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Abstract

Micromanipulation platforms have gained increased attention over recent decades. They
enable the handling of particles in minute samples within microfluidic compartments and
demonstrate promising routes to enhance procedures in important fields such as analytical
chemistry and medical diagnosis. Non-contact approaches based on externally applied force
fields allow researchers to probe and alter particle states in a gentle, precise and controlled
manner. Among them, especially forces generated by acoustic and electric fields received
the attention of researchers developing Lab on a chip, micro total analysis and point of care
systems. This is evident by the vast amount of literature dealing with physical phenomena
such as dielectrophoresis and acoustophoresis applied in miniaturised systems. Each of
these methods has its merits, ideally, a system that combines it all would be of great benefit

for the scientific community.

The thesis introduces a concept for a unified platform that enables the use of acoustic and
electric fields for particle manipulations in microfluidic environments. In particular,
optoelectronic tweezing (OET), also known as light induced dielectrophoresis is fused with
acoustic tweezing, also known as acoustophoresis, on a versatile system. The system can
be divided into two individual physical units. The first one represents the OET unit which
integrates light induced electric fields into a robust microfluidic chip. The OET chip not only
operates as a device for electric field generation but also as a transverse resonator to
confine acoustic fields. These fields are the result of travelling surface acoustic waves
excited by a piezoelectric transducer which defines the second unit. The developed platform
is applied to a range of applications such as particle trapping, transporting, focussing, sorting

as well particle alterations in form of cell lysis and microbubble insonation.
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Figure 4-17: (a) Focusing of differently sized beads towards the pressure node using 10 V at 4.138
MHz. Scale bar is 25 ym. (b) Lateral displacements of various beads using 10 V at 4.138 MHz
and (c) corresponding PAR fOrCE. .......ciiiiiiiiiieiiie e 121
Figure 4-18: Acoustic streaming in microchannel (a) Channel filled with suspension of 1 pm and 3 ym
beads. (b) Acoustic actuation leading to alignment of 3 ym bead in pressure node while 1 um
beads stay mainly in bulk vortex flow. (c) Frame overlay producing streamlines to visualize 1 ym
bead movement in vortex flow. Scale bar 50 um. Frequency 4.138 MHz. ............ccccoiiiinennennn. 122
Figure 4-19: Example of the motion of 1 ym diameter beads in vortex flow. (a) Lateral displacement of
bead over time in vortex flow when 40 V were applied (4.138 MHz) and (b) corresponding
MAaxXimumM DEAA VEIOCITY. .......ueeiiieiiiiii e e e 123
Figure 4-20: (a) Velocity of 1 ym beads depending on displacement in vortex flow (40V, 4.138 MHz).
(b) Velocity of 1 yum bead for different voltages. Largest bead displacements were considered for
velocity measurement (4.138 MHZ)......oooo e 124
Figure 4-21: Temperature increase on top of the bottom glass substrate after coupling of the SAW
(4.138 MHz) with different voltages applied to the transducer. Measurements were taken with an
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Figure 4-22: Reduced complexity in system assembly. (a) Superstrate can be misaligned by up to 30°
without affecting the formation of the standing wave (Scale bar: 100 pym). (b) Comparison of
acoustic energy density of superstrate close to SAW device and at a distance of 1 cm (10 V at
B 1IN\ 1 o ) TSRS 126
Figure 4-23: Multi pressure node arrangements in the microchannel using 3 pym beads. The frequency
of SAW device was tuned to several resonance points of the superstrate, where (a) 4.138 MHz,
(b) 8 MHz, (c) 12.514 MHz (10 V, Scale bar 50 um), led to varying standing wave pattern
confined to the straight channel section (d-f, scale bar 250 um, static fluid)..........c....ccccceennnne 127
Figure 4-24: Adjustment of the SAW transducer frequency to match the resonance of different
channel widths. For 280 ym channel width, the frequencies for (a) 2 and (b) 4 pressure nodal
planes were found to be 4.878 MHz and 9.807 MHz, respectively (Scale bar: 100 ym). For a 350
pm channel width the frequency for (c) 2 and (d) 4 pressure nodes were 3.791 MHz and 8.301
MHZ (Scale bar 100 M), ..ottt et e e ettt e e e s et e e e e e s sbbe e e e e s anbeeeaeean 128
Figure 4-25: Patterning of red blood cells using a single SAW device with wide frequency range. (a)
4.138 MHz, (b) 8 MHz, (c) 12.514 MHz, (d) 20.504 MHz. The transducer was actuated with 10 V.

The patterning was performed without fluid flow (Scale bar: 50 pm). .......cccccoiiiiiiiiiiie 129
Figure 4-26: Red blood cell patterning time versus applied voltage for different resonance
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Figure 4-27: Fusion of patterned cells by switching between resonance frequencies. (a) RBCs in
microchannel before acoustic actuation. (b) 8 MHz were applied to create 2 pressure nodes. (c-
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g) Switch to 4.138 MHz to merge cell pattern into single pressure node. No fluid flow (Scale bar:
o100 ) R PSR RS 130
Figure 4-28: Fusion of patterned cells by switching between resonance frequencies. (a) RBCs in
microchannel before acoustic actuation. (b) 20.514 MHz were applied to create 5 pressure
nodes. (c-g) Switch to 8 MHz to merge cell pattern into two pressure nodes. No fluid flow (Scale
[oF= 15T 0 I U] o 1 T PP PR 131
Figure 4-29: Displacement of RBCs and trypanosomes induced by acoustic forces. (a) RBCs and
trypanosomes were randomly distributed in the microchannel channel (no acoustic actuation). (b)
Channel is acoustically excited (30 V) producing a standing pressure wave with single pressure
node. Blood cells were pushed toward the pressure node by primary acoustic radiation force.
Trypanosomes experienced a drag force induced by acoustic streaming (Scale bar: 50 ym)... 132
Figure 4-30: Setup for separation of trypanosomes from a blood sample based on acoustic streaming
induced displacement. (i) Sample was hydrodynamically focussed to achieve initial sample flow
along the channel wall. (ii) Without acoustic actuation, the sample was leaving via outlet 1.
Acoustic actuation switched the sample into the laminar stream of the buffer which resulted in the
sample leaving via outlet 2. Switching time was about 300 ms for 4.138MHz and 40V. (iii)
Trypanosomes and red blood cell displacement under flow in straight channel section. Flow rates
are 0.2 yl/min and 0.4 yl/min for sample and buffer inlet, respectively. .........ccccccoeiiiiiiiiiinnee. 134
Figure 4-31: (a) Separation of the parasite from a blood sample at the microfluidic junction (Scale bar:
100 um). (b) Close up of junction showing separation of both cell types into different outlets.
Arrows show positions of trypanosomes (Scale bar: 50 ym). Flow rates are 0.2 pl/min and 0.4
pI/min for sample and buffer inlet, respectively. ........ ..o 135
Figure 4-32: Separation of parasite from blood sample in straight channel using the PAR force to trap
blood cells while trypanosomes subjected to acoustic streaming flow along the channel. (a)
Schematic of the setup containing superstrate, SAW device and actuation area. (b) Sample
acoustically focused by applying 30 V at 4.138 MHz. (c) Increased voltage (60 V) created a hot
spot where blood cells aggregated and were trapped against the flow while trypanosomes
followed fluid flow along the channel as well as the flow pattern of the vortex rolls. (d-g) Zoom
into the trapping site which shows increasing blood cell aggregation over time. The
trypanosomes pass the blood cell aggregate and get separated. Flow direction from bottom to
top. Flow rate 0.4 pl/min. Scale bar: 50 M .........uiiiiiiie e 136
Figure 4-33: Interference of pressure waves (fundamental and 18t harmonic) and modulation of
pressure node position by pressure amplitude control of the fundamental frequency. (a-d) The
amplitude of the 1°" harmonic is constant while the pressure amplitude of the fundamental
frequency increases until a pressure node in the channel centre is formed. .........ccccccceeiiinii. 138
Figure 4-34: (a) Schematic showing the principle of superposition of two standing waves. In this case
the fundamental frequency f, was superimposed to the 1% harmonic. (b-e) Image sequence is
shown starting with 1st harmonic frequency (8 MHz, 20 V where 2 pressure nodes were created
and then the pressure distribution was altered by superimposing the fundamental frequency
(4.138 MHz, 1 V — 25 V) which led to merging of the separated bead (3 ym) streams. Flow rate
applied was 2 pl/min (Scale bar: 100 M), .....eeiiiiiiiiiee e e e 139
Figure 4-35: Lateral displacement of bead streams aligned in two pressure nodes when 1st harmonic
(8 MHz, 20V) was applied and the fundamental frequency (4.138 MHz) was superimposed.
Voltage range corresponds to fundamental frequency. The displacement at 3 different positions
along the stream iS PIOIEA. ........oeiiiiiiiii e 139
Figure 4-36: Superposition of fundamental frequency (8 MHz, 20 V) and 1% harmonic (4.138 MHz, 8
V) around a loose pinching region where the pressure amplitude for the 1*" harmonic is low. This
led to a localised denting effect when the fundamental frequency was superimposed (Scale bar
KOOI 4 TSP RPPT 140
Figure 4-37: Superposition fundamental f, and f,,4 harmonic frequency for particle pre-focussing and
sorting. (a) Schematic of SAW electrodes with superstrate in-between, as well as microchannel
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images at 3 positions along the channel, with (i) showing the inlet junction where a bead sample
was hydrodynamically focussed using the center buffer inlet. (ii) Shows the transition from
hydrodynamically to stronger acoustically focussed bead streams using a frequency of 12.514
MHz (20 V). (iii) Outlet junction and exit of bead streams via outer outlets. (b) Superstrate was
actuated with two resonance frequencies to achieve superposition of standing waves (4.138
MHz, 8 V; 12.514 MHz, 20 V). Image shows separation of previously focussed 6 ym and 3 ym
beads. The fundamental frequency was tuned to an amplitude which enabled the translation of 6
pUm beads towards the centre pressure node. The red circle marks several 6 ym beads moving
towards the centre node. (¢) Image shows the situation at the outlet junction after superimposing
to standing waves for bead separation. 6 um beads exit via the centre outlet while 3 um beads,
still being focussed exit via the outer channel outlets. The applied flow rate was 3 pl/min and 1
pl/min for the buffer inlet and the sample inlet, respectively (Scale bars: 100 pm). ................... 142
Figure 4-38. Superposition of fundamental f, and 2" harmonic resonance frequency fo,q t0 suppress
acoustic streaming induce particle displacement. (a) Schematic of SAW transducers showing
approximated position of wave propagation into the superstrate. (b) Situation in microchannel
filled with 1 ym and 3 ym diameter beads when the fundamental frequency f; (4.138MHz, 20 V),
2" harmonic fzng (12.514MHz, 30 V) and both fy and fong were applied to the transducer (Scale
bar: 50 Pm, Static fIUI). ....ooiee e 144
Figure 4-39: Sorting of 1 ym and 3 pym beads using the principle of superimposing the 2" harmonic
frequency to suppress acoustic streaming induced displacement. (a) 2" harmonic frequency
(12.514 MHz, 20 V) was applied leading to pre-focussing of injected sample along pressure
nodes close to channel wall. All beads exit chip via outlet 2. (b) Superimposing the fundamental
resonance frequency (4.138MHz, 10 V) resulted in lateral movement of 3 um beads towards the
pressure node in the centre of the channel. 1 ym beads exit via outlet 2 while 3 yum beads left via
outlet 1 (Scale bar: 50 uym). Flow rates for buffer and bead sample were 4.5 pl/min and 2.1 pl/ml,
respectively. (c) Bead concentration in outlet 1 and (d) outlet 2 for sorting experiment. Initial bead
concentrations were 83.9 % and 16.1 % for 1 ym and 3 uym beads, respectively. The data shown
in (c) and (d) was obtained from bead count analysis in a haemocytometer (see chapter 2.4.1).

Figure 4-40: (a) Fundamental frequency (4.138 MHz, 25V) applied to the superstrate induced
alignment of blood cells in the pressure node, while the parasite underwent acoustic streaming
induced vortex motion. (b) 2" harmonic frequency (12.514 MHz, 25V) was applied, followed by
the alignment of blood cells and parasites in pressure nodes. No vortex induced parasite
movement was observed. Experiment conducted without external flow applied. The red arrows
mark position of parasites (Scale bar: 50 PM).....oooiiiiii e 146

Figure 4-41: Sorting of trypanosomes and red blood cells using the principle of superimposition. (a)
2nd harmonic frequency (12.514 MHz, 20 V) was applied leading to pre-focussing of injected
sample along pressure nodes close to the channel wall. Trypanosomes and blood cells exit chip
via outlet 2. Red arrows mark position of parasites. (b) Superimposing of the fundamental
resonance frequency (4.138MHz, 15 V) resulted in the movement of blood cells towards the
pressure node in the centre of the channel. Blood cells exit channel via outlet 2, while
trypanosomes exit via outlet 1 (Scale bar: 50 um). Flow rates for buffer and blood sample were 6
pl/min and 3 pl/ml, respectively. (c) Cell concentrations in outlet 1 and (d) outlet 2 for sorting
experiment. Initial cell concentrations were 97.2 % (169 -10° cells/ml) and 2.8 % (4.7 -10°
cells/ml) for blood cells and trypanosomes, respectively. The data shown in (c) and (d)
correspond to the data in table 4-1 and represents the analysis of cell counts performed in a

haemocytometer after sample collection at the outlets. ... 147
Figure 5-1: Assembled setup on the microscope stage showing OET chip (superstrate) placed onto
the piezoelectric wafer close to the SAW tranSAUCET. .........cccoooeiiiiiiiiiiiiiii e 151

Figure 5-2: Influence of leakage field and acoustic field on particle (3 um beads) interaction with
channel wall. (a) OET chip acoustically (8 MHz, 10 V) and electrically (100 KHz, 20V) actuated to
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demonstrate dominating particle-wall interaction induced by a leakage field. (b) OET chip
acoustically (8 MHz, 15 V) and electrically (100 KHz, 10V) actuated but this time tuned to the
point where the PAR force overcame particle wall interactions (Scale bar: 50 um; flow rate: 0.5
9174010 TP PP 153
Figure 5-3: Influence of leakage field and acoustic field on particle (3 ym beads) alignment in pressure
node. (a) Acoustic actuation at fundamental frequency using 20 V. (b) Electrical signal (100 KHz,
20 V) applied to OET chip while being acoustically actuated (no illumination). The resulting
leakage field promoted partially tighter bead focusing due to pearl chaining. (c) Same conditions
as (b), however, some beads were repelled by electric interactions arising from tight bead stream
and potentially due to secondary acoustic radiation forces in the pressure node. Red arrows
mark the beads which were not able to enter the central bead stream due to an electric and
acoustic barrier (Scale bar: 50 pm; flow rate: 0.5 PI/mMin). ... 154
Figure 5-4: Deflection of particles (6 um beads) into channel outlets using dynamic virtual electrode
arrangements that deflect particles to a desired outlet (flow from bottom to top). (a) Acoustic
actuation (4.138 MHZ, 15 V) focused particles along the channel center followed by the particles
exiting via the central outlet. (b-c) Additional application of virtual electrode (70°, 15 ym width, 50
KHz) provided dynamic particle switching into the side outlets. (Scale bar: 100 ym, solution
conductivity 5mS/m, 20 x objectives). (d) Voltage needed to switch particles to side outlets when
different flow rates WEre USEQ. ........oooiiiiiiiii e e e e 156
Figure 5-5: Sorting different sized particles into outlets using the PAR and DEP force combined with
hydrodynamic force (flow from bottom to top). Bead mixture consisting of 6 ym and 3 pm were
first concentrated within a pressure node by applying the fundamental frequency (4.138MHz, 15
V) followed by tuning the size dependent DEP force (50 KHz, 16 V) to enable size selective
guiding of 6 ym bead into a side outlet. (Scale bar: 100 pm, 5mS/m, 20x objective, 0.5 yl/min).

