Lab on a Chip

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

. accepted for publication.
Lab ona Chip e

D —— Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g}mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/loc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 11

Lab on a Chip

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

Introduction

Lab on a Chip

RSC

AC Electric Field Induced Dipole-Based On-Chip 3D
Cell Rotation

Prateek Benhal 2, J. Geoffrey Chase 2, Paul Gaynor °, Bj&rn Oback ¢, and
Wenhui Wang ¢

Corresponding Author E-mail: geoff.chase@canterbury.ac.nz, wwh@tsinghua.edu.cn

Precise rotation of suspended cells is one of many fundamental manipulations used in a wide
range of biotechnological applications such as cell injection and enucleation in nuclear transfer
(NT) cloning. Noticeably scarce from the existing rotation techniques is three-dimensional (3D)
rotation of cells on a single chip. Here we present an alternating current (ac) induced electric
field-based biochip platform which has an open-top sub-mm square chamber enclosed by four
sidewall electrodes and two bottom electrodes to achieve rotation about two axes, thus 3D cell
rotation for the first time. By applying an ac potential to the four sidewall electrodes, an in-
plane (yaw) rotating electric field is generated and in-plane rotation is achieved. Similarly, by
applying ac potential to two opposite sidewall electrodes and the two bottom electrodes, an
out-of-plane (pitch) rotating electric field is generated and rolling rotation is achieved. For
prompt proof-of-concept, bottom electrodes were constructed with transparent indium tin oxide
(ITO) using the standard lift-off process and the sidewall electrodes were constructed with a
low-cost micro-milling process, and then assembled to form the chip. Through experiments, we
demonstrate rotation of bovine oocytes of ~120 pm in diameter about two axes, with the
capability of controlling the rotation direction and rate for each axis through control of the ac
potential amplitude, frequency, and phase shift, and cell medium conductivity. The maximum
observed rotation rate reached nearly 1409s, while a consistent rotation rate reached up to
409s. Rotation rate spectra for zona pellucida-intact and zona pellucida-free oocytes were
further compared and found to have no effective difference. This simple, transparent, cheap-to-
manufacture, and open-top platform, allows further function modules to be integrated to
become a more powerful cell manipulation system.

NT cloning technology [0 12 16191 For both manipulations to
achieve high performance, it is imperative to align the selected
injection point or DNA material with respect to the glass

Precise translation and rotation of biological entities, such as
spherical cells, are two fundamental manipulation requirements
in applied biotechnological research [9. Unlike translational
manipulation, for which a number of methods and devices are
available to actuate three-axis displacements, rotation remains
extremely challenging when it is required for more than a single
axis of cell orientation in 3D spaces. Two typical case
applications are cell injection and enucleation, which can be
roughly thought of as two reverse manipulations in order [10-14],
As common practice in biology laboratories, cell injection uses a
glass micropipette to deposit foreign materials into a desired
destination of a cell 351 In contrast, enucleation uses a glass
micropipette to extract DNA materials out of the recipient cell in

This journal is © The Royal Society of Chemistry 2013

micropipette. As the injection point or DNA material of a cell is
initially located at an arbitrary orientation, the cell has to be
rotated about more than one axis in order to achieve appropriate
alignment.

Manual rotation using the micropipette tip to manipulate the cell
is commonly adopted in laboratory [3 201, Due to the human
labour nature, this method has inherent disadvantages such as
low efficiency, poor precision and inconsistent performance.
These disadvantages drive researchers to leverage a range of
physical phenomena and propose corresponding methods for cell
rotation, such as electro-kinetics %221, optical tweezers [23 and
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micro-fluidics (24261, In general, the majority of microchips work
on existing methods include electric torque induced by
dielectrophoresis (DEP) [ 2731 and optoelectronic torque
induced by optical means coupled with DEP such as optical
tweezers and ODEP [34; while a few include magnetic torque and
mechanical torque. All these methods have been demonstrated to
be capable of rotating cells, whose size ranges around 10 pm in
diameter. However, scarcely seen is the controlled rotation of
cells in 3D space or controlled rotation about more than one axis
in one single device, which is the most important issue to be
addressed in this paper.

