsystems has also been investi-
gated by many contributors. The physical environment for trapped cells including
parameters such as fluid flow rate, temperature, and possible cavitation around the
cells have been thoroughly investigated [115]. Furthermore, Evander [104] showed
not only proliferation of yeast cells after six hours in a microfluidic USW-trap but
also viable mammalian cells using a fluorescent dye after 15 minute of ultrasonic
exposure. Fluorescent probes were also used to investigate USW-trapped cells and
a 99% cell viability after one hour of exposure was reported [109]. Cell aggregates
formed during 5 min of ultrasonic manipulation have been alginate-encapsled and
cultivated for 10 days with 70-80% of the cells remaining viable [116].

An alternative and less common method to measure the cell viability is to investi-
gate the proliferation rate of recultured cells after ultrasonic exposure. This method
should be a more sensitive tool for quantification of viability, i.e., a damaged cell
would not proliferate. For example, one study suggests that the structure of the
cytoskeletal elements responsible for the cell division process (e.g., spindle bodies
and microtubules) may be partially damaged or passivated by mechanical stress
from ultrasound traps [117]. Furthermore, ultrasonic exposure may alter the inte-
grity of the cell vacuole in trapped yeast cells [114].

Therefore, the cell viability of adherent COS-7 cells has been investigated in Paper I
by studying the proliferation rate after continuous ultrasound exposure for up to
75 min in a microchip-based USW trap, as presented in the diagram in Figure 4.1.
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Figure 4.1: Cell were recultured after ultrasonic trapping for times up to 75 min, showing
normal proliferation rates, as indicated by the dashed lines.
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The flurophore calcein AM (500 µM) was used as viability indicator. In all experi-
ments, the ultrasonic pressure (pressure amplitude of 0.85 MPa) was kept constant
at a level approximately twice the minimum pressure amplitude needed for cont-
rolled and stable trapping performance. Typically, 500-2000 cells were collected
and trapped during each exposure, and all measurements were done in the same
microfluidic chip. The examination of USW-trapped cells after about three days
of cultivation showed that cells can survive and proliferate after microfluidic USW
handling. The growth rates were estimated via the cell number doubling times by
comparing the initial and final number of cells and assuming exponential growth.

In all measurements, only viable cells were counted. In fact, the untreated con-
trol cells (also at a concentration 104 ml−1) that were not exposed to ultrasound
showed a significantly slower rate of proliferation. Therefore, we may conclude that
USW manipulation of cells is not only harmless under controlled conditions, but
also seems to be beneficial for the proliferation rate of diluted cell suspensions, per-
haps due to the increased local cell density obtained by the ultrasound. This should
be especially important in microchip-based applications where small and/or diluted
cell samples often are employed. For bioapplications such as long-term cell han-
dling in microsystems it is necessary to have a gentle and biocompatible contactless
particle manipulation method, and we suggest to use ultrasonic manipulation. The
next two Sections describe two different applications of ultrasonic handling of living
cells in microfluidic systems.

4.3 Selective retention of sample

As a first application example of gentle ultrasonic manipulation, a set of manipu-
lation functions demonstrated in Figure 4.2 (i.e., bypass, injection, retention, and
positioning) can be used repeatedly for real-time investigation of the cellular res-
ponse to variations in a particular parameter of interest (e.g., concentration of a
chemical compound or biomolecule). With the triple-frequency device presented in
Section 3.4.4 and in Paper VI, it is possible to assemble and position a small aggre-
gate of 10-100 cells within ∼ 10 s during microfluidic perfusion, followed by optical
monitoring while bypassing excess cells from a continuously feeding sample flow.
Thus, after a cell aggregate has been assembled and positioned, the bypass function
prevents delayed addition of cells to the aggregate. This is important for defining
a starting time valid for all cells in the aggregate when monitoring time-dependent
biological processes.
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Due to the optically transparent system the selective retention of a few cells makes
it also possible to study the dynamics of a cellular parameter during long terms
(hours to days). Examples of such ”slow” parameters are monitoring of activation,
differentiation and proliferation processes of individual cells. As a next step it is
possible to wash the trapped cell aggregate with fluorescent probes, or with the
fluid flow to add other cells or functionalized beads.

g)

a)

t = 0 s

500 µm

d)

t = 6 s

b)

t = 2 s

e)

t = 8 s

c)

t = 4 s

f)

t = 20 s

flow

Figure 4.2: Selective particle retention: By the use of three transducers (2.1, 4.6 and
7.0 MHz), it is possible to position and retain a controlled number of particles or cells
from a continuous feeding sample flow. Example with 10 µm beads during 20 seconds:
a) Sample bypass (4.6 and 7.0 MHz) b) Sample injection (2.1 and 7.0 MHz) c) Sample
bypass d-f) Sample aggregation and retention (4.6 and 7.0 MHz) g) Retention results of
six consecutive 1-s long injections.
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4.4 Cell characterization