Figure 5-6: Acoustic sorting of 3 um and 6 ym beads supported by virtual electrodes (flow from right
to left). (a) The bead mixture was acoustically (4.138 MHZ, 5 V) focused into a single pressure
node in the channel center. An oblique virtual electrode (75°) was projected into the channel
crossing the pressure nodal plane. (b) The activation of the electrode (15 V, 100 KHz) deflected
the beads along the length of the electrode and therefore out of the pressure nodal plane. (c)
Once the influence of the virtual electrode was overcome, the PAR force pushed particles back
to the pressure node. The movement towards the channel center was size dependent due the
PAR force scaling with the radius of the particle and lead to varying displacement times between
the bead sizes. This difference was used to sort the bead mixture into virtually defined channels
using (d) low (105 beads/ml) and (e) high (105 beads/ml) bead concentrations (Scale bars: 50 ym,

flow rate: 0.5 PI/MIin, BMS/M). e e e e e 158
Figure 5-7: A 270 ym wide microchannel in an OET chip acoustically excited at the resonance
frequencies of (a) 4.782 MHz and (b) 10.002 MHz (Scale bar: 50 um). ........ccccooiiiierieeeeniines 161

Figure 5-8: A sequence of continuous bead (3 pm) manipulation using OET and acoustic tweezing.
Beads focused into 4 streams by the PAR force at 10.002 MHz at 20 V followed by virtual
electrode activation (100 KHz, 20 V) to partially merge two streams by deflecting beads along the
edge of the electrode due to negative DEP (Scale bar: 50 ym, flow rate: 0.5 pl/min, medium
conductivity: 5 ms/m, 20X ODJECHIVE.).....cciiuuiiiiiiiiii e 161

Figure 5-9: Manipulation sequence of 3 um beads by acoustic and optoelectronic tweezing under
continuous flow (flow from bottom to top). The OET chip was first acoustically actuated using the
3" harmonic resonance frequency (10.003 MHz, 5 V) followed by activation of the virtual
electrode (50 KHz, 10V) to trap particles in front of the virtual electrode (25 ym wide) within the
pressure node. (a) OET off, ultrasound on. (b-d) Activated electrode led to accumulation of
particles over time while being confined to the pressure node (Scale bar: 50 ym, flow rate: 0.1
HI/min, 20X ObJECHIVE, 5 MS/M ) e e e e e e e s e e e e e e e e e e 162
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Figure 5-10: Virtual trapping sites defined by virtual electrodes for array-like capturing of 3 ym beads
focussed in pressure nodes under continuous flow (flow from bottom to top). (a) Beads flowing
through the microchannel. No actuation. (b) Acoustic actuation at 3" harmonic resonance 15V,
10.003 MHz), followed by (c) activation of OET (100 KHz, 20 V, 20x objective) to create trapping
sites on demand (Scale bar: 50 ym, flow rate: 0.25 pl/min, 20x objective). ..........cccevrverernnnn 163

Figure 5-11: Trapping and fusion of bead aggregates along a virtual electrode (30°, 25 ym wide)
under continuous flow (flow from bottom to top). (a) Acoustic actuation using the 3" harmonic
resonance frequency (10.003 MHz, 15 V). (b) Activation of OET (17 V, 100 KHz, 20x objective)
induced bead aggregation in front of the virtual electrode. (c-d) Bead aggregates released from
trap after switching off acoustic actuation followed by flow induced movement along electrode
which led to fusion of bead agglomerations. (e) Activation of ultrasound induced movement of
fused beads back into pressure node (Scale bar: 50 ym, flow rate: 0.1 pl/min, 20x objective). 164

Figure 5-12: Sorting of particles into pressure node using a virtual electrode. (a) A bead mixture (3 um
and 6 ym suspended in 5 mS/m solution) was hydrodynamically focussed along one side of the
channel before (b) concentrated into a pressure node created by applying the first harmonic
frequency (4.782 MHz, 20V) to the OET chip with a 270 ym channel width. (¢) An activated
oblique virtual electrode (45°, 18 ym width, 100 KHz, 25 V, 20x objective) was used to guide 6
pUm beads into the adjacent pressure node (Scale bar 50 um, flow rate: 0.5 pl/min)................. 165

Figure 6-1: (a) Schematic of a cell exposed to an external electric field applied between two parallel
electrodes and (b) corresponding potential along the y-axis of the cell highlighting the voltage
drop across the MEMDIaNE. .. ..o e e e e e e e e e e e e e e e e e e e e e eeaeeeeenanees 168

Figure 6-2: (a) SAW transducer with OET chip clamped on piezoelectric wafer for combined acoustic
and electrical actuation. (b) Cross-section of OET channel chip showing sandwiched SU8 3025
between ITO/glass and aSi/ITO/glass substrates to produce a 15 pm spacer. .........cccccceeeee... 171

Figure 6-3: (a-b) Intensity of the electric field across a 15 ym liquid gap for short (2.5 pym) and wide
(50 um) photoconductor illuminations (20V, 25 KHz, 10 mS/m). (c) Electric field strength across a
15 pm liquid gap for different illumination lengths (25 KHz, 20 V, 10 mS/m) determined from the
center of the light pattern. (d) Electric field strength versus liquid gap within the OET chip for a
range of voltages when a wide field illumination (> 50 ym) is applied at 25 KHz, 10 mS/m. ..... 174

Figure 6-4: Electric field strength versus medium conductivity for a 15 ym (black line) and 100 ym (red
line) thick microchannel illuminated with a wide light pattern (25 KHz, 20V). .........cccceeiiiineeen. 175

Figure 6-5: (a) Simulated potential plot (in V) of 15 ym high microchannel in the presence of a red
blood cell for 20 V, 25 KHz, 10mS/m. (b) Cross section plot through the centre of a red blood cell
(indicated in Figure 6-5a as dotted line) showing voltage drop of 1.7 V across the membrane (20
V, 25 KHZ, 10 MIS M. it e e e et e e e e et te e e e e et e e e e e sataeaeeeansreeaeeennees 176

Figure 6-6: (a) Simulated transmembrane potential for a cell centred in a microchannel with changing
vertical dimensions (lllumination pattern: 50 ym, 20 V, 25 KHz, 10 mS/m. (b) Influence of a 2.5
pm light spot and the vertical cell position on the transmembrane potential compared with a 50
pm light spot. Dotted line represents the threshold voltage for irreversible pore formation. ...... 177

Figure 6-7: Conventional OET device made by double sided tape creating a liquid gap of about 100
pm between the electrodes. (a) Homogeneous distribution of red blood cells settled on the
photoconductor (b) Light spot and a electric signal of 20 V at 25 KHz was applied. (c) Lysis was
achieved after ~ 60 s of exposure to the electric field. Scale bar: 100 pm.......ccccceeeviiiiiinnneee. 178

Figure 6-8: Lysis of red blood cells floating above the surface. Lysis was triggered by 100 ms light
pulse and an applied electrical signal of 25 KHz and 10 V in 10 mS/m conductivity buffer....... 178

Figure 6-9: Converting of greyscale image to binary image by threshold functions in Imaged. ......... 179

Figure 6-10: Example for time versus intensity plot monitored for two red blood cells after a 100 ms
light pulse at 25 KHz, 20 V in 10 mS/m buffer. Sequence below graph shows lysis stages
according to numbering in graph for original images and threshold image............cccccccceeennne 180

Figure 6-11: Lysis time of red blood cells for different exposure times. (a) Example pixel intensity
versus time plot for 10 ms (black), 100 ms (red) and 500 ms (blue) pulse at 20 V, 25 KHz in 10
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mS/m buffer. (b) Average lysis time of red blood cells for different exposure times at 25 KHz, 20

Y 2 05 7o o SRR 181
Figure 6-12: Light pulse time of 10 ms and the corresponding illumination area was not homogenous
(01 Z=T o (] . = P 181

Figure 6-13: Lysis time of RBC for different voltages and exposure times. (a) Example pixel intensity
versus time plot for 100 ms pulses with applied voltage of 5 V (black) and 20 V (red). Inset shows
RBCs after 5 V, 100 ms exposure. Lysis was not complete, indicating reversible electroporation.
(b) Lysis times for different applied voltages and corresponding exposure times of 10 ms (black

bar), 100 ms (grey bar) 500 ms (white bar). A frequency of 25 KHz was used. .........cccccccee.... 182
Figure 6-14: Change of red blood cell morphology after light pulse (25 KHz, 20 V, 10 ms pulse). Scale
o= o =T OV o o USSR 183

Figure 6-15: (a) Sequence of induced lysis in Jurkat cells after a 10 ms light pulse at 25 KHz, 20 V.
Scale bar: 20 ym. (b) Comparison of lysis times between red blood cells and Jurkat cells using a

10 ms light pulse at 25 KHZ and 20 V. ..o 185
Figure 6-16: Blood cell concentration change over time due to settling of cells in tubing. Sampling time
for quantification of cell concentrations was setto 2 min. ... 186

Figure 6-17: Focussing of blood cells towards the pressure node for a frequency of 4.138 MHz and an
applied voltage of 20 V. (a) No flow, cells randomly distributed, and acoustics off. Scale bar: 50
pm. (b) Acoustic actuation pushed cells towards the pressure node by the PAR force. (c)
Focussing under flow (flow from top to bottom), 5ul/min, and aligning of sample within 2 mm for
4.138 MHz, 20 V. Scale bar: 100 JM. ..eeieiiiiiie et eree e e e et ae e e e e enree e e e ennees 187
Figure 6-18: Change in acoustic contrast factor due to lysis of red blood cell. (a) RBCs in
microchannel. (b) Acoustic actuation forced cells into pressure node (Target cells marked in red
circle). (c) A light pulse created an electric field for localised cell lysis. (d) Lysis process induced
in cells and change in intracellular and mechanical properties (density). (e-h) Cells started to
move towards pressure anti-node due to sign change in acoustic contras factor. Scale bar 50
8 0 DRSSP 188
Figure 6-19: Focussed blood cells undergo dielectrophoretic movement when passing the illuminated
region. (a) Electric field was switched off and cells experienced PAR and stokes drag force. (b)
At 25 KHz (20 V, 10 mS/m) negative DEP force was dominating over stokes drag force leading
to trapping of blood cells at the light pattern edge. (c) Negative DEP force dominated over PAR
and drag force which led to lateral displacement of cells. (d) DEP force pushed red blood cells
towards the channel top (cells out of focus). Lysis was induced but not completed when light
pattern was passed by cells. Scale bar: 50 uym. Flow from right to left. ...........cc oo, 190
Figure 6-20: Collected blood samples after (a) pumping through the channel without acoustic or
electric actuation, (b) after applying an ac signal of 25 KHz and 20 V, (c) after acoustic actuation
at 20 V, and 4.138 MHz and (d) after optoelectrical actuation at 25 KHz, 20V..............ccc......... 191
Figure 6-21: Lysis efficiency under continuous flow (5 pl/min) in 15 um high channel with 30 ms
exposure times when lysis was triggered by optically induced electric fields. C — Control (control
run, no actuation, conducted after every actuation run), E — power on (20 V, 25 KHz), no light, no
sound, AT — acoustic actuation on (20 V, 4.138 MHz), OET - light induced electric field (20 V, 25
KHz) only, O-A — acoustic and electric actuation for cell concentrations of 17-10° cells/ml, 60-10°
cells/ml, 150-10° cells/ml. The lysis efficiency was obtained from cell count analysis in a
haemocytometer after injecting cells into the microchannel and collecting samples from the
o 11 1 S UPURSRR 191
Figure 6-22: (a) Accumulation of red blood cells at the channel wall under a low flow rate when 20 V
were applied at 25 KHz without light or acoustic actuation. Red blood cells moved toward
insulating SU8 wall where electric field strength was lower creating a dielectrophoretic effect due
to voltage leakage into the liquid despite no illumination. The photoconductor was not a perfect
insulator in its dark state, especially at high voltage a significant voltage dropped across the
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liquid is observed (b) This led to non-uniform electric fields along the channel wall due to a
curved channel wall which acted as insulator. ... 194
Figure 6-23: Jurkat cells sampled after acoustic actuation at 20 V, 4.138 MHz in 0.5 mg/ml of 3 kDa
FITC-dextran DEP-buffer solution. (a) Bright field image (b) Fluorescence imaging (excitation at
495 nm) measured direct after sampling. Scale bar: 50 Pm. ... 196
Figure 6-24: Lysis of densely packed cells using an increased exposure time. (a) Cells were trapped
at electrode edge due to negative DEP force (20V, 25 KHz). (b) Applied voltage was switched off
to release cells and allow movement towards the illuminated area.(c) 2 s after the electric signal
(20 V, 25 KHz) was switched on again. (d) 7 s after lysis was induced (Scale bar 50 ym). The
focus in the images (b-d) was changed towards a higher plane to observe the lysis process as
negative DEP pushed the cells Upwards. ... 198
Figure 6-25: Alternative configuration to optimize lysis of high cell concentrations based on multiple
pressure nodes. (a) Two pressure nodes at 8 MHz, (b) three pressure nodes at 12.541 MHz
(Scale bar 50 um). Distribution of high cell concentrations over several pressure nodes might
help to prevent dense cell aggregates and therefore electric shielding by surrounding cells. ... 199
Figure 6-26: (a) Simulated non-uniform electric field (kV/cm) created by a 2.5 ym spot in microchannel
with 35 ym distance between ITO electrode and photoconductor when a voltage signal of 20 V
and 25 KHz is applied. (b) Corresponding FWHM of the area of higher electric field created by
the 2.5 um light spot. Measurement was taken at 100 nm above the photoconductor surface. 201
Figure 6-27: (a) Simulated potential distribution in the presence of a red blood cell (V) for 20 V and 25
KHz. (b) Cross section potential plot through the center of the red blood cell showing voltage
drop of 0.3 V and 2.1 V across the furthest and closest membrane site relative to the
photoconductor surface for 20 V, 25 KHz. (c) Transmembrane potential for different voltages and
changing electrode distances (25 KHz). Simulations considered a low conductivity buffer of 10
001 703 T S 201
Figure 6-28: Single cell lysis using 2.5 pm light pattern at 25 KHz and 20 V in 10 ms buffer solution.
(a) 2.5 ym beam spot close to RBC. (b) Beam spot was focused on the centre of the cell and a
voltage of 20 V was applied. (c) Cell after 14 s. (d) Lysis complete after 20 s. (e) Cell lysis times
for a range of beam spot sizes. Scale bars: 20 M. ... 202
Figure 6-29: Single cell lysis at 25 KHz and 20 V in 10 mS/m buffer solution. (a) 2.5 ym beam spot
(marked by black arrow) was used for selective lysis of target cells (red arrow). (b) Beam spot
was focused on the center of first target cell and a voltage of 20 V was applied. (c) First target
cell after 20 s of electric field exposure. (d) After 35 s, second target cell lysis was started. (e) 27
s after inducing lysis in second target cell. (f) 50 s after inducing lysis in second target cell. (g)
Simulated change in transmembrane potential with increasing vertical and horizontal distance of
the cell to the light spot center (25 kHz, 20 V, 10 mS/m). Scale bar: 20 ym. .......ccccccveeeiiriinnee. 203
Figure 6-30: (a) Comparison of simulated electric field strength created by a 2.5 ym beam spot in low
(10 mS/m, black curve) and high (PBS, 1.4 S/m, red curve) conductivity buffer. Inset shows
detailed view of red curve. (b) Modelled transmembrane voltage of a red blood cell in PBS buffer.
The distance between the cell and the photoconductor surface was varied between 5 nm and
640 nm. (c) Potential plot of a red blood cell with 5 nm distance to the photoconductor at the
closest (edge of red blood Cell). ... 205
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1. Introduction

‘How many times when you are working on something frustratingly tiny like your wife's wrist
watch, have you said to yourself, "If | could only train an ant to do this!" What | would like to
suggest is the possibility of training an ant to train a mite to do this. What are the possibilities
of small but movable machines? They may or may not be useful, but they surely would be

fun to make.”

Richard Feynman’s amusing and inspiring speech heralds the start in the field of
miniaturization and the establishment of news ways to fabricate tiny things. It took a couple
of decades after his visionary speech before a new field known as microelectro-mechanical
systems (MEMS) was established and allowed a step change in the miniaturisation of

machines.

However, the quote above highlights an essential problem when working at small scales. It is
the lack of control of small objects, their motion, position and state. Today, several
micromanipulation methods exit, each having its benefits and shortcomings. This thesis
starts by introducing several strategies based on force fields to control particles of
micrometer dimensions and turns the focus on acoustic and electric fields in particular

(Chapter 1) before outlining experimentally a route to combine these into microfluidics.

Chapter 2 presents the materials and methods used within this work. Chapter 3 describes
the development of a fabrication protocol to integrate OET into a microfluidic chip
(superstrate). This chip is also used as a resonator structure to enable the creation of
standing wave patterns in the microfluidic compartments. Furthermore, the OET devices are
characterised, potential applications are demonstrated and device properties are critically

discussed.

The Chapter 4 introduces a novel device concept which enables the coupling of acoustic
energy from a surface acoustic wave (SAW) transducer into the fabricated microfluidic chip
to create flexible standing wave pattern. The SAW transducer is characterised and the
acoustic energy coupled into the chip is quantified. Moreover, potential applications of this

concept for continuous particle manipulation such as sorting are outlined.



In Chapter 5, OET and acoustic tweezing are combined to demonstrate versatile particle
manipulations by globally applied acoustophoretic and locally applied dielectrophoretic
forces. The developed OET chip serves as superstrate which is acoustically actuated by the
developed SAW transducer. It is shown that careful control of the force fields enables
particle trapping, aggregation and fusion. The sequential use of the forces is utilized to
concentrate particle prior to precise particle guiding into channel outlets, virtual channels or

adjacent pressure nodes to achieve sorting and fractionation of mixtures.

The following Chapter 6 applies both concepts to perform lysis of cells with high efficiencies
under continuous flow and presents a unique feature of OET that allows precise single cell

lysis.