DEP has been widely attempted for trapping, translating and
rotating cells [ 28.33-37]_gypjected to a non-uniform electric field,
any polarizable entity, which includes cells, experiences locally-
concentrated induced electric dipoles, which in turn undergo
electric forces or torques in the electric field. Collectively, a net
DEP force or torque is generated on the cell, leading to
translation or rotation respectively. Based on this phenomenon, a
classic method was reported to rotate cells in a chamber enclosed
by four vertical electrodes, both theoretically and experimentally
[36.38-42] This early implementation applying external ac potential
or direct current (dc) potential alternatively to the vertical
electrodes achieved in-plane (yaw) rotation about one single axis,
leaving the rotation about multiple axes still a problem.

Recent research has brought a new element into DEP by
introducing an optical means to induce DEP and this can be
called optical DEP (ODEP) [2% 25 32 Compared to conventional
DEP, ODEP differs in applying the potential to electrodes by
light induced electric field instead of an external potential source.
The disadvantages of this technique, however, include three
aspects: i) The rotation is still only about a single axis. ii) To
induce the rotation, a top electrode is necessary, leading to a
closed rotation chamber which hampers external access to the
cell inside. iii) The ODEP technique has not been tried on larger
size cells of around 100 pm.

Another similar method is based on optical tweezers, which use
the optoelectronic torque generated in the focal point of a light
beam to trap and rotate particles [23 43 44 Due to the limited
energy of the light, like ODEP the torque is normally insufficient
to rotate cells above 10 pm level. In contrast, optical tweezers are
very suitable for rotating particles of 1-10 um level. Additionally,
rotation of particles about more than one axis using optical
tweezers has not yet been reported.

Magnetic fields have also been used to rotate cells. Initially,
housed in a chamber enclosed by vertically configured
electromagnets [“5 461 magnetic beads are solely rotated in-plane.
Recently, researchers embedded magnetic nanoparticles into cells,
which underwent a magnetic torque in a rotating magnetic field
and thus rotated 7 in-plane about the Z-axis (with axis
orientation as identified in Fig. 1). This method involves
inserting magnetic nanoparticles into cells. As an invasive sample
preparation step, it raises the risk of cell damage and may
interfere with the cell viability and development, and thus has
limited practical application.

Based on the above analysis, a method that solely uses ac electric
fields for dual axis rotation is proposed in this paper. Relatively
higher torque induced by a rotating ac electric field is taken
advantage of rather than ODEP or optical tweezers, allowing
rotation of cells larger than normal, such as bovine oocytes used
in cloning studies, which are typically more than 100 pm in
diameter [131. Accordingly, to realize dual-axis rotation, our
biochip differs from existing micro-devices in that it integrates
six electrodes, which are arranged on the bottom substrate and
sidewalls, whereby dual-axis rotation is controlled by varying
applied ac potential amplitude, frequency, and phase shift. In
particular, the in-plane (yaw) rotating electric field is generated
by solely activating sidewall electrodes and vertical out-of-plane
(pitch) rotating electric field by activating bottom electrodes and
one opposite pair of vertical electrodes. In MicroTAS 2013 81,
we have reported our progress in fabrication of a proof-of-
concept biochip and the preliminary experimental data for bovine
cell rotation. Here, in this paper, we fully describe the biochip
design, working principle, and fabrication; and show more
experimental results to characterize the dual-axis rotation of
bovine oocytes. Our chip is transparent, cheap-to-make, and
open-top, rendering its potential capability of rotating cells in 3D
space for applications such as cell injection/enucleation, cancer
cell identification, cell dielectric property measurement, and 3D
cell imaging. As the applied ac electric field induced dipoles are
universal in any polarizable material, the biochip could be
extended to rotate entities such as beads, particles, DNA, proteins,
and larger organisms.