One of the most important tasks when working with cells is the ability to optically
characterize them. However, this is not always an easy task since cells tend to ad-
here to the not-intended surfaces: in the tubing, attached to the bottom surface of
your device or on other unwanted locations. Ultrasonic manipulation offers a simple
technical solution to this problem especially in microfluidic systems. First the cells
can be aligned in two dimensions already in the inlet channel so that they do not
have any chance to attach to ”wrong” surfaces, and then they can be trapped using
any of the cage designs, described in Section 3.4.3. Since the retained cell aggregate
can be positioned and arranged as a horizontal monolayer and due to the optically
transparent system with the lower glass plate being of coverslip thickness, we may
perform cell characterization based on high-resolution microscopy. Figure 4.3 shows
label-free imaging of an ultrasonically retained aggregate containing ∼100 COS-7
cells using transillumination techniques: phase-contrast and dark-field microscopy.
Thus, ultrasonic manipulation of cells is compatible with both functionality studies
based on, for example, fluorescent probes, as well as with label-free studies, for
example, the morphology or topology of cells.

a)

b)

Figure 4.3: Trapped 2D aggregate of COS-7 cells in the mini-cage imaged by a) phase
contrast and b) dark-field microscopy.
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10 µm

a) b)

Figure 4.4: Single human B cell, trapped in the micro-cage, imaged by a) confocal
fluorescence and b) bright-field microscopy (100× objective). The cell was labeled with
the green fluorescent viability indicator calcein AM, and the red fluorescent membrane
probe DiD.

Single cell handling has also been performed using the micro-cage chip. Caged
cells may be characterized by high-resolution optical microscopy. More advanced
imaging can be performed by dropping the cells to the bottom of the cage (due
to the limited working distance of objectives with very high numerical aperture).
Figure 4.4 shows high-resolution confocal fluorescence and bright-field microscopy
imaging, respectively, of a single focused and retained B cell at 2.57 MHz actuation
in the micro-cage. The images are obtained with a 100×/ 1.3 NA oil-immersion ob-
jective. The cell is labeled with the green fluorescent viability indicator calcein AM,
and the red fluorescent membrane probe DiD.





Chapter Five

Conclusions and Outlook

Microfluidics chips are increasingly used for cell biological research since they pro-
vide, e.g., quick reaction times, reduced consumption of reagents, and possibility of
parallelization. Correctly designed such chips allow for state-of-art optical micro-
scopy and can be combined with biochemical analysis. Adequate methods for the
manipulation and positioning of the cells in the channels are especially important
in single or few-cell experiments. In this Thesis it is shown that ultrasonic radia-
tion forces provide a method for contactless positioning and trapping of cells which
shows promise to be gentle to the cells. Furthermore, it is shown that the com-
bined ultrasound-microfluidic platform allows for advanced and spatially precise
positioning of cells and beads.

The contactless manipulation tool must be gentle in order for us to trust cell bio-
logical experiments, i.e., also sensitive cells should not be unduly influenced by
the manipulation. In this Thesis this aspect of the ultrasonic manipulation was
investigated in Papers I and II. The viability of adherent cells exposed to ultra-
sonic manipulation for up to 75 minutes is not influenced by the manipulation tool,
as discussed in Paper I. Furthermore it is possible to perform stable temperature
regulation with an accuracy of the order of 0.1℃ around any physiologically rele-
vant temperature (e.g., 37℃) using the temperature regulation method described
in Paper II. Thus we conclude that ultrasonic manipulation is a gentle and bio-
compatible contactless cell handling method.

The spatial accuracy, flexibility and selectivity of the manipulation are important
for any manipulation tool. In this Thesis it is shown that ultrasonic manipulation
in microfluidic chips is a flexible contactless manipulation method that accurately
as well as selectively traps and retains particles during perfusion. The experimental
platform with frequency-specific channel segments and external wedge transducers
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were described in Papers III-IV. In addition, this system was further evaluated for
specific applications in Papers V and VI. Multiple localized ultrasonic manipulation
functions in serial fashion are demonstrated in Paper IV. The manipulation func-
tions are based on spatially separated and confined ultrasonic primary radiation
force fields, obtained by local matching of the resonance condition of the microflu-
idic channel discussed in Paper III. The channel segments are remotely actuated
by the use of frequency-specific external wedge transducers placed on top of the
chips. The design of the wedge transducers used for the excitation of resonances
in the channel of a microfluidic chip is analyzed and optimized in Paper IV. The
ultrasonic micro-cage allows for three-dimensional trapping of individual cells and
high-resolution cell characterization has been performed in Paper V. Selective re-
tention and positioning of cells or other bioparticles are demonstrated in Paper VI
employing multi-frequency ultrasonic manipulation in a mini-cage during micro-
fluidic perfusion.