Chapter 7 uses the platform for selective manipulation of therapeutic microbubbles (MB).
MB positions are controlled by OET and MBs are insonified by ultrasound excitation from the
SAW transducer.

Chapter 8 ends this thesis by giving a summary of the results and an outlook for further

research.



1.1. Microfluidics and force fields to manipulate particles
Microelectro-mechanical systems deliver a vast amount of new device technologies in
numerous fields that surrounds our daily life (e.g. inkjet printers). In the 1990s the know-how
of fabricating these microsystems started to increasingly be applied to the handling of minute
amounts of liquid. It was the field of analytical chemistry, with particular focus on separation
processes (e.g. chromatography), that demonstrated first the advantages of scaling down
and injecting liquids into small channels.? It was the birth of microfluidics and the start of a
new research field that was energised by ideas to miniaturize laboratory functions and create
novel tools to study fundamental physical aspects (e.g. single molecule, single cell)* * and
provide new kinds of reaction vessels (e.g. drug discovery)® and total analysis system (e.g.

sample to answer systems)®.

In general, microfluidic platforms comprise small channel systems connected to liquid
reservoirs (e.g. by tubing systems linked to syringes) mainly fabricated by photolithography
on substrates such as glass, silicon or polymers.” The sizes of the channels are in the range
of hundreds to a few of micrometers enabling the handling of volumes from micro- to
femtoliters. The downscaling benefits from a significant reduction in the sample consumption
and reduced sampling times. The use of small volumes and the increased surface to volume
ratio facilitate fast (e.g. short diffusion length) and controlled transport times of mass and
heat. The fluid flow in such systems is dominated by surface forces such as viscous force
and surface tension rather than inertial forces, gravity and buoyancy.® The Reynolds
number, which is defined as the ratio of inertial and viscous forces, is low (<1) promoting
sleek and constant fluid motion known as laminar flow. The fluid velocity of a laminar flow
varies from zero at solid boundaries to a maximum along the centre of the bulk fluid volume

creating a parabolic profile (Poiseuille flow).

The flow of microparticles such as beads or cells suspended in a liquid inside a
microchannel is dominated by viscous interactions at low Reynolds numbers (< 1). A particle
accelerates to the local fluid velocity due to the viscous drag of the fluid over the particle’s
surface almost instantly.® The drag force Fg for a homogeneous spherical particle in a

viscous fluid can be described by Stoke’s law:
Fs = 6nmau (1.1)

where n is the viscosity of the fluid medium, a the particle radius and u the velocity of the
particle. A particle subjected to viscous drag force under continuous flow remains positioned
in a laminar streamline. However, the increase in the Reynolds number (>> 1) gives rise to

additional hydrodynamic effects which includes inertial lift and Dean drag forces.
3



Microchannel geometries are specifically designed to control the influence of these force

fields and induce particle motion across laminar streamlines.®

In many microfluidic applications, the adjustment of the fluid flow field and the associated
drag forces combined with precise laminar streamlines and certain microchannel designs
has been applied to control particle positions within a microfluidic channel and achieve
particle and cell separation. The common examples include particle focusing by sheath® and
inertial focussing flows'®, particle separation using pinched flow fractionation,
hydrodynamic filtration'? and deterministic lateral displacements™. For instance, pinch flow
fractionation is based on particle wall interactions™ and the spreading of laminar streamlines
(profile) after opening of a narrow (pinching region) microchannel section into a wider one. A
particle mixture is first hydrodynamically focused along a wall in the pinching region by a
particle free stream. The size (radius) of the particle then determines the center distance to
the wall and hence the location within a particular streamline. Once the particles past the
pinching region, the spreading of the laminar streamlines leads to the particle separation.
Such hydrodynamic methods are easy to implement, cheap and have been shown to be
valuable tools for a range of applications, especially where fast and high throughput is
required. However, a continuous flow is always needed to process a sample which impedes
selective and individual particle handling in dense samples. Also, often high flow rates
(ml/min) are the basis to make use of hydrodynamic effects (e.g. Dean drag force for
separations’®) which requires large sample sizes (several milliliters) or accepting sample
dilution with potential sample losses. Separation of particles takes place based on size and
shape but may not be successful when for instance dead and viable cells need to be
discriminated since their size or shape are similar. Therefore, a greater benefit arises with
the ability to integrate additional force fields into microfluidic systems that allow the
manipulation and control of small objects under varying conditions (e.g. static fluid, low
sample volume) based on different physical criteria such as the chemical, electrical,

magnetical or mechanical properties of particles.

Many micromanipulation concepts have been introduced to microfluidics in recent decades.
These concepts make use of non-inertial force fields including optical gradient force'®,
magnetic force'’, dielectrophoretic'® and acoustophoretic forces'. The methodology behind
these manipulation approaches is often simply depicted as tweezers which are able to grab
tiny objects without mechanical contact. Optical tweezer (OT, single beam) for instance uses
highly focused laser beams to create an optical gradient force that is able to hold and move
particles in three dimensions. The laser light is typically focused through a microscope
objective with high numerical aperture into a microfluidic compartment. The energy and

4



momentum carried by the light beam is transferred to a particle upon refraction and reflection
of the light on the particle’s surface. The interaction gives rise to a net force which is the sum
of the scattering force and the gradient force. The scattering force arises from the refraction
and reflection of the light beam. The gradient force, which is the result of the gradient of the
light intensity profile, is directed towards the centre of the light beam. A particle subjected to
the gradient force experiences a restoring force with a movement towards the beam center.
The scattering force can push particles in any direction. In order to achieve a stable trap a
single laser beam is tightly focused where the gradient force dominates over the scattering
force so that the resulting net force acts as restoring force towards the beam center. OT is
not restricted to a single trap but able to create multiple beams to trap more than one particle
at the same time by using different configurations which include rapid laser beam movement
(us), beam splitting and computer generated holograms (interference patterns).”® A big
advantage of OTs is the ability to tune the optical force dynamically in time and space which
has been utilized for trapping?', moving® and rotating® of single particles as well as probing
mechanical properties by deforming cells and molecules to characterize forces in biological
matter®” 2°. OTs manipulate particles from nanometer scales up to hundreds of micrometers
using forces from femto- to nanonewtons.”® Moreover, optically induced separation under
continuous flow in microfluidic channels has been demonstrated using a static three
dimensional optical lattice or an array of optical traps produced by light interference
patterns.?” ?® Separation was achieved by deflecting particles selectively along the optical
pattern depending on their affinity to the optically generated force and the hydrodynamic
force. This kind of optical fractionation is extremely versatile and applicable to various
particle mixtures as wavelength, intensity and geometry of the traps can be adjusted and
optimized to fit many conditions. Overall, since the introduction in 1986, OT has become an
important tool for micromanipulation and for gaining fundamental insights in diverse micro-
and nanoscale processes which cover many research fields including biology, physical

chemistry and soft matter physics.?

In the last 15 years magnetic fields have been increasingly applied in microfluidics to handle
particles based on their magnetic susceptibility. Particles subjected to a non-uniform
magnetic field experience a gradient force which depends on the volume of the particle, the
magnetic susceptibility of the particle relative to the medium as well as the gradient and the
strength of the magnetic field. Particles are either forced towards field maxima or minima
based on their field permeability which is classified as diamagnetic, paramagnetic or
ferromagnetic. For instance, most materials such as cells, polymers, water, DNA have a low

susceptibility and are classified as weak diamagnetic or non-magnetic. An imposed external
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magnetic field creates an opposing magnetic field inside the material which results in a very
small magnetic force acting towards field minima. The opposite behaviour can be observed
for paramagnetic materials such as oxygen or platinum while ferromagnetic materials have a
strong susceptibility and experience a strong force towards field maxima within a non-
uniform field. For ferromagnetic microparticles typical forces are in the range of a few
piconewtons to ten of piconewtons?® well defined to the high field region but decay rapidly
with increasing distance to it. A benefit of magnetic manipulation includes that magnetic
interactions are not influenced by surface charges, pH, medium conductivity or temperature,

however, magnetic interactions often need to be enhanced by altering the medium

30, 31 |32, 33

properties or labe objects of interest (e.g. cells, except of red blood cells due to
paramagnetic hemoglobin34) with magnetic particles to generate appropriate forces for
manipulation. An advanced method of labelling cells includes the use of magnetic
nanoparticles (< 0.5 pm) modified with cell specific antibodies which can bind to the surface
of a target cell. The labelled cells can be separated from non-labelled cells upon activation of
a magnetic field. This process is known as magnetic-activated cell sorting (MACS).*® The
magnetic fields can be generated by small (severall millimeters) permanent magnets®* or
electromagnets® placed outside the microchip or even fabricated onto the microchip
subtrate® 3 for a spatially more confined field or complex field pattern. Under the influence
of magnetic fields particles can be trapped, transported and sorted within microfluidic
compartments. For instance, a sequence of tapered electromagnets outside a capillary have
been used to trap magnetic beads (2.8 ym) followed by the transport along the capillary

length induced by switching the external field to an adjacent magnet.39

Through integration
of current carrying planar electrodes, magnetic fields have been generated inside
microfluidic compartments. A pair of ratchet electrodes have been used to transport
magnetic beads along the electrodes when an alternating current was applied to induce
switching of high field regions along the electrode pair.*® A dense mesh of individual
addressable gold electrodes has been applied to produce magnetic fields locally. This has
been used to trap magnetic particles and labelled cells as well as transporting in all
directions by careful electrode actuation.*’ Separations of magnetic, magnetically labelled
and non-magnetic particles have been demonstrated under continuous flow with externally
or internally produced magnetic fields deflecting particles based on size or magnetic
susceptibility into side channels or adjacent laminar streams.**** Magnetic particles are
often used for bioassays where they serve as solid supports for immobilised biomolecules
such as DNA or proteins. In continuous flow application such functionalized particles are
trapped prior to reactions with a sample liquid containing disease related biomarkers. The
trapped particle agglomerate increases the surface area and decreases diffusion and
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reaction times to speed up the analysis process. *> *® Overall the use of magnetic fields in
microfluidics has shown to be a promising route to integrate various lab functions into

miniaturized systems.

Electric fields and acoustic fields have found extensive use in microfluidic systems. In

47-49 and

particular dielectrophoretic particle manipulation in non-uniform electric fields
acoustophoretic manipulation within a standing wave field®*>® became very popular in the
lab on a chip community. In the following chapters a detailed introduction to these methods
is given with special focus on light induced electric fields and ultrasound generated standing

pressure waves.

1.2 Optoelectronic tweezing
The principle of optoelectronic tweezing (moving particle with light patterned electric fields)
and the forces associated with it are introduced in this chapter. An overview of potential
applications for light induced particle manipulation is presented. In addition, simulations of an

OET device are shown which help to understand the device characteristics.

Optoelectronic tweezing

Optoelectronic tweezing (OET) is a micromanipulation method where focused light is applied
to pattern electric fields which interact with microparticles suspended in a liquid medium. In
particular, the electro kinetic motion of polarisable particles under the influence of a non-
uniform electric field between electrodes is the principle behind OET. The essential element
in an OET system is a photoconductive material which absorbs some frequencies of
electromagnetic radiation and changes resistivity due to electron-hole pair generation. The
electric field pattern is then the result of an applied AC voltage accompanied with local
changes in the photoconductivity induced by patterned light illumination. The illuminated
area, producing the high electric field region, is called a virtual electrode. A typical OET
device consists of a photoconductor such as amorphous silicon (aSi) deposited on an indium
tin oxide electrode (ITO) and a second ITO electrode separated by tens of micrometers to
create a microfluidic manipulation volume. Figure 1-1 shows a schematic diagram of a
typical OET device similar to those used in this work. The electric field polarises particles
suspended in the liquid medium. The gradient in the non-uniform field produces unequal
forces on the poles of the dipole created and this induces movements towards regions of
high or low electric field strength depending on the electrical properties of the liquid medium
and the particle. The electro kinetic motion produced by the electric gradient force is called

dielectrophoresis (DEP).



ITO electrode

Liquid medium —

Electric field

+ DEP
V2

Photoconducto
ITO electrode

Light source

Figure 1-1: Schematic of the structure of an optoelectronic tweezing (OET) device. A typical device
consist of transparent top and bottom indium tin oxide (ITO) coated glass electrodes while one of the
electrodes (bottom) is covered with a photoconductor such as amorphous silicon (aSi). A liquid
medium is sandwiched between the electrodes and contains the particles to be manipulated. A
voltage is applied between the ITO electrodes and a light source such as a data projector or laser
provides selective illumination of the photoconductor. In the illuminated regions a change in the
conductivity of the photoconductor takes place and transfers the voltage into the liquid layer. This
creates a non-uniform electric field which interacts with the particles in the liquid in the form of positive
or negative dielectrophoresis (DEP).

1.2.1. Principle of optoelectronic tweezing (OET)
The use of light to create altered electric fields for particle manipulation was first introduced
by Hayward et al., who demonstrated the patterning of charged colloids on indium tin oxide
electrodes (ITO) illuminated by UV light.** The current across the ITO surface has been
altered by different light intensities causing particles to assemble in the light-patterned areas
when a dc voltage was applied between two ITO electrodes. This phenomenon is related to

electrostatic forces in a uniform electric field and is widely known as electrophoresis.

The term OET was first introduced by Chiou et al. in 2005.% In this work photoconductive
aSi combined with ITO was used to massively manipulate particles simply by the projection
of patterned light. Compared to the work by Hayward et al.,, an alternating voltage was
applied between the photoconductor and the ITO plate. As long as the light was off, most of
the voltage dropped across the aSi, ideally. But when switched on, the conductivity of the
aSi layer increased by several orders of magnitudes and caused the voltage to switch into

the liquid medium.*® The result was a localised electric field gradient inducing DEP as a
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result of the interaction between the non-uniform field and the polarised particle. This
allowed Chiou et al. to show that by changing the light pattern the pattern of forces could be
changed, giving continuous control of the particles, a significant advantage of OET over DEP

based on metal electrodes.

The operation of an OET device relies on the impedance of the photoconductive layer and
the impedance of the liquid medium being chosen correctly. While the electrical properties of
the liquid stay constant, the impedance of the photoconductor can be adjusted as a function
of light intensity. For instance, the conductivity of amorphous silicon (used in this study)
increases linearly with increasing light intensity (0.1 — 100 W/cm?) for a given wavelength of
632 nm.*® An amorphous silicon layer of 1 um thickness has a conductivity of approximately
1 -10° S/m in the dark state (no illumination). But when illuminated (light state), electron-hole
pair carriers are generated in the photoconductor and the conductivity increases to up to 1
-10"® S/m depending on the light intensity (several W/cm?). The light absorption coefficient of
amorphous silicon depends strongly on the wavelength of the illuminated light.*” In the
visible spectrum the aSi absorption coefficient is around 10 /cm, resulting in a 90 %
attenuation length within a 1 pym aSi layer.”® Furthermore, the light state as the result of
selective illumination and the dark state in aSi are well confined. The diffusion length
(ambipolar diffusion) of the light induced charge carriers due to an applied electric field is in
the order of 115 nm for aSi.*® This means that patterned light which acts as a virtual

electrode has a resolution limit mainly defined by the optical diffraction limit,*

d= —— (1.2)
where A is the wavelength of the light and N.A the numerical aperture of the objective. For
instance, in this work the wavelength was around 600 nm and the numerical aperture of an

objective (10x) was 0.25 resulting in minimum virtual electrode size of 1.2 pm.

The OET device structure in Figure 1-1 can be represented in form of an equivalent circuit
consisting of two impedance elements (Figure 1-2). One represents the frequency
dependent impedance of the photoconductor and one the impedance of the liquid. In the
dark state the impedance of the photoconductor dominates and most of the voltage drops
across it creating a weak field in the liquid medium. In the light state the impedance of the
photoconductor is reduced resulting in an increased voltage drop across the liquid medium
and a stronger electric field suitable to operate the OET in form of light induced

dielectrophoresis. However, care must be taken in selecting a suitable liquid conductivity. A
9



high liquid conductivity decreases the voltage switched into the liquid.”® The majority of the
voltage drops across the photoconductor due to the decreased impedance of the liquid.
Conversely, if the liquid impedance is too high, the voltage will be dropped across the liquid
in both light and dark regions producing no field gradient. The optimal liquid conductivity to
enable light induced dielectrophoresis is typically in the range of 0.1 mS/m to 20 mS/m.?"%° It
also should be noted that as impedance is a combination of resistance and reactance, and
only reactance can be light patterned, care must be taken to not allow reactance to dominate

the impedance of the photoconductor.

Il | TO electrode

Liquid medium [~

4
. >Z
ITO electrode p- =m
[« | TO electrode

Liquid medium (~)

Photocond
Z,>2,
ITO electrode

Light source

Figure 1-2: OET device operation simplified as equivalent circuit model. (a) In the dark state (no
ilumination) an applied AC voltage signal drops mainly across the photoconductors impedance Z,
which dominates over the impedance of the liquid Z,,. (b) In the light state, the Z, is decreased, Z,
dominates and more voltage drops across the liquid layer.