Chip design and fabrication

Chip layout

Fig. 1 illustrates the biochip, which essentially consists of six
electrically-isolated electrodes sitting on a glass slide. Four
sidewall vertical electrodes are used to induce yaw rotation;
while the two bottom electrodes, together with the sidewall
electrodes, are used to induce pitch rolling rotation. Here, the
novelty lies in sharing the sidewall electrodes for pitch rolling
rotation, leaving an open top to the biochip chamber, where the
cell is contained. Sharing the sidewall electrodes simplifies the
biochip structure, while the open top provides external access to
the cell — where both features have a favorable benefit for
subsequent cell manipulation, for example, through a
micropipette or further integrating with microfluidic channels.

The sidewall electrodes are separated by a layer of insulator from
the bottom electrodes to avoid an electrical short. Also, to allow
easy observation into the biochip chamber, the bottom electrodes
are chosen to be transparent indium tin oxide (ITO). As bovine
oocytes are our first interest in research, the height and length of
the sidewall electrodes are chosen to be 500 pm and 750 pm
respectively to form a chamber with a suitable manipulation
space for a cell of ~120 pm in diameter. Through parametric
finite element analysis (FEA) of rotational electric field studies
(results not shown in this paper), it was determined that a square
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chamber area of 750 pm x 750 pm provides sufficient rotational
field strength in the order of 10* V/m magnitude to rotate ~120
pm sized cells when using standard signal generation apparatus,
and is relatively easy to manufacture using facilities in our lab.
Since chamber size may not be highly important with regards to
initial observations of 3D rotation, we did not test smaller
chambers. This first-of-its-kind 3D cell rotation biochip platform
looks simple, however, it is this rather simple structure that offers
future opportunities to integrate more structures or tools on top of
it and thus expand its usability.

Vertical electrodes ° < Cell

v ‘, Insulator

. &~ Cover

@)

Glass slide

Fig. 1: DEP biochip platform design. (a) Overview. (b) Exploded view: four
isolated vertical electrodes (red) of 750>%750>600 pm in width, length and
height, forming a chamber with a cell (blue) inside and two bottom ITO
electrodes (green - 250 pm>500 pm>100 nm each in width, length and
thickness) separated by a 30 um gap. The vertical electrodes are isolated from
the bottom electrodes via a plastic insulator layer (yellow —film made of mylar)
of 25 mm>25 mmx12 pm in width, length and thickness. Dimensions not to
scale.

Biochip working principle for 3D cell rotation

In this paper, cell rotation is based on the ac potential induced
rotating electric field. For the four sidewall electrodes, it is well
known that by applying ac potential with a 90 <phase shift, an in-
plane rotating electric field is generated, in particular in the
central region of the chamber enclosed by the four electrodes.
Simulations were conducted to verify the phenomenon with FEA
software (COMSOL V4.3). Simulations were also conducted to
investigate how to generate a rotating electric field for out-of-
plane rolling rotation using two sidewall electrodes and two
bottom electrodes.

Fig. 2 shows the ac potential schemes for rotations about the Z-
axis (in-plane, top view) and X-axis (out-of-plane, side view)
respectively. For in-plane rotation, ac potentials with equal
amplitude but with 90° phase shift are applied to only the four
sidewall electrodes, leaving the bottom electrodes electrically
floating. The potential scheme is shown in Fig. 2a where the
generated in-plane rotating electric field (anti-clockwise) in one
period is apparent. If the order for the ac potentials applied to the
four electrodes is changed, the in-plane rotating electric field
changes its direction to being clockwise. This is the way we
control the cell rotation direction.