With the work of this Thesis the ultrasonic-microfluidic platform has reached some
maturity. Most basic issues are sorted out and future work should focus on real
biological applications. The first would be cell trapping experiments during longer
time with continuous cell medium perfusion to investigate the truly long-term via-
bility of few-cell ensembles in this environment. The next would be to start from a
biological point of view and then design a transducer-chip system to suit the require-
ment for that specific experiment. Given the unique properties of this experimental
platform and the easiness of integration into existing lab-on-a-chip systems, ultra-
sonic manipulation holds promise for becoming a successful standard cell handling
technique in the microfluidic world.



Summary of Original Work

This Thesis consists of the Papers listed below. All Papers concern the use of ultra-
sonic standing wave fields for manipulation and gentle handling of biofunctionalized
microbeads and living cells in microfluidic systems. The author was the main re-
sponsible researcher for papers I, II, and VI, and participated primarily in the
experimental part of the work of the other papers. The author was not involved in
the development and handling of the PIV software used in Paper III, simulations in
Papers IV-VI, nor derivation of the extended three-dimensional primary radiation
force in Paper IV.

Paper I investigates the viability and proliferation of recultured COS-7 cells after
ultrasonic trapping in an in-house-built glass-PDMS-glass chip. The formed two-
dimensional aggregates of low cell numbers are trapped for time periods up to
75 minutes at 0.85 MPa pressure amplitude. The cells are recultured and cell
counting is performed after 3 days. The proliferation rate of the cells is found to
be within the normal range for the cell type.

Paper II presents a method for temperature regulation of the microchannel for cell
handling applications, investigating how to maintain a steady temperature around
37℃ during longer periods of time. The paper also discusses heating of the trans-
ducer and chip as a consequence of absorption of sound, and the possibility to use
this effect for active temperature control of the system.

Paper III investigates spatial confinement of ultrasonic force fields to specific parts
of the microchannel by varying the channel width and by introducing flow-splitting
elements. The paper also reports on operator-addressable merging of different par-
ticle streams in the channel.

Paper IV concerns the design of the wedge transducers and the complete transducer-
chip system characterized by impedance spectroscopy, numerical simulation methods,
and experiments. The generated force fields in the cavity is mostly influenced by the
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wedge angle, and the spatial inhomogeneities in the force field in the channel are
shown to be caused by the 3D resonances built up in the solid structure of the chip.

Paper V reports on a three-dimensional ultrasonic micro-cage on chip where par-
ticles are trapped in 3D and can be retained against a buffer flow. The opti-
cally transparent microfluidic system enables high-resolution imaging using con-
focal microscope, and the process of aggregate formation during continuous flow
are discussed.

Paper VI describes selective retention of particles into a 5-mm-wide mini-cage
confocal resonance cavity, the mini-cage, for cell studies or bead assays. The possi-
bility to shift between different manipulation functions such as sample injection into
the central trapping region, sample bypass, and sample retention is demonstrated.
The retentive forces are characterized, and live-cell imaging is demonstrated.
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Appendix: Cell cultivation protocol

In this Thesis, adherent COS-7 cells, derived from a fetal monkey kidney, have been
used as model cells in Papers I and III, while in Paper V, human embryonic kidney
cells (HEK) and B cells were utilized. A normal cell culture protocol for adherent
cells can be described as [118]:

• Prepare the cell culture medium.
(Dulbecco’s modified eagle medium (DMEM) containing 10% fetal bovine
serum (FBS) (Gibco, Invitrogen), 1% penicillin streptomycin (Sigma-Aldrich)
and 1% L-glutamine (Sigma-Aldrich) was used in Paper I.)

• Wash the cells twice with phosphate buffered saline (PBS) buffer

• Remove the cells from the culture dish by trypsination (0.25% trypsin (Trypsin-
EDTA, Gibco) for 5 minutes at 37℃).

• Concentrate the suspended cells into a pellet by centrifugation (5 min and
1700 RPM).

• Resuspend the cells in the prepared cell medium at a typical concentration of
1.5 · 106 cells/ml.

• Reseed in a new culture dish.

• Incubate at 37℃ in 5% CO2 atmosphere.
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