For this the frequency range for OET operation needs to be considered as well. This is
linked to the device structure and its frequency dependent impedance elements. While the
photoconductor impedance is dominated by the resistive term of the impedance at low
frequencies, the capacitance term dominates at higher frequencies. This means the voltage
drop into the liquid is not only triggered by the liquid properties and the illumination of the
OET, but also by the frequency of the applied AC signal. For instance, at a high frequency
the photoconductor impedance is low, even in the dark state, due to the decreased
capacitance resulting in a voltage drop across the liquid medium which creates a uniform
field across the device. Only at low frequencies, is the voltage drop efficiently triggered by

the light pattern and the liquid conductivities (see above) to enable sufficient generation of
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non-uniform electric field regions in an OET chip. Based on the literature, OET for cell and
particle manipulation based on DEP is mainly applied in the frequency range from 10 KHz to
300 KHz 61, 64, 66-71

1.2.2. Device structures and systems for optoelectronic tweezing
The most common device structure for OET is based on the parallel arrangement of the
electrode substrates as shown in Figure 1-1 where the electric field is patterned upon
illumination from a light source perpendicular to the photoconductor electrode and a second
electrode (e.g. ITO). However, several groups have adjusted the original design to allow
functions and obtain benefits for particle manipulation and device integration. For instance,
Hwang et al. developed an OET device where parallel oriented substrate electrodes were
both modified with a photoconductive layer (aSi) which they called 3D OET device.” This
device was developed for the need to avoid non-specific interactions (hydrophobic,
electrostatic etc.) of particles with the surface which would otherwise limit the manipulation
efficiency. By applying a single illumination pattern, two virtual electrodes were created on
each photoconductive layer resulting in a strong field gradient close to the surface of the
electrodes. This was followed by the movement of polystyrene particles towards low field

region in the bulk of the liquid by negative DEP and produced a 3D particle focussing effect.

An alternative OET device has been shown by Ohta et al. were the parallel electrode
arrangement was replaced by a planar one on a single substrate.®” ”° The device was called
lateral OET (LOET). The name originated from the fact the non-uniform electric field in the
device was parallel to the substrate compared with the common design. This was achieved
by etching aSi and the underlying ITO into a interdigitated electrode array. The advantage
here is that the gap between the electrodes can be easily defined by standard
photolithography which means the lateral electric field gradient can be tuned by the array

geometry and allows, for instance, the orientation of nanowires parallel to the substrate. 1

A floating electrode OET device (FOET) was developed by Park et al..”® Similiar to the LOET
device, a single electrode substrate was used, however, instead of an ITO layer underneath
the photoconductor, aSi was directly deposited onto a simple glass substrate. On top of the
aSi layer a pair of aluminium electrodes separated by 5 cm were deposited. These
electrodes were used to create a lateral electric field across the whole FOET device with
uniform character in the centre of the device. This resulted in no net force in the presence of

particles (in this case water/oil droplets). However, the selective illumination of the aSi

11



perturbed the uniformity and formed a dipole in the particles which were then able to be

actuated.

Another important development used a phototransistor based OET (Ph-OET)™ device to
overcome operational limitations of OET associated with high conductivity liquid media, as
discussed above. In this work a substrate with single-crystalline bipolar junction transistors
was used to increase the photoconductivity to 1 10" S/m - 1 -10® S/m. The transistor
substrate was parallel to an ITO electrode and the field was created perpendicular to the

electrode substrates.

The Ph-OET device demonstrated an alternative to the common amorphous silicon
photoconductor. However, the phototransistor device and the common aSi are expensive,
requiring specialised equipment for fabrication. To overcome this issue, a couple of groups
introduced cheaper polymer based photoconducting materials which can be spin coated
onto substrates. For instance, Wang et al. used poly(3- hexylthiophene) and [6,6]-phenyl
C61-butyric acid methyl ester coated onto ITO as photoconducotor and demonstrated light
induced DEP on polystyrene beads.” A study by Yang et al. applied low cost titanium oxide
phthalocyanine (TiOPc) in a similar manner which proved to be a viable alternative to aSi by

showing particle and cell manipulations based on DEP.”

An OET device is usually placed under a microscope for monitoring the light induced particle
actuation. The objective used for observations or an additional objective can be used to
enable the focussing of patterned light onto the photoconductor at low optical powers (< 1
W/cm?). As optical source for providing virtual electrode patterns, light-emitting diodes (LED)
or halogen lamps combined with digital micromirror devices,*® %% data projectors,®" ’ liquid

) ® 7 and microLEDs %% ' have been used. LCD and microLED based

crystal displays (LCD
OET systems show the feasibility of miniaturisation of a rather complex optical setup into a
more portable configuration which may be used in the field. With new developments in the

area of miniaturized data projectors, system as small as a brief case can be obtained.®
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1.2.3. Dielectrophoresis
Dielectrophoresis describes the interaction of a non-uniform field with the induced dipole in a
particle. In general, an electric field induces the formation of a dipole within a material and an
accumulation of charges at the material’'s surface (polarisation). A particle subjected to a
uniform electric field experiences a Coulomb force and the forces on the charges on either
side of the particle are equal and in opposite directions. The result is a zero net force acting
on the particle. But in the case of a non-uniform electric field where the magnitude varies in
the area around the particle the Coulomb force acting on the dipole sides is unequal. The net
force is the electrical gradient force or dielectrophoretic force (DEP force) and the action of
movement is called dielectrophoresis.?®> The movement of a particle or cell towards regions
of strong electric fields or repulsion from these regions depends on the polarisability of the
particle relative to the suspending medium (Figure 1-3). Attraction or repulsion refers to
positive and negative DEP forces and has been first investigated by Herbert A. Pohl in 1951,
although the term DEP was introduced later.’® In general, the magnitude of the force is
strongly related to the applied frequency, the electrical properties of the suspending medium

and the particle as well as the particle’s size and shape.

Figure 1-3: Positive and negative DEP of particles more and less polarisable than the surrounding
medium.

In a non-uniform electric field (E), a dipole moment (u) is induced in the particle. The dipole
experiences a net force related to the gradient of the electric field which is called the electric

gradient force or DEP force and can be approximated as:®*

Typically, a spherical particle immersed in a dielectric liquid medium and subjected to a non-
uniform electric field is used as simplified model to describe the DEP force. In this model
several assumptions are made which include that the particle undergoing DEP is a

homogenous dielectric.*® The polarization induced in the particle is assumed to be a simple
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dipole and the electric field in the infinite dielectric medium is not perturbed by the presence
of boundaries such as other polarisable particles. Then the time-average DEP force on a

sphere can be expressed as:*°
(Fpgp) = 2ma3e,eqRe[K (w)]VE? (1.4)

Here, a is the radius of the particle. ¢,¢, is the absolute permittivity of the medium with ¢,
being the relative permittivity of the material (liquid medium) and &, the permittivity of
vacuum. VE? is the gradient of the electric field squared. Re[K(w)] is the real part of the
Clausius-Mossoti factor (CM) which is defined through frequency dependent properties of
the materials (particle/medium). The CM factor determines whether the DEP force is directed
towards regions of low (negative DEP) or strong (positive DEP) electric fields and is given
by:49

K(w) = (—m) (1.5)

ept2em

Here, ¢, and ¢, are the complex permittivity of the particle and the medium which are given
by:
Ep/m = Er€0 —J (g) (1.6)

Here, ¢, is the relative permittivity of the material (particle or liquid medium). The conductivity
of the material is defined by ¢ and w is the angular frequency. The current in a particle can
be considered to be associated with field-induced movements of free charges and field
induced perturbations of bound charges.”® At high frequencies the particle acts like a
capacitor (no moving charges, displacement current) while at low frequencies a particle acts
like an insulator or conductor as the conduction of free charges dominates. Therefore, the
DEP force depends on the conductive properties of the particle and the surrounding medium
at low frequencies. At high frequencies the permittivity values of the materials are important
and at intermediate frequencies the conductive and dielectric properties of the medium and
the particle determine the magnitude and the direction of the DEP force.*® The CM factor
takes values between +1 and -0.5 which represents if a particle is more or less polarisable
than the surrounding medium. A positive CM factor means that particles move to a region of
highest electric field. Conversely, particles are repelled from these regions for a negative CM
factor. Figure 1-4 shows values of the CM factor as a function of frequency for a 6 um
polystyrene particle (o = 1- 107" mS/m, ¢, = 2.5) suspended in a liquid medium of

different conductivities (0.1 mS/m, 1 ms/m, 10 mS/m, &, = 79).
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Figure 1-4: Real part of the Clausius-Mossotti factor as a function of frequency for a 6 uym polystyrene
particle suspended in liquid medium of varying conductivity.

As seen in Figure 1-4, the CM factor varies as a function of frequency and media
conductivity. A significant change in the CM factor over the frequency range can be
observed for the lowest conductivity. At low frequencies the CM factor is positive and a
positive DEP force is induced followed by the particle being attracted to regions of high
electric fields. However, at higher frequencies a transition (crossover frequency) takes place
where the particle’s CM factor becomes negative followed by repulsion from high electric
field regions due to negative DEP. As the conductivity of the liquid medium increases
positive DEP disappears and is completely replaced with negative DEP as the result of the
medium being more polarisable relative to the particle. It may be worth noting that
conductivities as low as 0.1 mS/m are hard to achieve, practically, polystyrene particles
usually experience negative DEP except when small enough for surface conductance to

dominate.

While large polystyrene beads can be considered as homogenous throughout the volume,
particles like biological cells are not homogenous due to components such as the cell
membrane and the cytosol. The complex permittivity of the cell and hence the CM factor are
therefore more difficult to estimate. However, a simple single shell model can be used to
predict the frequency dependent dielectrophoretic response of cells. The model considers
the complex permittivity of the cell's membrane (thin shell) and the complex permittivity of
the cell interior (cytosol). Although being greatly simplified, empirical studies®®” have shown
that a single shell model gives good agreement with the dielectric response of a cell. The

single shell model is given by:®
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Where &y, and .., are the complex permittivities of the cytosol and membrane and d is

the thickness of the membrane. Although the model is derived for perfect spherical single
shelled particles, it has been shown that it can be used to approximate the CM factor for
discoid-shaped human erythrocyte (red blood cell, RBC).** The cytosol of RBCs has no
compartmental structures but is composed of a homogenous haemoglobin suspension
making it a reasonably good model system.® The frequency dependent real part of the CM
factor is shown in Figure 1-5. Here a membrane thickness of 7 nm was considered
accompanied by permittivities and conductivities for membrane and cytosol of 12.5 and 1-
10® mS/m as well as 60 and 0.8 mS/m, respectively (values obtained from Menachery et
al.®®). At low frequencies and a medium conductivity of 10 mS/m the CM factor is negative.
Here, the insulating properties of the cell membrane, despite being very thin, dominate. The
cell is less polarisable than the surrounding medium. However, a transition takes place at
higher frequencies where the conductive properties of the cell interior start to dominate over
the capacitive membrane leading to a positive DEP response. The dielectric response is cell
specific due to varying intrinsic properties (e.g. cell size). This can be used to separate
different cell types from each other for instance.
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Figure 1-5: Frequency dependent real part of the CM factor for a red blood cell (erythrocyte)
suspended in 10 mS/m liquid medium.

For small particles the surface conductance imposed by the liquid medium can influence the
CM factor. The polarisation of a particle in an electric field induces the formation of an
electrical double layer at the liquid/solid interface due to electrostatic interactions of charges
on the particle’s surface and the ions in the liquid medium. These ions are mobile under the

influence of an electric field and give rise to a surface conductance K; ( ~ 1 nS) which
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influences the overall polarisability of a particle and can exceed its bulk conductivity abulk.“g
Therefore, the total conductivity of a particle should be described as the sum of bulk and

surface conductivity,

2K
O'p = Opulk + Ts (1 8)

The surface conductance dominates significantly for nanoparticles where the width of the
electric double layer becomes the same size or larger than the particle’s diameter. For
instance, an insulating latex bead of 216 nm diameter suspended in a liquid medium of 10
mS/m experiences positive DEP (up to 107 Hz).2® The double layer conductance results in

the particle being more polarisable than the medium.

In summary, from equation 1.4 one can state that the DEP force is zero for a uniform field.
The CM factor determines the direction and partially the magnitude of the DEP force. The
DEP force scales with the particle’s volume. Moreover, the DEP force is proportional to the
square of the gradient of the electric field magnitude, which means the DEP force is also
proportional to the square of the amplitude of the applied voltage. The electrode geometry
and the gap between electrodes, which triggers the gradient of the electric field, are
important experimental factors. The DEP force can be considered as a small range force as
the electric field gradient decays exponentially with the distance of the electrode and

remains strong only close to the electrode.

A common way to estimate the DEP force in microfluidic channels is by balancing it against
the viscous drag imposed on a particle under fluid flow. This means a dielectrophoretic trap
(positive or negative DEP) is generated at the electrode and the electric field is varied until a
trapping of approaching particles is achieved. The measured velocity of a homogenous
spherical particle within a laminar flow corresponds to the fluid velocity when viscous drag
force dominate over inertial forces at low Reynolds number (<1). Then the velocity of a
particle is proportional to the drag force Fg and given by Stokes law (equation 1.1). However,
a more accurate result can be obtained when the particle position relative to the
microchannel wall is known. The fluid flow that surrounds the particle in the presence of a
wall is different compared to the flow in the bulk liquid and hence Faxen’s correction *° may

be introduced to equation 1.1 when the particle-wall distance is determined precisely.
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1.2.4. Other electrokinetic effects in optoelectronic tweezing
When using OET, care must be taken to ensure that operations are carried out in a regime
where DEP is dominant. Valley et al. have shown that the DEP force is overcome by other

physical effects when changes in voltage, frequency and optical power occured.*

Electrolysis describes a process were oxidation and reduction reactions of solvent
compounds take place at electrode surfaces driven by a DC current. Although OET usually
operates with AC signals, at lower frequencies (<1 KHz) and high electrode potentials
electrolysis of water into hydrogen and oxygen can occur. The result is the creation of gas

bubbles in the OET device and damaging of the photoconductor.

An electrode with an applied potential placed in an electrolyte induces the formation of an
electric double layer at the electrode/electrolyte interface as the result of electrostatic
interactions of ions in the solution and charges at the electrode surface. In the presence of a
tangential electric field component with sufficiently low frequency, the Coulomb force pushes
ions in the double layer and generates a fluid flow. This effect is described as electro-
osmosis. In an AC electric field, the double layer acts as a capacitor which changes polarity
in response to the field resulting in a steady motion of the solvent-ions. However, electro-
osmosis is frequency dependent and only occurs at sufficiently low frequencies (<10 KHz)
where the double layer is able to sustain the field induced polarisation. The induced fluid flow
is strong enough to enable an efficient transport of particles independent of their size and

electrical properties.

Furthermore, electro-thermal effects have been observed when operating with high optical
power (>100 W/cm?) and high electrical fields (>20 V). Phonon scattering and Joule heating
as heat sources generate gradients in electrical permittivity and conductivity in the solution
which then interact with the electric field producing an external fluid flow driven by a body

force.”®

1.2.5. Applications of OET
The advantage of OET based electrokinetic manipulations compared to the conventional
method of using fixed metal electrodes is the flexible and dynamic arrangement of virtual
electrodes of any, 2D, geometry. Therefore, the described electrokinetic effects in an OET
device have been used for a range of different applications in microfluidics. For instance, the
light induced DEP force was applied to select and move individual particles such as cells,

polystyrene beads and gas bubbles attracted to virtual electrodes (positive DEP) or trapped
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in it (negative DEP).%® %% 75-80.91.92 Eyen actuation of submicrometer particles such as carbon
nanotubes and DNA using positive DEP has been demonstrated.”" % For instance, Chiou et
al. impressively showed the parallel manipulation of up to 15,000 microparticles using a LED
as light source and a digital micromirror spatial light modulator (DMD device) to pattern
virtual electrodes on the photoconductor.> Single polystyrene beads of 4.5 um were trapped
and moved by negative DEP in individual virtual ring patterns of 4.5 ym diameter across an
area of 1.3 mm x 1.0 mm. The achieved patrticle trap density was 11,500 traps per mm?. Zhu
et al. used light induced DEP to characterise the frequency dependent behaviour of various
microparticles.®® A conventional OET device stimulated by a DMD device was used first to
trap particles of various sizes in optical ring patterns followed by linear motions of the pattern
to determine the maximum particle velocity (before particles escaped from the trap) for a
range of frequencies. The obtained velocity spectra can be used distinguish microparticles,
for instance. Yang et al. applied OET to manipulate gas picobubbles suspended in silicon oil.
The picobubbles were less polarisable then the suspending medium due to the insulating
gas. This enabled the attraction to virtual electrodes by positive DEP in frequency range of 1
Hz to 20 MHz. DEP forces of up to 160 pN could be achieved when bubbles of 300 pL
volume were manipulated. Furthermore, this study demonstrated that individual controlled
bubbles undergo fusion when brought in contact. The manipulation of nano-objects by OET
has been demonstrated by Pauzauskie et al..”" Multiwalled carbon nanotubes ( ~ 80 nm
diameter, several hundred nanometer in length) were attracted to high field regions
generated by virtual electrodes on an aSi coated substrate. The nanotubes aligned parallel
to the electric field lines when trapped and their positions within the OET device was
controlled by translating the virtual electrode patterns with manipulation speeds of up to 200

um/s.