For pitch rolling rotation, ac potentials with equal amplitude are
applied only to the bottom electrodes, leaving the two
neighbouring sidewall electrodes grounded and the other two
floating. The potential scheme is shown in Fig. 2b and the
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generated rotating electric field (clockwise) about the pitch X-
axis in one ac period is apparent. Note the phase shift between
the two bottom electrodes is now 50< not 90< This is because
with 50<phase shift, the rotating electric field occupies a larger
region with less-variation in strength, which would result in a
more stable rotation. Similarly to in-plane rotation, if the order
for the ac potentials applied to the four electrodes is changed, the
rotating electric field about the X-axis changes its direction to
anti-clockwise.
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Fig. 2: Electric field analysis. (a) In-plane (yaw) rotation: top view. (b) Out-of-
plane (pitch) rotation: side view. The first row shows 3D illustration of the
rotation about two axes. Complete rotation of electric field for a single period of
ot=0 to 1.5n, using COMSOL v4.3 FEA software. w-angular frequency of the
applied ac electric field and t-time in seconds. Arrow vectors length and
thickness correspond to field strength.
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Under a rotating electric field, a spherical dielectric particle is
subjected to a torque, which is defined as [49 501

T= 4TCSmR3|m[fcm] E? (1)
where em is the complex medium permittivity (a frequency-
dependent complex value), R is the radius of the particle, Im[]
stands for the imaginary part of a complex variable, E is the
electric field magnitude, and fcm is the Clausius-Mossotti (CM)
factor that characterizes the frequency-dependent dipole moment:

fem = (8p'8m)/(8p+28m)

2
Where, ¢p is the particle complex permittivity.
If a constant angular velocity (Q2) of a particle is assumed, then

the hydrodynamic torque Tt arising from the Stokes drag force is
given by B

T = 8nnQR3 3)
where 7 is the viscosity of the medium.
In equilibrium, |T|=|T1. Using Egs. (1) and (3) we then have
Q = enl(2n)IM[fem] E2 (4)

Equation (4), along with Eq. (2), indicates that the particle steady
angular speed is dependent on the medium and particle’s
electrical properties, the electric field magnitude and frequency,
the position of particle in the chamber, and the structure of the
biochip electrodes. These factors provide the ability to control
speed and direction of particle rotation. The rotation spectrum of
a homogenous isotropic spherical particle has a single peak at the
Maxwell-Wagner frequency.

Biochip fabrication

This paper aims to demonstrate that the biochip platform works
for 3D cell rotation, therefore although it is possible to fabricate
the entire biochip through photolithography technology which
facilitates very good miniaturization and electric interfaces,
photolithography was not adopted for fabricating the sidewall
electrodes in order to avoid unnecessary difficulty. Instead, as
shown in Fig. 3, the sidewall electrodes were fabricated by
micro-milling and the bottom electrodes by photolithography,
respectively. Then the parts are assembled to form the biochip
platform. In this way, we saved time and cost while still
obtaining a workable chip. The fabrication process is described in
brief (Fig. 3).

To fabricate the bottom electrodes on borosilicate glass, the
simple and standard life-off process 511 was used (details are
omitted here). The sidewall electrodes are micro-milled using a
Mini-Mill/GX CNC machine (Mini Mill/GX™). In particular, a
brass strip of 500 pm in thickness is cut to 25 mm square and
adhered onto PMMA which serves as a support base for the
subsequent micro-milling. Along the diagonals of the square, the
brass layer is micro-milled into four electrically-isolated parts,

which serve as the four sidewall electrodes. In micro-milling, a
cutting spindle speed of 30,000 rpm and a feed rate of 0.6-1.2
pm/s was found effective to mill the brass strip. Around the
intersection point of the diagonals, a circular through-hole of 750
pm in length is formed by a drilling tool in the same micro-
milling machine at 7000 rpm spindle speed through the PMMA,
serving as the access area to the rotation chamber for
loading/unloading bovine oocytes.
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Fig. 3: Fabrication process of biochip. (a) ITO-patterned glass slide through
standard lift-off process °"! and an insulator layer made of 25 mm>25 mm>x12
pm in width, length and thick, mylar film. (b) Micro-milled brass fixed on top
of polymethyl methacrylate (PMMA) with PMMA adhesive as vertical
electrodes and through-hole in the PMMA. (c) Assembly. Figure not to scale.