As the DEP force scales with the volume of the particle, this has been applied to samples of
different sized beads and droplets to achieve separations and sorting functions.®* %% For
instance, Lin et al. used focused light of different wavelengths to create moving virtual
electrodes on a aSi layer.** Each wavelength was associated with a particular electric field
strength due to a difference in the generation of charge carriers in the aSi layer. The
resulting DEP force was large enough to move large beads while small beads were left
behind. Alternatively, sieve like light pattern structures can be generated which are able to

trap large particles while smaller particles can pass them, as shown by Ohta et al..®

The light induced DEP has also been applied to analyse and pattern biological cells. Dead
and viable B lymphocyte cells have been discriminated by exploiting the difference in the
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dielectrophoretic response at a particular frequency.®’

While dead cells experienced
negative DEP which pushed them from a virtual ring pattern, viable cells were stepwise
attracted to it and concentrated. A similar dielectrophoretic behaviour has been found for
viable and non-viable sperm cells which can help to improve fertilisation experiments.®’
Moreover, Valley et al. showed that OET is a promising tool to distinguish developmental
stages in embryos which can be used to enhance the outcome of in vitro fertilisation where
the most mature embryos increase the success rate of live birth.*® Valley found that the
dielectrophoretic response changes from positive DEP in the early stages to negative DEP in
the mature stages of the embryo. The work is a good example which shows that probing the
dielectric properties of a cell using OET is significantly simplified by virtual electrodes
compared to fixed metal electrodes. OET can be a useful tool to pattern cells or cell-
constructs in arbitrary ways for subsequent cell behaviour studies. For instance, Lin at al.
showed a perfusion system for bottom-up tissue engineering where OET was applied to
arbitrary arrange alignate microbeads with encapsulated cells.” The beads were of 80 pym in
diameter and loaded with cell concentrations of up 1-10” cells/ml. A positive DEP force was

used to generate 3D sheet-like cell culture constructs.

As described above, other electrokinetic effects are present in an OET device and in
particular, light induced electro-osmosis has been used for concentrating small particles
(0.2-3 um)®® %% 1% and even molecules such as dextrans'’, proteins'® and DNA.'® At low
frequencies (<10 KHz), the tangential field at the edge of a virtual electrodes induces a fluid
flow directed towards the centre of the light pattern. The maximum flow velocity can be found
at the electrode edge while a stagnation point is setup in the centre of the electrode.®® The
results are vortex flows on the electrode edges which drive particles and molecules into the

stagnation point.

OET can also be used to create strong electric fields which enable the selective poration

and lysis'%% 1%

of cells which can be applied to transfer molecules into a cell, analyse cells in
regards to particular intracellular biomarkers or enrich a particular cell type. Cell lysis using
OET was studied within this work and a detailed introduction to this topic can be found in

Chapter 6.

1.2.6. Model and simulations
In order to understand the device characteristics of a micro scaled OET device a range of

simulations were undertaken using the finite-element modelling software COMSOL
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Mutliphysics (v3.5). A simple 2D cross-section model which depicts the liquid layer and the
photoconductor layer in the OET device and their actual thicknesses is used to introduce
field distributions, magnitudes and components in the microdevice before the influence of
parameters such as the conductivity of the liquid medium and the photoconductor, vertical
channel dimensions, electrode pattern sizes as well as potential drops across the layers are
specifically explored in chapter 3 by experiments and simulations. In the following example
the geometry, layer properties and parameter values resemble a typical configuration for a

conventional OET device.

The AC/DC module (In-plane electric currents) in COMSOL was applied and 2D cross-
section geometries of the OET chip with specific boundary conditions were implemented.
The Figure 1-6 shows a schematic of the geometry with defined boundary conditions. To
simplify the model the ITO layer was removed as the potential change across it is negligible.
The sides of the cross-section were assumed to be electric insulators owing to the fact that a
polymer (SU8) was used as microchannel wall in this work. The upper side of the geometry
was given an electric potential (V = V), while the lower side of the photoconductor was set
as ground (V = 0). The enclosed sides (Interfaces to layers) were subjected to the continuity
boundary condition. The layers of the OET device were defined as subdomains and

specified by defining geometrical and electrical parameters.

Electric potential boundary
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Figure 1-6: Schematic of boundary conditions and subdomains used for simulations of electric field
and potential distributions in the OET device.

An overview of the parameters for the different materials is shown in table 1-1. The
photoconductive effect was modelled as a change in the electrical conductivity of the aSi
layer. The microscope in this work was equipped with a set of different objectives leading to

different optical powers and hence different light intensities (see Figure 2-8 in Chapter 2).
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The influence of light intensity on the conductivity of the aSi layer was considered by defining
values for the dark- and light-state for each objective.

Table 1-1: Parameters used for simulations.

Thickness liquid domain 5—-300 um

Thickness aSi 1um

Conductivity ¢ liquid medium 0.005-0.1 S/m

Conductivity o aSi (light state) 4-10™ S/m (10x), 8.5 - 10™ S/m (20x), 1.4 - 10° S/m (40x)
Conductivity o aSi (dark state) 5.7 - 10° S/m (10x), 1.1 - 10™ S/m (20x), 1.8 - 10™° S/m (40x)
Permittivity ¢ liquid medium 79

Permittivity ¢ aSi 14

The electric field distribution is computed for the applied potential V by solving the continuity

equation:
V=2 (1.9)
J=Jc+Ja= oE+ 2 (1.10)
E= -V (1.11)

J is the current density, J. is the conduction current, j; is the displacement current, p is the
charge density, E is the electric field, t is the time, V is the electrical potential, and D is the
displacement field. A quasistatic regime is considered for the modelled system owing to the
fact the electromagnetic wavelength (2250 m, 100 KHz) is much larger compared to the
system with electromagnetic fields propagating instantaneously. In particular, an electro-
quasistatic system is considered which includes capacitive but not inductive effects. The
magnet field induced currents in the electrodes are assumed to be negligible due to small
absolute magnitudes of the current flow. Then the constitutive relation between the

displacement field D and the electric field E is given by:

D = g.6)E (1.12)
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In Figure 1-7 2D cross-section (31 ym x 50 ym) models of an OET device are shown which
include a 1 ym thick aSi layer and a 30 pm thick liquid medium layer. The device response is
modelled for an applied AC signal of 10 V at 100 KHz and aSi conductivity states (dark/light)
corresponding to 10x objective (see table 1-1). In detail, Figure 1-7a shows the simulated
voltage distribution in the amorphous silicon layer and the liquid medium. The illuminated
area, virtual electrode, in the centre of the aSi layer induces a higher voltage switch into the
liquid layer due to the increased conductivity upon illumination. Figure 1-7b shows the
simulated voltage switch into the liquid medium along the surface of the aSi layer including
the virtual electrode. In fact, a voltage drop of 4.5 V takes places in the light activated region
of increased conductivity while approximately 8 V drop across the aSi layer in the dark state
regions. The voltage switch is not only influenced by the properties of the aSi layer, the
conductivity of liquid medium plays a significant role when operating the OET device. An
increase in the liquid medium increases the voltage drop across the aSi layer and less is
switched into the medium. Therefore, the medium conductivity is an important experimental
factor which should be considered when operating OET. An example of an OET device

response towards increasing medium conductivity is shown in Chapter 3.

The applied voltage and the induced voltage switch upon illumination create an electric field

E distribution in the liquid medium. In Figure 1-7c¢ the magnitude of the resulting electric field
as the sum of the electric field components in all directions (E = |E} + E;) is shown. For the

given conditions an electric field magnitude of up to 1.1 - 10° V/m is simulated. The highest
magnitudes are confined to the surface of the aSi layer in the area of the virtual electrode
owing to the non-uniform profile of the field with the strongest gradient close to the edge of
the virtual electrode as shown in form of streamlines in Figure 1-7d. Component analysis of
the electric field in x- and y-direction is shown in Figure 1-7e and 1-7f. The lateral component
of the electric field E, has the highest magnitude of 8.9 - 10° V/m at the edges of the virtual
electrode. This strong electrical field in a well localised area with lower field regions close by
produces a large electrical gradient (strong lateral gradient). The vertical component E,, of
the electric field shows the highest magnitude of 8.1 - 10° V/m around the centre of the

vertical electrode.

23



Position [pm]

- A -8 [PR——

Figure 1-7: 2D cross-section model (31 um x 50 ym ) of OET device with 1 um thick aSi layer and 30
pm thick liquid medium of 5 mS/m conductivity. The photoconductor is modelled with a 5 ym virtual
electrode and an AC signal of 10 V at 100 KHz is simulated for the OET device. (a) Simulated voltage
distribution in the OET device. Change in the conductivity in the aSi layer by an virtual electrode
reduces the voltage drop across the aSi layer in that region which in turn switches more voltage into
the liquid medium. (b) Simulated switched voltage in the liquid medium along the aSi surface including
the virtual electrode. (c) Magnitude of the electric field E created by virtual electrode in the liquid
medium (aSi layer suppressed). (d) Streamline representing electric field lines in the liquid medium
and demonstrate the non-uniformity of the field with sharp gradient close to the surface and edge of
the virtual electrode. (e) X-component E, of the electric field E. (f) Y-component E,, of the electric field
E.

The DEP force is directly proportional to the gradient of the square of the electric field VE?2.
In Figure 1-8a a surface plot of VE? for the above mentioned conditions is shown. As already
implied, a strong lateral electric field gradient (VEZ = 1.69 - 108 V2/m3) dominates VE?
compared to the vertical component (VEZ = 7.78 - 1017 V2/m3) and generates high electric
field magnitudes at the edges of the virtual electrode close to the surface of the aSi. The
vertical and lateral components of the field decay sharply in all directions. In an experiment

using the OET device, this results in attraction of particles in proximity to the virtual electrode
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caused by positive DEP towards the electrode edges or away from that under negative DEP.

An example for the direction of the DEP force for a particle that is less polarisable than

surrounding medium is shown in Figure 1-8b. A magnified view of the simulation showing the

magnitude and the direction of the DEP force is shown in Figure 1-8c.
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Figure 1-8: (a) Square of the gradient of the electric field VE2 and (b) direction of the DEP force acting
on an insulating particle which is less polarisable than surrounding medium. (c) Magnified view virtual
electrode and liquid interface region representing the magnitude and the direction of the DEP force.

The size of the virtual electrode is 5 ym in the simulations.
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Based on the simulation it can be concluded that the electric field is well defined to the
surface of the virtual electrode and rapidly decays towards the bulk of the liquid. Hence, the
DEP force decays accordingly (Figure 1-8¢c) and can be considered as small range force
spatially defined to the virtual electrode. This is important when considering the lateral and
vertical positions of particles relative to the electrode and the induced polarisation. For
instance, a particle experiencing negative DEP can be levitated (due to vertical component
of the electric field) when placed above the virtual electrode and can overcome the influence
of the field by moving towards low field regions (Figure 1-8b). However, the same particle
surrounded by virtual electrodes and placed in low field region can be trapped. Alternatively,
the gap between the electrodes can be decreased to increase the magnitude of the electric
field in the bulk liquid and hence the magnitude of the DEP force on particles (see Chapter
3).
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1.3. Acoustic tweezing
The principle of acoustic tweezing is introduced in this chapter. An overview of transducer
concepts for acoustic actuation in microfluidic environment and related applications for

sound mediated particle manipulation are presented.

1.3.1. Acoustophoretic particle manipulation a.k.a. acoustic tweezing
Acoustophoresis, also known as acoustic tweezing, describes the manipulation of particles
using sound waves under acoustic resonance conditions. Early investigations of this
phenomena date back to 1874 when Kundt and Lehmann investigated the effects of
travelling sound waves." To show that sound is mediated by travelling pressure variations,
Kundt and Lehmann used an air filled tube modified with a vibrating metal rod as sound
source and a piston on each end to change its length. The tube was filled with dust particles
and during the experiments the position of the piston was changed until a regular particle
accumulation pattern could be observed as the result of interfering travelling sound waves.
At that point, the rod oscillation matched the resonance frequency of the tube or in other

words the wavelength of the excited longitudinal sound wave fitted the length of the tube.

A plane travelling sound wave is defined by the acoustic pressure amplitude p,., the
frequency f via the angular frequency w = 2nf and the wavelength A via the wavenumber
k = 2m/A. The variation of the pressure wave in time and space along the propagation

direction can be described by a sinusoidal function:

p(,t) = pacsin (wt — ky) (1.13)

At resonance, in Kundt’'s experiments, the incoming wave is reflected at the surface of the
piston and travels in the opposite direction with the same frequency. The interference
(superposition) of counter propagating waves forms a one dimensional pressure standing
wave which can be described as:

P = PgcSin(wt — ky) + pgc sin(wt + ky) = 2pg. sin(wt) cos (ky) (1.14)

The pressure amplitude of the standing wave varies along the length of the tube. In a
Kundt's experiment, particle accumulation takes place at characteristic points separated by
half a wavelength. The pressure at these points is at minimum while the fluid velocity (fluid
displacement) is at maximum. These pressure nodal planes are separated by points of
maximum pressure and minimum fluid velocity, the pressure antinodal planes. Figure 1-9
shows a schematic of a one-dimensional wave in a closed system like the Kundt’s tube. The
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particle movement towards pressure nodes or antinodes is called acoustophoresis. It is the
result of wave scattering on the particle’s surface which imposes a force in the direction of
wave propagation. In fact, Kundt and Lehmann used the standing wave induced particle

pattern to measure the speed of sound c in the surrounding medium applying equation 1.15.

c=Af (1.15)
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Figure 1-9: Schematic showing one dimensional pressure standing wave created by two counter
propagating pressure waves in an enclosed system.

1.3.2. Primary acoustic radiation force
In an acoustic standing wave field, particles suspended in a liquid medium experience a
gradient force along or against the acoustic pressure gradient depending on their
mechanical properties. The gradient force on the particle is called primary acoustic radiation
(PAR) force and arises due to a mismatch in the acoustic properties between the particle
and the surrounding liquid medium. In particular, this results in a local distortion of the
acoustic field in form of scattering around the particle’s surface. The pressure difference on

the surface of the particle triggers its motion.

The (PAR) force is a function of the acoustic properties (density, compressibility) of the
particle relative to the properties of the liquid medium as well as the generated pressure and

velocity field in the liquid. First theoretical descriptions of the acoustic radiation pressure on
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an incompressible sphere in a plane standing wave were derived by King in 1934."” The
theory was extended for compressible spheres by Yosioka and Kawasima in 1955'%® pefore
Gorkov, in 1962, derived the expression for the PAR force on a compressible sphere in a
arbitrary acoustic field. The time average acoustic radiation force is a gradient of a
potential:'%

(Frqa) = —VU (1.16)

where U is the acoustic force potential which is given by
— v [ 2y _ 32om 12
U=V [ 0t - e v]?)] (1.17)

with p and v being the pressure and velocity field in the particle’s surroundings; V the
volume of the particle and p,, and c,, the density and speed of sound in the (e.g. liquid)
medium. The acoustic properties of the medium and particle join as the compressibility factor

f, and the density factor f, which are given as'"®

1

_ 1 __2y-2
fl_l_yﬁz fz—_2y+1 (1.18)

where y and g are the speed of sound ratio and density ratio of the particle (c,, p,) and

medium (c,,, pm), respectively

g = ;_P;n y = /")’—Z_ (1.19)

In a miniaturized system for acoustophoretic particle manipulation any resonance results
from a complex 3D resonance. However, a strong one dimensional coupling effect at single
frequency excitation is usually observed. Then an approximation of the PAR force to a one
dimensional plane standing wave can be made by assuming that the chosen frequency
supports a strong resonance field in only one direction (axial) and that the wavelength is
much longer than the particle radius. Then the axial component of the PAR force is given
by:ﬂo

F% = 4ndk,a®E, sin(2kyy) (1.20)
Where k,, is the wave number (k, = 2m/4); a is the radius of the particle; ¢ the acoustic
contrast which is described by:'"

—5r=2_ 1
=i (1.21)
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and E,. is the acoustic energy density which is given as:""°

E,, = P (1.22)

4pmch

From equation 1.20, one can see that the force scales with the radius of the particle and
frequency. The latter one is of great benefit when working with microfluidic systems, as the
reduced length scale requires smaller wavelengths which are achieved with frequencies in
the Megahertz range. Moreover, the direction and magnitude of the PAR force is also
triggered by the acoustic contrast factor which depends on the particles density and
compressibility in relation to the suspending medium. For example, a solid particle is less
compressible and has a higher density than the surrounding aqueous media. This results in
a positive contrast factor which forces particles to move to the pressure nodes. In contrast, a
gas bubble can have a high density and high compressibility. Then the contrast factor
becomes negative and the force is directed towards the antinodes. Figure 1-10 shows the
acoustic force, pressure and velocity field at resonance (fundamental frequency) in a cavity
(resonator) which supports half a wavelength, a common case in many microfluidic
applications. The maximum pressure (antinode) is situated at the boundaries while the
minimum pressure (node) is in the centre. The PAR force on a particle is zero at the
boundary and maximal at the centre point between the pressure node and antinode.
Depending on the acoustic contrast factor particles move either to the boundary or the

centre.
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Figure 1-10: Schematic showing pressure, velocity and acoustic force fields in a cavity at a resonance
which supports half a wavelength of the acoustic pressure wave (fundamental frequency). The sign of
the acoustic contrast factor dictates the direction of the field. A negative sign means particles move
towards the pressure antinode and vice versa for a positive sign.