The micro-milled part is then inverted and placed on top of the
electrode-patterned glass slide. In between is sandwiched a
transparent plastic cover slip (fabricated from mylar film) of 12
pm thickness. The cover slip is a 25x25 mm square ring. It serves
as both an electrical and thermal barrier between the sidewall and
bottom electrodes. Finally, the biochip is mounted on a custom
made support and suitable electrical connections are wired to an
external potential supply for the six electrodes. A picture of the
biochip platform is shown in Fig. 4.

Fig. 4: Fabricated biochip. (a) Fabricated biochip with electrical connections. (b)
Close-up top view shows sidewall brass and bottom ITO electrodes. The
chamber workspace is a 750-m square area 8!,

Experiments
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Materials and method

Oocytes were collected from abattoir ovaries and manipulated as
described [21. Briefly, metaphase-ll oocytes are treated with
hyaluronidase to remove cumulus cells surrounding the oocyte.
The outer protein shell, called the zona pellucida (ZP), was either
left intact or enzymatically removed with pronase to obtain ZP-
free oocytes. Sterile HSOF solution is used to wash the oocytes.
ZP-free and ZP-intact oocytes are then kept at room temperature
in a 13 mm Vacutainer containing embryo holding media 131,

The buffer medium in all experiments was hypoosmolar,
consisting of 0.05% bovine serum albumin, 200 mM mannitol,
50 UM CaClz, 100 pM MgClz, and 500 M Hepes B2, Electric
conductivity of the buffer was measured using a pH/conductivity
meter AP85 (Fisher Scientific). In experiments, the fabricated
biochip was submerged in a Petri dish containing buffer solution.
Oocytes were then manually transferred via a mouth pipette into
the biochip chamber. During each experiment, a bovine oocyte
was slowly and carefully injected manually into the rotation
chamber from a micro-pipette (mouth-pipetting) through the hole
in the PMMA top layer. The following protocols are precisely
adhered to when positioning an oocyte in the rotation chamber to
maximize reproducibility:

. A single bovine oocyte is selected by mouth pipetting.

. Slowly and carefully the single oocyte is placed at the
centre of the hole. During this phase, a camera interfaced with
the inverted microscope is used to feedback the oocyte
position.

. Within 5-10 seconds the oocyte settles down at the
centre of the rotation chamber due to gravity and the
suspension/buffer medium density and viscosity.

. The proper suspension of the bovine oocyte was
checked by focusing on the bottom electrodes and the cell rim
respectively under 40x microscope objective.

Experimental setup

An inverted epi-fluorescent microscope (Nikon Eclipse 80i) sits
on a pneumatically controlled anti-vibration table (TMC, USA).
The Petri dish housing the biochip is placed on the microscope
stage, with electric wires connecting to a four-channel TGA1240
series 40MHz arbitrary waveform generator, which supplies
phase-shifted ac potentials to the electrodes in accordance with
the biochip working principle. A CCD camera (Nikon Eclipse
DS-Fi2) is mounted on the microscope to record and image the
cell rotation in bright-field mode at 10x. A desktop computer is
interfaced with the camera to capture video and images.

Experimental data collection and analysis

Video clips during experiments are captured with f=30 Hz
sampling frequency for each individual oocyte. These video
frames are processed offline to estimate the cell rotation rate
manually using the free software ImageJ V1.46r manual tracking
plugin, NIH, USA. The estimation methods for two-axis rotation
have to be different, because the cell has completely different
motion patterns and observable features.
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In particular, when the cell has an in-plane rotation, it is like a
flat disk rotating about its center. Using this observation, a line
was successfully drawn in each video frame connecting two
consistent reference points on the cell, one being the cell center
and the other a feature point on the circumference of the cell. The
angle between this line and the horizontal line is denoted by 6.
The change in @ between each two successive frames is denoted
by 06, then the rotation rate can be given by Q=06/At, where At
is the sampling period (At=1/f=0.033 s). In practice, to
accommodate the case when 06 is immeasurable, the angle
change in several successive frames was used and this is divided
by that time interval for the yaw rotation rate Q.