Apart from the axial component of the PAR force which is based on both pressure and
velocity gradients in the standing wave, it has been shown that large velocity gradients give
rise to a significant lateral component of the PAR force.""" This effect drives particles
together generating a two dimensional manipulation effect (pseudo one dimensional

112
)

resonance''?). The lateral force component of the PAR force is given by: '

Fqe = mpw?a®sgys, (1.23)

Where s, is the fluid displacement amplitude through the centre of the particle and s, the
difference in displacement amplitude at the edge of the particle compared to the centre. The
lateral force component is not as size dependent as the axial component in equation 8.

Therefore, a strong lateral force requires large lateral gradients.
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1.3.3. Secondary acoustic radiation force
The scattered acoustic field around particles interacts with nearby particles and gives rise to
a secondary acoustic radiation (SAR) force. When the distance between particles becomes
smaller, e.g. after particle alignment in the pressure nodal plane, interparticle forces, also

called Bjerknes forces, influence the particles motion. This force can be expressed as:'*

—pm) (3cos?0-1 2pm(Bp—Bm
Fy = 4ma® (("p ) 30001 2y - %p%ﬁ) (1.24)

Where d is the center to center distance of the particles; 8, and g, are the compressibility of

the particles and the liquid medium; w is the angular frequency; 0 is the angle between the

particles and the propagation direction of the incident sound wave.

The assumptions made in equation 1.24 include that there is a standing wave in y-direction
and that the particles as well as the distance between them are much smaller than the
acoustic wave length. The force can either be attractive (negative sign) or repulsive (positive
sign) depending on the particles orientation with respect to the direction of wave
propagation. If particles are aligned parallel to the wave propagation direction (8 = 0°) the
first term of equation 1.24 becomes positive, while at a perpendicular orientation (8 = 90°) it
becomes negative. At the pressure nodal plane the second term vanishes and particles are
aligned perpendicular to the wave propagation which leads to an attractive force (Figure 1-
11). The influence of the SAR force is very weak and becomes only important at short
distances between particles when it dominates over the PAR force (e.g. at the pressure

nodal plane a chaining of particles can take place).

antinode node antinode

rad

< Fg

Figure 1-11: Secondary acoustic radiation force (Bjerknes force) becomes dominant at close particle
distance. At the pressure nodal plane particles line up and create chain-like structures.
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1.3.4. Acoustic streaming
The acoustophoretic movement of particles in microchannels is influenced by the particle
size. Large particles (e.g. polystyrene beads) > 2 ym move towards the pressure nodal
plane due to the PAR force. However, smaller particles of less than < 2 ym can be subjected
to acoustically generated fluid vortex flows in the bulk of the liquid medium. These vortex
flows are associated with acoustic streaming as a result of the absorption of acoustic energy
in the medium. The streaming induced drag force dominates over the PAR force for small
particles. In general three types of streaming can be distinguished:""* Inner and outer
boundary layer streaming, Eckart streaming and cavitation micro streaming. The boundary
layer streaming is induced by standing waves between parallel substrates (Figure 1-12). The
inner boundary layer describes a fluid layer which is characterised by a higher viscosity
compared to the bulk fluid because of its vicinity to a bounding surface. Acoustic energy
dissipates into the inner boundary layer along this solid/fluid interface and generates strong
vortices which drive subsequent bulk fluid vortices in the outer boundary layer. This type of
streaming is the most common one seen in microfluidic resonator structures and is
especially pronounced in shallow microchannels where the influence of the submicron thick
inner boundary layer is stronger. A recent study by Barkholt et al. showed that outer
boundary layer streaming can be suppressed by increasing the aspect ratio (~2) of the
microchannel and likewise enhanced by decreasing it.""* In a laminar flow regime streaming
can be used to mix fluids. The induced bulk fluid vortices have the maximum fluid velocity
near the top and bottom wall of the resonator while decaying towards the centre of the

vortex.

Wave propagation

© © — Outer streaming
w e

Pressure node

Vortex flow

Figure 1-12: Schematic showing inner and out streaming rolls (vortex flows) around the pressure
node in a standing wave.
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Eckart streaming is the result of acoustic energy absorption in the bulk of a fluid when an
acoustic wave ftravels through it. This usually occurs in standing waves at high frequencies
where the microfluidic channel dimensions are large (several millimetres) as this supports
sufficient wave attenuation in the bulk liquid. Last but not least, the interaction of oscillating
gas filled microbubbles with acoustic waves can lead to cavitation microstreaming. Acoustic
energy losses in the boundary layer of the microbubble combined with the stable oscillation
generate amplified vortex flows which are several orders of magnitude larger compared to

those around solid particles.”

1.3.5. Acoustic tweezing in microsystems
The transfer of the acoustic tweezing concept towards microsystems benefits from the fact
that the PAR force is proportional to the frequency. An increased frequency increases the
magnitude of the force to a level where efficient manipulation of particles is feasible.""
Piezoelectric transducers are able to produce pressure waves in the ultrasonic range
(100kHz — 100MHz) with corresponding wavelengths of millimeter to tens of micrometer and
so are ideal for microfluidic channels. The forces are typically in the range of 10"*N to 10™"°

N for particles sizes of 1 ym to 20 pym in diameter.”"®""®

It is essential to create an acoustic resonance field and to do so, two main approaches for
sound wave actuation have been established in the field of microfluidic acoustophoresis.

t"'° and can

These are based on piezoelectric materials and the inverse piezoelectric effec
be divided into surface acoustic wave (SAW) and bulk acoustic wave (BAW) transducers.
Here, pressure waves are produced by applying an oscillating electric field to electrodes on
the piezoelectric substrate. This causes a mechanical deformation in the material as the
result of the alignment of molecules with the electric field. Subsequently, a translation into a
mechanical wave which propagates on the substrate’s surface (SAW) or through the bulk of
the substrate (BAW) takes place. In the following section, an introduction to

micromanipulation systems using BAW and SAW transducers is given.

1.3.6. Bulk acoustic wave transducer for acoustic tweezing
Bulk acoustic wave transducers are typically made from piezo ceramics such as lead
zirconate titanate (PZT). The transducer’s resonance frequency is inversely proportional to
the thickness of the piezoelectric material; and hence the device works best at one particular

frequency. The transducer is modified with electrodes to enable the application of an electric
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signal which is translated into a mechanical motion and induces a travelling sound wave.
The wave propagates in form of longitudinal (Figure 1-13a) and transverse waves. BAW
transducers are usually connected to the microfluidic chip via a coupling layer (e.g. glue,
water) to enable the transmission of the acoustic wave. The microfluidic chip acts as
acoustic resonator and its dimensions are chosen to match a certain resonance condition.
This means a frequency is chosen which generates a plane standing wave across the width
of the microfluidic channel. The most common resonator designs employ dimensions to
support half a wavelength where a single pressure nodal plane is generated in the centre of
the microchannel, while resonances in the vertical direction are suppressed by the
geometrical mismatch.®" 2% This refers to the fundamental frequency of the resonator.
However multiple pressure nodal planes at higher harmonic frequencies are used as well,

120,127,128 ' oalled transverse

depending on the application. An often used resonator design
resonator, is shown in Figure 1-13b. The BAW transducer is attached to the resonator from
the bottom, although the position can be arbitrarily chosen as long as the frequency matches
the resonance condition."” And even two opposing transducers excited at the same
frequency may be used.”® " Nonetheless, in the most common designs, a longitudinal
pressure standing wave is formed as the result of interfering counter propagating waves

reflected at the microchannel wall.

a Direction of propagation

Direction of particle movement

Resonator/microfluidic chip

Electrode Coupling
4444 _— layer

A%, ANV

131
)

BAW transdug

Figure 1-13: (a) Schematic (adapted from of longitudinal wave travelling along the bulk of a
material. (b) Schematic of an acoustic tweezing concept based on BAW transducer attached to a
microfluidic chip.
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The geometrical dimensions and the material properties are the key aspects when designing
the transverse resonator, as they govern the fundamental acoustic forces.”’ The material
should provide the transmission of the acoustic energy into the manipulation medium at low
loss (low damping) and exhibit good acoustic reflection properties to support a standing
wave. The Q-factor is an indicator for the energy transmission into a resonator. It describes
the ratio of the energy stored in the actuated resonator to the energy losses during an
actuation cycle (damping) at certain resonance frequencies. A high Q-factor device
resonates with larger amplitudes at the resonance frequency and produces larger acoustic
forces for smaller power inputs compared to a low Q-factor device. However, low Q-factor
devices can have a larger bandwidth at which they resonate compared to high Q devices.
The Q-factor is highly material dependent and the fact that particle manipulation takes
usually place in aqueous solutions, a sufficient difference in the acoustic impedance
between the liquid and the resonator material is a good indicator for an appropriate material.
The acoustic impedance Z is proportional to the speed of sound c and density p of the

material (equation 1.25).
Z =pc. (1.25)

The characteristic acoustic impedance of adjacent materials is helpful to estimate the
pressure reflection coefficient R, and transmission coefficient T,using equation 1.25 and
1.26,""

_Z2—Zy
Rp - Zl+Z2 (126)
T,=1-R, (1.27)

where Z; and Z, are the acoustic impedances of the materials. For instance, steel (p = 7890
kg/m® ¢ = 5790 m/s) has an acoustic impedance of 46-10° kg/sm? which is compared to
water (p = 1000 kg/m?, ¢ = 1450 m/s) which has 1.45-10° kg/sm?, 30 times higher. This will
result in high reflection and low transmission with a reflection coefficient of 0.93, in particular
(maximum is 1 and means total reflection). Moreover, it is suggested that flat and parallel
microchannel walls assist the creation of acoustic standing waves.®' Steel has ideal material
properties but is hardly used in microfluidic applications as it is difficult to machine at these

110, 127, 132, 133

small length scales. Instead, silicon and glass' ™ % pased microfluidic

resonators fulfil the above mentioned requirements as well and are widely used. Polymer

based devices are considered less suited due to their high acoustic losses and low reflection

136-138 139, 140

coefficients,” however, despite this, glass-polymer or pure polymer resonators

have proven to be viable alternatives, which also benefit from easier fabrication (no etching
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required, no anodic bonding), lower costs and mass production potential (e.g. moulding).
The actual coupling of the acoustic energy from the piezoelectric transducer into the
resonator is an additional factor that can be optimised to improve the energy transmission.
This often involves acoustic impedance matching and the introduction of a matching or
coupling layer between the resonator and transducer or in general between two adjacent
layers to reduce acoustic losses due to reflections. A matching layer should have a lower
characteristic acoustic impedance compared to the transducer but a higher acoustic

impedance than the material that surrounds the microfluidic channel.”"

1.3.7. Surface acoustic wave transducer for acoustic tweezing
Surface acoustic waves (SAWSs) propagate at the surface of a solid substrate. In
miniaturized systems, SAW devices generate periodic deformation of a piezoelectric material
which translates into a coherent travelling SAW with nanometer amplitude.™' The SAW has
the form of a Rayleigh wave which is characterised by a longitudinal and a transverse
component (Figure 1-14a).53 The displacements decay exponentially with increasing
distance from the surface into the substrate. Most of the acoustic energy (~ 95 %) is
confined within a depth equal to one wavelength."? A SAW transducer consist of an
interdigitated electrode (IDT) with a certain number of electrode fingers (Figure 1-14b)
deposited (e.g. by metal evaporation) onto a single crystal piezoelectric substrate. Common
piezoelectric materials are lithium niobate (LiINbO3;) and lithium tantalite (LiTaO3). The
application of an alternating electric signal to the IDT produces a SAW perpendicular to the
electrodes and along the electrode length (aperture) as shown in Figure 1-14b. The signal
matches the operation frequency of the SAW device which is chosen to match the electrode
pitch and the gap of the IDT. This means the resonance frequency of the SAW device and
the resulting wavelength of the propagating Rayleigh wave is governed by the geometry of
the IDT and the speed of sound of the SAW substrate (e.g. 3965 m/s for LiNbO3 128° Y-cut,
propagation in x-direction). The pitch and the gap are typically of A/4 and by using equation

1.15 SAW devices of particular working frequencies can be designed.
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Figure 1-14: (a) Schematic (adapted from "*') of a Rayleigh wave travelling along a solid substrate

with longitudinal and transverse component (adapted from Wikipedia.org). (b) SAW transducer with
interdigitated electrodes producing a SAW along the aperture with wavelength A defined by the pitch
and gap of the IDT.

A conventional SAW transducer consist of straight electrodes and works best at a particular
frequency (Figure 1-15a), though higher harmonics can be excited, too. However, an
advantage of a SAW transducer compared to a BAW transducer is that the bandwidth can
be tuned by structuring of the IDT. For instance, a chirped IDT design consists of an
electrode pitch gradient along the SAW propagation direction and allows SAW generation
over a wide frequency range (Figure 1-15b)."* The electrode width can also be changed
perpendicular to the wave propagation along the aperture of the transducer. This type is
called slanted IDT and creates narrow SAW beams of varying frequency along the electrode

length (Figure 1-15¢)."*
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Figure 1-15: SAW transducer types used for microfluidic actuation. (a) Conventional SAW transducer
for single frequency actuation defined by straight electrode fingers. Gap and pitch size of the IDT
defines the wavelength. (b) Chirped IDT with electrode pitch and gap gradient for multiple frequency
excitation along the IDT aperture. (c) Slanted IDT with chaning electrode pitch and gap along the
aperture for multiple frequency excitation confined by the local electrode dimensions.

A single transducer can be applied to actuate fluids (e.g. droplet) on top of the piezoelectric
substrate. When a travelling SAW comes in contact with the fluid, acoustic energy diffracts
into it due to a mismatch between the acoustic properties of the of piezoelectric substrate
and the fluid (Figure 1-16a). Diffraction occurs at a certain angle (Rayleigh angle,0, = ¢,/ cs)
defined by the ratio of the sound velocities in the fluid and substrate and gives rise to a
longitudinal pressure wave front that drives bulk liquid recirculation or acoustic streaming.145
The energy transfer into the liquid and the creation of a longitudinal pressure wave is used
for precise particle actuation on the surface of the piezoelectric substrate by means of
standing surface acoustic waves (SSAW). This requires a pair of identical transducers to
produce two counter propagating travelling SAWSs.*® The interference results in a one-
dimensional SSAW (Figure 1-16b). Along the distance between the SAW transducer pair,
the SSAW creates a series of nodes and antinodes on the surface. A microfluidic channel,
usually made from PDMS, is precisely bonded with respect to the node and antinode
position to bring a sample fluid in contact with the SSAW. It is understood that the pressure
distribution on the substrate surface dictates the pressure distribution in the liquid. The wall
of the PDMS channel may reduce the magnitude of the pressure but does not influence
node or antinode position in form of reflections for instance. The pressure node and antinode

position in the fluid corresponds to the acoustic field on the substrate.'®
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Figure 1-16: (a) SAW radiates energy into a liquid on the piezoelectric surface in the form of a
longitudinal pressure wave. Acoustic attenuation results in acoustic streaming which drives a bulk
fluid flow. (b) Standing surface acoustic wave (SSAW) produced by a pair of identical SAW transducer
excited at the same frequency. A PDMS channel precisely placed relative to the pressure nodal
planes enables particle manipulation by the PAR force.

SAW transducers for microfluidic applications have several advantages compared to BAW
transducers. This include a better control of the excitation frequency in a wider range as well
as high frequency actuation enabling a versatile and flexible approach and allows a more
precise and controllable manipulation of fluids and suspended particles.®® Furthermore, the
fact that the acoustic field is confined to the substrate surface makes the use of a cheap
polymer based microchannel feasible. Last but not least, the versatile nature of SAWs has
been demonstrated in many applications which not only involve the manipulation of fluids
and particles using travelling and standing waves but also sensing application to detect

biological and chemical compounds.™’

However, one can see a disadvantage in the fact that the particle manipulation using SSAW
needs to be carried out directly on the piezoelectric substrate. This impedes the
development of disposable units considering the price of piezoelectric materials (e.g. ~ $50
for a single LiNbOs;, y-cut 128°, 3 inch wafer of 0.5mm thickness from

http://www.pmoptics.com/). The bonding step of the microchannel (e.g. PDMS), has to be

very precise in respect to the position of nodes and antinodes. This can lead to fabrication
problems when lateral channel geometries reach scales down to tens of micrometers. The
sample throughput by means of standing wave based manipulation is low compared to BAW
approaches. BAW actuation has been shown to process liquids with flow rate of ml/min'® "9

while SAW based processes work with pl/min rates which is most likely associated with low
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bonding strength of PDMS to the piezo surface (leakage problems) but also with the fact that
the acoustic field is confined to the substrate surface making shallow microchannels (20 ym

)150-1 53

—50 um necessary.

1.3.8. Applications of acoustic forces in microsystems
Acoustic tweezing is commonly used for focussing, patterning enrichment, sorting and
trapping of particles. The PAR force is used to precisely define the position of particles and
cells in a microsystem under static conditions or continuous flow. The transfers of particles
between fluids or their retention against the fluid are promising strategies to replace common
benchtop methods used for washing and purification. Moreover, the acoustic properties of
individual particle types can be addressed to enable sorting and enrichment. Last but not
least, acoustic streaming induced drag forces can also be applied to achieve sorting of
particles and the mixing of fluids. The following section focuses on applications in enclosed
microfluidic channels. However, it should be mentioned that SAW and BAW can be applied
for open microfluidics where sample liquid droplets with suspended particles (e.g. blood
samples) are processed by fluid actuation such as mixing,'* concentrating,’*® merging* or
nebulisation®, although the volume throughput is very low and precise particle handling is

limited due to the induced streaming effects.*?

On chip microfluidic flow cytometry requires the focusing of particles into a single file for
precise individual detection. This can be achieved hydrodynamically by sheath flows' but
increases the complexity (several laminar flows) of the microsystems and can cause shear
stress to sensitive particles such as cells. The PAR force has been applied to generate
precise particle streams in microfluidic channels combined with optical detection using laser
systems. Piyasena et al. used opposing bulk acoustic transducers attached to a machined
aluminium frame sandwiched between glass slides to align cells and particles in pressure
nodal planes.”® The work demonstrated the creation of multiple particle streams (up to 37
pressure nodes) and their individual probing for particle counting. However, the one
dimensional nature of the produced pressure nodes impeded the resolution of individual
particles at higher concentrations. SSAW approaches were developed by several groups

with a one dimensional single nodal plane'" '*°

and even a three dimensional focusing
strategy was proposed by using non-uniform acoustic fields."® The latter one has been
explained by the presence of a weaker but still significant lateral acoustic force which acts
perpendicular to the axial primary acoustic radiation force. Besides microfluidic cytometer,

the concept of acoustic focusing has found its way into a conventional benchtop cytometer.
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An instantaneous movement of MBs was observed once the SAW device was activated. The
surface acoustic wave was coupled into the microfluidic chamber creating a rather complex
pressure distribution as a result of wave reflections at interfaces along the device boundary,
similar to standing waves. This generated a rapid translation of MBs, driven by the PAR
force, towards areas of maximal pressure changes. However, such a MB movement was
unwanted in the device and a pulsed ultrasound signal, as is used in most ultrasound
studies, was applied to study the MB behaviour without lateral movement. In detail we
applied a sine wave signal (2.8 MHz, 60V) of 12 cycles with a pulse repetition frequency of
300 ms. This frequency was chosen based on good MB response compared to higher
frequency (>3 MHz). Figure 7-10 (a-d) shows the response of a trapped MB during constant
insonation for 86 seconds. The acoustic actuation resulted in the shrinking of the MB until
complete dissolution. The measured pressure amplitude, using a fibre-optic hydrophone
(Precision Acoustics, UK), was 100 KPa. During these experiments it was noticed that only a
constantly insonified MB showed this behaviour, while short exposure times of several

seconds caused no visible (camera with low framerate) effect.

Figure 7-10: Microbubble (7 um) response after activation of acoustic transducer (2.8 MHz, 60V, burst
mode, 300ms) where (e) is 0 s, followed by 37 s (f), 73 s (g) and 86 s (h). Scale bar: 20 ym.

The resonance frequency of a simple gas bubble at low pressure amplitudes (e.g. standard
atmospheric pressure) can be approximated by the simple harmonic oscillation. An
expression for determining the resonance frequency of a MB of a certain size was developed
by Medwin et al..**® However, it has been shown that the acoustic behaviour of structurally
more complex MBs (e.g. encapsulation) is significantly altered. A shell (e.g. phospholipid)
causes an increase in resonance frequency due its stiffness and an increase in damping due
to its viscosity.**" Therefore, the simple analytical expression given by Medwin et al. resulted
in lower frequency values while in fact higher frequencies should be assumed for SonoVue
MBs. As mentioned above, SonoVue MBs responded at 2.8 MHz with size changes as
shown in Figure 7-10. This agrees well with previous studies where similar resonance
339, 349

frequencies for populations of SonoVue MBs were found to be 3 MHz and 2.9 MHz.

Also, a non-linear MB oscillation mode called ‘compression-only’ has been identified in these
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studies and could be an explanation for the observed MB shrinkage when constantly
insonified. A more detailed description of this non-linear behaviour is given below.

The response to a particular frequency was investigated for MBs of different sizes. A range
of MBs were selectively trapped, isolated and arranged in an array. It has to be noted that
the OET chip can be of great benefit for this, as the whole process from injecting the MBs to
specifically selecting individual MBs can be performed at relatively short time scales of
around 10 to 15 minutes. In Figure 7-11a, MBs with sizes of 4.0 ym to 9.0 ym were held in
ring patterns before insonation at 2.8 MHz (60 V). The array arrangement was chosen to
avoid bubble-bubble interaction. In previous studies it has been shown that the MB response
to an ultrasound signal was altered in the presence of nearby MBs.**> The MB oscillation
when ensonified can induce non-inertial cavitation (e.g. microstreaming) and Bjerknes
forces. These effects may influence single bubble studies when inter-MB distances are small
(< 40 pum**?). The following image sequences (Figure 7-11) show time points during
insonation. In Figure 7-11b, after 1.21 minutes, the right column of the array is empty
indicating complete MB dissolution. Subsequently, in Figure 7-11c and 7-11d, the remaining
MBs disappeared after 1 min 45 s and 3 min 45 s. The size change for every MB was
measured during insonation. Figure 7-12 shows the change in MB diameter over time. The
dissolution time of MBs increased with increasing MB diameter. For instance, a 4 ym MB

was dissolved after 25 s while 230 s were needed to completely dissolve the 9 um MB.
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Figure 7-11: (a) Trapping of different sized microbubbles in dielectrophoretic trap at 70 KHz and 10 V.
(b-d) Insonation (2.8 MHz, 60V, burst mode 12 cycles, 300 ms) of microbubbles (b) after 1.21 min (c)
1.45 min and (d) 3.45 min. Scale bar 200 ym.
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Figure 7-12: Change in microbubble diameter over time when acoustically actuated at 2.8 MHz using
60 V. Microbubbles were kept in dielectrophoretic trap at 70 KHz and 10V.

From the experiments above it can be concluded that the SAW device actuation was able to

insonify MBs of different sizes using a single frequency and acoustic pressure amplitude.
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The stimulation led to MB shrinkage until dissolution but sudden impulsion in the form of
inertial cavitations was not observed. This can be associated to a lack of acoustic energy
generated by the SAW device and a limited output voltage generated by the amplifier
resulting in ultrasound pulses with pressures of 100 kPa, which can be considered as a low

acoustic pressure.34% 3%

The shrinkage of the MBs could be attributed to acoustically driven diffusion. The rate of
diffusion, which is dependent on the shell material as well as concentration gradient of the
gas, can be significantly affected during insonation because of the changing pressure over
time and the motion of the gas liquid interface.®*® MBs usually undergo forced expansions
and compressions when insonified. During the expansion phase an increased inward
diffusion can dominate over the outwards diffusion. However, during the compression phase
the outwards diffusion can dominate. This phenomenon has been observed in studies by
Cha and Henry®*
(2.25 MHZ, 240 kPa) has also been observed in a study by Chomas et al.**® Similar to the

observation in this study, MB shrinkage was only stimulated when the ultrasound was

. A decrease in diameter of a lipid-shelled MB (MP1950) during insonation

switched on. No decrease was observed after insonation showing that the shell of the MB
was intact and the size changes were because of acoustically driven diffusion. Interestingly,
a single frequency and pressure amplitude can be applied to destruct MBs of different sizes.
Chomas et al. used bubbles in the range of 3 um to 6 uym. Here, destruction of MBs of 4 ym
to 9 ym in diameter was demonstrated. This indicates that a frequency or pressure
dependency in regards to the size based MB response was absent under the given
conditions. In fact, an onset of MB vibration at resonance and off-resonance for certain

pressures has been shown by Emmer et al.**°

An acoustic pressure threshold of 30 kPa to
120 kPa for different lipid-shelled MB (2 ym to 11 ym) was necessary for stimulated MB

oscillation.

Alternatively to the concept of forced expansions and compressions with net diffusions out of
the bubble, a recent study has shown that SonoVue MB undergo a compression-only mode

when insonified.%®

Here the MBs compress more than they expand. This non-linear
behaviour has been explained by pressure induced buckle and folding of the lipid monolayer
which results in easier compression than expansion.**’ More specificly, it is understood that
a 3D collapse of the monolayer occurs when the phospholipid monolayer is compressed
beyond its saturated phospholipid concentration.**® Hence, this could possibly lead to a
directed diffusion when the gas pressure in the MB increases during the compression phase
while being at rest between the compression phases. More gas is forced out of the bubble
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during the compression phase induced by a steep concentration gradient along the
MB/liquid interface. Moreover, work on the compression-only behaviour by de Jong et al.**
has shown that there is no clear dependency on the initial bubble radius, the applied
frequency or the pressure amplitude which corresponds partially to the first results seen in
this study. However, the explanation has to be handled with care as a model by Marmottant
et al.*® was successfully used to relate the compression-only behaviour with the change in
surface tension during the buckling of the monolayer. The phospholipid concentration at the
gas/liquid interface affects the surface tension. A change in the bubble radius (change in
lipid concentration) changes the surface tension. The compression-only mode is then
associated with a reduction of the surface tension due to a decreasing MB radius. But the
reduced surface tension disagrees with the phenomenon of acoustically driven diffusion
because in the buckling mode the surface tension is considered to be close to zero which

counts for the longevity of MBs and counteracts the diffusion out of MBs.

Last but not least, rupturing of the phospholipid shell after many cycles of expansions and
compression may offer another explanation. When the shell material breaks up, the surface

of the MB is partially uncovered. This can promote the release of gas out of the MB core.

In summary, the initial experiments using this manipulation platform showed promising
results in terms of individual MB handling and insonation but also raised lots of interesting
question in terms of the observed phenomena. Currently, a lack of measurement equipment,
for optical (e.g. high speed camera system) and acoustical investigations (e.g. transducer for
attenuation and scattering measurements) inhibit a detailed characterisation but will be
tackled for future studies which focus on single MBs as well as MB-cell interactions. The
latter especially might benefit from the enhance MB control given by the proposed

micromanipulation system.

7.4. Conclusion
We proposed a novel micromanipulation platform for the parallel characterisation of
individual or grouped MBs during ultrasound excitation. It was demonstrated that an
optoelectronic tweezer device can be applied to selectively trap and isolate single MBs of
different sizes within a heterogeneous sample. Using a voltage of 10 V at 70 KHz, we were
able to transport MBs of different sizes (2.7 ym to 7.1 ym) with speeds of 2.5 ym/s to 11
pm/s. Moreover, insonation of MBs was achieved by coupling a surface acoustic wave from

a SAW device into the optoelectronic chip. The successful actuation after ultrasound
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activation was identified through MB size changes. The exposure to the alternating acoustic
pressure field caused an increased diffusion of SF¢ from the MB core into the surrounding
liquid until total dissolution. Primarily, it was suggested that an acoustically driven diffusion
out of the bubble during compression cycles is the underlying mechanism. Alternatively,
shell defects due to the mechanical load can contribute to the diffusion. The diffusion in
terms of diameter change was shown for MBs of different sizes. The total dissolution time
was a function of the size of the MB under the applied experimental conditions which agrees

with the proposed diffusion mechanism.

The advantage of the proposed system can be summarized as follows. The introduced
concept provides a microfluidic environment for controlled experiments contained in one
device with visual inspection through a microscope. Furthermore, the capability of patterning
light in arbitrary shapes to form non-uniform electric fields enables precise MB control. The
parameters of the optoelectronic chip can be tuned in terms of field strength or chip
geometry to be able to work with different sized MBs. The ultrasound transducer works in a
frequency range relevant for medical concepts and moreover, a wider range of frequencies

can be applied simply by changing the slanted electrode design.

At the moment, a disadvantage is that only low acoustic energy is coupled into the chip
producing low acoustic pressures. It would be desirable to have a tuneable system which is
able to create high acoustic pressures in order to induce microstreaming, inertial cavitation
effects and asymmetric bubble collapse. To solve this problem, the first step would be the
replacement of double sided tape and the use of more rigid material such as SU8 to reduce
the energy loss due to acoustic absorption. In addition, transducer output can be improved
by using a different electrode design with an increased number of electrodes creating a
better coupling efficiency into the piezoelectric substrate and hence into the optoelectronic

chip.

The study of single MB behaviour is of course only the first step towards the understanding
of more complex phenomena. In reality the MB behaviour is influenced by many factors such
as the presence of nearby MBs which may alter the way the cavitation process takes place.
Starting from understanding simple systems (single MB studies) followed by a stepwise
subsequent increase in the complexity (adding MBs) can help to decipher the underlying
relationships that explain the observed phenomena. In future, we hope that the developed
system may be used for such an approach as well as for the study of MB and cell

interactions to aid the development of drug delivery or controlled tissue damage.

230



8. Summary

Micromanipulations platforms have gained increased attention over the last decades. They
enable handling of particles in minute samples within microfluidic compartments and
demonstrate promising routes to enhance procedures in important fields such as analytical
chemistry and medical diagnosis. Non-contact approaches based on externally applied force
fields allow researchers to probe and alter particle states in a gentle, precise and controlled
manner. Among them, especially forces generated by acoustic and electric fields received
the attention of researchers developing lab on a chip, micro total analysis and point of care
systems. This is evident by the vast amount of literature dealing with physical phenomena
such as dielectrophoresis and acoustophoresis applied to miniaturised systems. Each of
these methods has its merits. Ideally, a system that combines it all (“eierlegende

Wollmilchsau”) would be of great benefit for the scientific community.

The thesis introduced a concept for a unified platform that enabled the use of acoustic and
electric fields for particle manipulations in microfluidic environments. In particular,
optoelectronic tweezing (OET), also known as light induced dielectrophoresis was fused with
acoustic tweezing, also known as acoustophoresis, on a versatile system. The system can
be divided into two individual physical units. The first one represents the OET unit which
integrated light induced electric fields into a robust microfluidic chip. The OET chip not only
operated as room for electric field generation but also as transverse resonator to confine
acoustic fields. These fields were the result of travelling surface acoustic waves excited by a

piezoelectric transducer which defined the second unit.

The first experimental chapter focused on the development and characterisation of the OET
unit. A fabrication protocol was first designed that enabled the integration of OET into a
robust microfluidic chip. A conventional OET device consists of a photoconductor substrate
parallel aligned to a second electrode substrate. In this work amorphous silicon (aSi) and
indium tin oxide (ITO) were used as substrates and assembled to a composite structure
using SU8 negative photoresist as bonding agent as well as frame to define the microfluidic
channel. Briefly, SU8 was sandwiched between the electrodes substrate followed by a
photolithography step to allow cross linking induced bonding and defining of the
microchannel features. The protocol was adjusted at different fabrication steps to be able to

alter the depth of the microfluidic channels. Here it was found that changing spin-coating
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speeds as well as adjusting soft baking and exposure times for a set of SU8 versions (3050,
3025) yielded SU8 thicknesses in the range of 15 um to 70 ym. The OET chips were
characterised by profile measurements and microscope techniques. The latter one included
scanning electron microscopy (SEM) which enabled detailed investigations of the cross-
sections of fabricated chips. It is mentioned in the literature that an ideal transverse
resonator contains flat and vertical side walls to create standing waves efficiently.®’
However, SEM imaging revealed curved channels walls and deviations from the lateral mask
layout dimensions. This has been associated to the unusual sandwiching process in
combination with refraction issues during the UV-exposure through several adjacent layers
leading to an increase in the lateral dimension by 5 % to 10 %. Nonetheless, the developed
fabrication protocol allowed the production of robust channels of high bonding area and
strengths using materials which are biocompatible and resistant to chemical and physical
strain. The novel chip fabrication process can be applied to different substrates and may find

its usage where classical PDMS soft lithography for microfluidics is not applicable.

However, a critical note has to be made concerning a process step within the fabrication
protocol which included the developing times of the unexposed SU8 features. The
developing took place through inlet and outlet holes in the top ITO substrate. The exposure
to the developer solution was spatially limited and mainly diffusion controlled which
increased the overall chip fabrication time up to several days for long and narrow microfluidic
features. An improved protocol may include the use of ultrasound (MHz range) assisted

developing as suggested in the literature.*®’

The performance of fabricated OET chips were experimentally characterised by particle
manipulation experiments under continuous flow and device simulations in COMSOL. The
velocity of particles before being trapped at virtual electrodes was used as figure of merit
and parameter to determine the dielectrophoretic force experienced by the particle. Particle
velocities and corresponding dielectrophoretic forces in the range of tens of uym/s to
hundreds of um/s and several pN to tens of pN were achieved by adjusting device and
operational parameters including the voltage amplitude, the conductivity of the liquid
medium, the depth of the microchannel as well as virtual electrode width and transparency

defined in the image projecting software.

The performance of the OET chip improved by an increased voltage amplitude, by lowering
the liquid medium conductivity, by decreasing the substrate gap distance while increasing
the optical intensity and width of the virtual electrode patterns. Simulations showed that the

electric field magnitude in the liquid medium rose according to these parameters and that the
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vertical field components may be responsible for characteristic device behaviour. The latter
one describes a linear trend observed when increasing the voltage amplitude. The DEP
force scales with gradient of the electric field squared which is proportional to the applied
voltages. A square dependence was expected, however, the observed linear relationship
was associated with a dominating vertical component of the DEP force inducing particle

lifting over the potential barrier.

The OET unit as part of the joined micromanipulation platform was individually applied to
demonstrate useful microfluidic functions. This included the focussing of particles into
precise single particle streams by oblique virtual electrodes as well as sorting of particle of
different diameters (3 um, 6 pym, 10 um) into channels defined by virtual electrodes. A
significant sample throughput required higher particle velocity and hence higher amplitudes
applied to the OET chip to increase the DEP force. However, the voltage increase was
accompanied with leakage fields in the absence of selective illumination. The
photoconductor was not an ideal insulator switching voltage into the liquid medium even in
the dark state. A uniform leakage field in the microchannel centre induced particle-particle
interactions (pearl chaining). At the microchannel wall, the leakage field was disturbed by the
presence of the insulating SU8 photoresist. The curved shape of the wall was expected to
produce a rather non-uniform field and was verified by particle distribution near the channel,
eventually. The leakage field influences the sorting as larger particles are loaded by smaller
ones due to mutual DEP. Furthermore, particles in proximity to the wall undergo motions
towards the wall as result of low field magnitudes near the insulator. Virtual electrode
projections were not able to address these particles by means of DEP. The leakage field
needs to be suppressed in future devices to make particle manipulation more reliable when
using OET. A strategy to do so may involve a thicker photoconductive layer (> 1 ym) which
increases the voltage drop in the dark state and reduces the field in the liquid medium. An
attempt has been made to increase the aSi layer thickness but poor adhesion led to cracking
and peeling of the layer making device fabrication difficult. An optimisation of the aSi
deposition process needs to be undertaken to increase the layer stability. Amorphous silicon
layers of more than 1 um thickness have been achieved, preferably on silicon and oxide
substrates.**? Although ITO seems to be an ideal adhesion layer, exposure to elevated

temperatures might reduce the surface oxygen®® which can affect the aSi layer stability.

The second experimental chapter describes the fabrication of the second unit, the surface
acoustic wave (transducer), before introducing a novel concept where the first unit is applied
as transverse resonator in form of a superstrate placed on the piezoelectric substrate. A
SAW transducer consisting of interdigitated electrodes of varying pitch and gaps along the
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aperture was developed. This kind of transducer is known as slanted IDT and allows the
excitations of multiple frequencies (one at a time) as narrow SAW beams at specific
positions in the aperture. The developed transducer design had a fundamental frequency

response in the range of 3.7 MHz to 5.5 MHz and was used throughout this study.

The superstrate concept has been tested using disposable glass-polymer-glass composite
chips, fabricated using the protocol developed in chapter 3. Although the microchannel was
constructed by a polymer and curved channel walls were obtained a one-dimensional plane
standing wave was evident at the fundamental resonance of the chip. Sufficient acoustic
energy could be coupled into the chip enabling acoustophoretic particle manipulation. In fact,
pressure amplitudes of 0.3 MPa to 3.1 MPa were measured when voltages of 5 V to 40 V
were applied. The developed superstrate concept addressed the need for disposable
substrates® used in conjunction with SAW based particle manipulation. SAW transducer and
piezoelectric substrates are expensive units due to material and fabrication cost while
superstrates can be made from cheaper composites or plastic materials. Furthermore, it was
shown that the superstrate/transverse resonator concept has some benefits compared to
standing surface acoustic wave (SSAW) manipulation in PDMS channels. These include
easier device assembling as no precise position, bonding and aligning relative to the
pressure nodes on the SAW substrates is required while keeping the benefits of SAW
transducer such as high and wide frequency excitation and a planar device structure. The
potential of this new concept has been demonstrated showing versatile particle patterning in
a static fluid and also tuneable pressure node distribution under continuous flow. Moreover,
the PAR force and acoustic streaming induced drag forces experienced by different particles
enabled their separation. In particular, the developed strategies for separating trypanosomes
from blood cells provide a very promising avenue to improve the enrichment of the parasite

and the diagnosis of the disease associated with it.

Besides the outlined advantages of the superstrate concept there is plenty of room for
optimisations and extensions. For instance, an alternative transducer design can be
developed to try to increase the coupling efficiency into the piezoelectric substrate and the
superstrate. At the moment relative high voltages are applied which might be inappropriate
for certain system requirements (battery power devices in low resource environments).
Moreover, a change to a superstrate completely made of plastics would be desirable which
would reduce cost and also enables more rapid prototyping, although the acoustic energy
transfer might be a concern and should be investigated. An advanced application might
involve the use of several SAW transducers in sequence to allow for multiple microfluidic
functions such as focussing, separation or merging. In summary, this chapter introduced the
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superstrate concept and showed individual acoustophoretic applications while also laying the

foundation of combining acoustic and electric fields in a single microfluidic chip.

The third experimental chapter presented the combined use of electric and acoustic fields
under continuous flow. This provided the advantage of performing localized as well as more
global particle manipulation with virtual electrodes being applied selectively to small
microchannel sections while acoustic standing wave fields being applied along the channel
length. Acoustic standing wave fields were well suited to rapidly concentrate particle
samples into fixed pressure nodal planes before being addressed by virtual electrodes in
form of selective sorting and guiding into channel outlets, pressure nodes or trapping and
merging of particle aggregates. The application of locally applied virtual electrodes within a
microchannel section can be exploited to support a more localised use of the PAR force as
shown by sorting of different sized beads into virtual channels. However, the chapter
outlined again that particle-particle interactions arising from leakage fields, patterned electric
fields and even acoustic standing wave fields influence manipulation processes including
particle focussing and sorting. A strategy to reduce such unwanted interactions may involve
the increase in the photoconductor thickness and the introduction of an additional SAW
transducer. This might reduce the amount of the field leaking into the liquid layer as most of
the voltage drops across the photoconductor in the dark state which reduces pearl chaining
effects. An additional acoustic standing wave across the channel height, generated by a
second SAW, can be helpful to focus beads into one horizontal plane which also counteracts

dipole-dipole interactions.

The fourth experimental chapter applies optoelectronic and acoustic tweezing to perform
lysis of cells under continuous and static flow conditions. The lysis of cells is the first step in
many bioanalytical investigations where cellular components (e.g. Proteins and DNA) are
studied or quantified to characterise cell behaviour. Microfluidic approaches are of great
advantage. The need of low sample requirements, reduced sample loss and contamination
as well as fast processing can be addressed using on chip handling. In this work a shallow
microchannel of 15 ym height was used to demonstrate continuous lysis of red blood cells
by light induced electric fields. Simulation of the OET devices were used to investigate the
electric field strength and analyse transmembrane potentials induced in red blood cells for
the given conditions. Simulation results have been confirmed by successful lysis under static
conditions where time-sensitive experiments showed that electric field exposure times of
millisecond scales were sufficient to induce irreversible damage to the cells. These findings
have been adapted to perform lysis under continuous flow. The OET device was acoustically
actuated to form a single cell band along the pressure nodal plane in the microchannel
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centre. The combined use of OET and acoustic tweezing enabled cell lysis efficiencies
close to 100 % for cell concentrations of 60-10° cells/ml. Lysis was improved compared to
single OET actuation partially because of removing cells from the shielding channel wall and
possibly also due to exposure to high pressure amplitudes. The latter can cause
sonoporation of the cell membrane as the result of strong membrane oscillation which can
cause mechanical strain strong enough to rupture the bilipid layer. However, control
experiments could not confirm sonoporation effects when cells were exposed to high
pressure amplitudes and transfection agents. It was speculated that exposure to high
pressure amplitudes within the standing wave might have been too short to induce
sonoporation but despite this, minor mechanical strain induced by acoustic fields as well as
flow induced shear stress could explain an enhanced lysis efficiency. Nonetheless, the
presented concept showed lysis of dense cell samples in a microfluidic chip. It was
suggested that even higher concentrated cell samples can be successfully lysed when the
multi pressure node capability of the SAW device and increased field exposure times are

utilized in future investigations.

Also part of this chapter, but in absence of ultrasound, lysis of single cells was
demonstrated. It was shown that small virtual electrode spots of up to 2.5 ym generated high
electric fields which allowed irreversible electroporation in red blood cells. The increased
field strength which enabled successful lysis was linked to the reduced gap between the
electrode substrates. The precise targeting of cells was carried out in dense population of
cells. Neighbouring cells stayed intact owing to the fact that the high field regions were
spatially well defined and dropped significantly with small distances from the spot centre.
Moreover, this concept has been applied to suspension and adherent cells suspended in
physiological buffer solutions. The use of high conductivity solutions in the OET chip
impedes the creation of high field regions, as most of the voltage drops across the aSi layer.
However, the presence of a cell alters the potential distribution at the interface significantly,
as long as the cell is very close to the aSi surface. This has been investigated by simulations
and experimentally verified for red blood cells and MCF7 cells adhered to the aSi surface. It
is believed that the cell's membrane dominates the impedance at the interface at close
distance. And that it generates voltage differences between the cell and the surrounding
liquid sufficient for lysis. The complete lysis was achieved within 1 minute upon exposure to
the field.

Although the single lysis concept works only for planar cell arrangements (no 3D tissue cell

targeting), it may find its application in microfluidic cell culture devices which incorporate
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molecular analysis (e.g. ELISA) techniques to identify intracellular components subsequent

to single cell lysis steps.

The fifth experimental chapter demonstrated the use of the platform for selective handling of
microbubbles (MB) by OET and MB insonation induced by a pressure field in the
superstrate. MBs are promising therapeutic tools allowing in vivo delivery of chemical
compounds (e.g. drugs) to points of need (e.g. tumour) where controlled MB destruction
releases the compounds. However, the mechanism governing the MB acoustic field
interaction and the impact of the insonified MB on biological cell are not well understood. For
instance the influence of the applied insonation frequency on particles of different sizes is of
interest to find optimise MB destruction parameters. Therefore, novel tools are required
which allow the study of these mechanisms in controlled environments. Here, we showed
size dependent MB actuation by non-uniform electric fields upon illumination. MBs were
selected and isolated from a group to enable individual characterisation. In combination with
a slanted SAW transducer, acoustic energy was coupled to the microfluidic compartment to
insonify trapped MBs. The interaction with the sound field led to MB size changes possibly
induced by acoustically driven diffusion. Although, the acoustic energy was too low to induce
inertial cavitation and micro streaming effects, it is believed that this setup can be helpful for
size dependent MB characterisations and MB and cell positioning to study ultrasound
induced interaction effects (e.g. poration). An improvement in the transferred acoustic
energy can be achieved by replacing of the polymeric adhesive (double sided tape) and the
use of more inelastic materials (e.g. SU8). A more powerful wide frequency SAW transducer
can be considered, too. The broadband frequency response of the SAW device is of

particular interest, as it is able to probe the resonance point of various MB sizes.
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9. Conclusion

The study was set out to develop a new microfluidic platform that integrates two popular
micromanipulation methods. The combination of optoelectronic and acoustic tweezing aimed
to overcome individual technological shortcomings and demonstrate the potential of a hybrid
system for microfluidic functions. Optoelectronic tweezing provides the ability for very
localised, precise and versatile manipulation while acoustic tweezing offers to manipulate

cells and particles across large areas very efficiently.

An essential step towards the creation of a microfluidic platform was made by developing a
device concept that enabled the introduction of optoelectronic tweezing into a microfluidic
chip which, in addition, can be used as a microfluidic acoustic resonance cavity. The device
development described in Chapter 3 is a novel and versatile fabrication process and has the
potential to be applied in applications beyond this work. An improvement of the fabrication

time should be investigated in future research to achieve a more efficient work flow.

The use of optoelectronic tweezing within a continuous microfluidic system was also
demonstrated in Chapter 3. The characterization of the developed chips has shown that light
induced dielectrophoresis was not limited to quiescent liquids but can be used for fast (e.g. 5
mm/s) and complex particle manipulation under pressure driven flow. A particular example
was presented by a very localised sorting process of a complex particle mixture simply
through generating a light pattern gradient. The integration concept demonstrated to be a
very promising approach and improvements regards the photoconductor properties can

enhance the functionality and may promote a more widespread use.

The link between the integration of optoelectronic and acoustic tweezing was made by
introducing the surface acoustic wave technology to the microfluidic chip. Chapter 4
described the novel arrangement where a surface acoustic wave device was connected to
the developed microfluidic chip to create the hybrid microfluidic platform. The creation of
acoustic standing waves and the associated acoustic forces were investigated
experimentally and theoretically by simulations. The flexibility of surface acoustic wave
excitation at different frequencies, the simplicity of assembling the system as well as the
potential of using the microfluidic chip as disposable unit showed some important
advantages compared to other systems. The sole use of acoustic tweezing for complex
particle handling was demonstrated by sorting particles and cells with good efficiencies. The

strategy of using surface acoustic wave devices in conjunction with disposable and custom
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microfluidic chips can be easily expanded by using a range of surface acoustic wave devices
in a sequential manner. This would enable localised acoustic manipulation and hence

localised control of particles within the microchannel chip.

Both micromanipulation methods were brought together in Chapter 5. It was demonstrated
that optoelectronic tweezing can benefit from the acoustic actuation in form of acoustic
standing waves. The rapid concentration of particles along the microchannel length using
acoustic tweezing complemented the localised and confined manipulation by light induced
electric fields. On the other side, optoelectronic tweezing can be used to control the localised
enforcement of the acoustic manipulation of particles by competing with the acoustic force
as shown by sorting experiments of particle mixtures into virtual microchannels. While the
versatility of this system was indicated and potential applications were described,
optimisations should be carried out to suppress unwanted effects such as leakage fields.
This may include the change of the photoconductor properties as described above and the
introduction of an additional acoustic transducer to achieve two-dimensional particle

focussing.

The exceptional fine control of optoelectronic tweezing in the developed microchip was
demonstrated in Chapter 6. In particular, a true single cell lysis approach based on small
light beams was established that can be applied for cells suspended in physiological buffers.
Lysis is a very important procedure for cellular studies when analysing the content of
selective cells. Microfluidic approaches are ideal technologies for single cell investigations
with high throughput. The lysis strategy presented here may be of use for future applications
that includes a whole process line including sample preparation and content analysis. The
electric field induced lysis was also combined with acoustic tweezing to demonstrate lysis
under continuous flow. Again, it was shown that the acoustic actuation complemented the
electrical actuation by pre-aligning the cell sample along the microchannel before lysis was
induced locally by light induced electric fields. The acoustic counterpart may be even used
as an additional way to break up the cell membrane in form of sonoporation once

improvements in coupling of the acoustic energy more efficiently have been made.

Last but not least, Chapter 7 addressed challenges that are encountered when handling
microbubbles. Therapeutic microbubbles are the focus of many studies due to their potential
as drug delivery system. However, a lack of efficient manipulation systems that enable
selection, isolation and rearrangement of microbubbles inhibit extensive fundamental
studies. The microfluidic platform presented in this work was applied for selective

microbubble handling using optoelectronic tweezing as well as insonation and destruction of
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microbubbles using surface acoustic waves. The initial results demonstrated that the system

could represent a valuable route to study bubble-bubble and bubble-cell interaction.

In summary, the thesis introduced a promising concept in the field of microparticle
manipulation in microfluidics and will hopefully find the right attention to inspire students and

researcher to develop new technologies or improve and extend existing ones.
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