In the cases when feature points are hard to determine on the cell
(Fig. 5b), the video files are imported into ImageJ and each frame
is further processed to determine several pixel points on the
circumference of the oocyte. The obtained key points are
manually tracked by using the Manual Tracking plug-in tool. A
detailed procedure to calculate the rotation measurement is
provided in the supplementary information 1 (SI 1).

When the cell has a rolling rotation, due to its extremely
complicated texture, it is not possible to choose a feature point
with unique grey-level properties, making the previous method of
tracking feature points invalid. To estimate the rotation rate, we
assume the cell rolls without any sliding. With this assumption,
the distance (denoted by d) the cell travels between two
successive frames was measured. Then the rotation rate can be
given by W=d/(r-At), where r is the cell radius. In practice,
similarly to in-plane rotation, to accommodate the case when d is
immeasurable, the distance in several successive frames were
used and divided by that time interval for the pitch rotation rate
Y.

Results and discussion

Healthy bovine oocytes were used in experiment to demonstrate
cell rotation. Each time, a single oocyte was loaded in the biochip
chamber with buffer solution media. Care was taken to gently
manipulate the oocyte with the mouth pipette so that it was
located in the central region of the chamber as the start position.
Sufficient time was given for the oocyte to settle in the media to
make sure it reached a suspension steady-state which was above,
and not in contact with the chamber bottom surface. For any
oocyte that sank to the bottom, it was removed from the chamber
because the friction between the oocyte and the bottom surface
would have an effect on the rotation properties.

Once ready, an individual bovine oocyte was rotated in-plane
when the four sidewall electrodes had ac potentials applied in
accordance with the configuration in Fig. 2a. When two sidewall
electrodes and the bottom electrodes had ac potentials applied in
accordance with the configuration in Fig. 2b, the oocyte rotated
out-of-plane in a rolling pattern. Rotation initiation and
termination were triggered by switching the ac potentials on and
off respectively. The rotation data were collected for varying
frequency in the range of 10 kHz-10 MHz and two amplitudes of

5


http://www.nikoninstruments.com/Products/Cameras/Digital-Cameras/DS-Fi2

Lab on a Chip

10 V and 20 V. In total, 24 oocytes were tested and their rotation
spectra about both axes against factors like frequency, ac
potential amplitude, and medium conductivity were obtained.
Note, we did not characterize the effect of the cell size on
rotation in this paper.

Bubble formation of some sort is common during most electric
cell manipulation experiments. To help avoid this issue, the entire
biochip was completely air sealed by submersion in the buffer
medium. A small amount of bubble generation was however seen
in experiments where signals with frequencies below 10 kHz for
both 10-20 Vp-p were applied. For experiments using signals
between 10 kHz to 5 MHz for 10-20 Vp-p, bubble formation was
not witnessed. Overall, bubble formation was not an issue during
experiments.

In-plane (yaw) rotation of individual oocytes

Firstly, individual bovine oocytes were rotated in the biochip
chamber through applying ac potentials to the four sidewall
electrodes. When the amplitude was below 10 V, no rotation was
observed in the adjustable frequency range of 10 kHz-10 MHz.
However, clockwise rotation of the oocyte was observed when
the amplitude reached 10 V, as shown in the first row of Fig. 5a
and Fig. 5b. During the course of rotation, the cell was relatively
steady in terms of its relative location in the biochip chamber and
its rotation rate for a particular frequency setting. When
increasing the frequency in the adjustable range from 10 kHz to
10 MHz, change in the rotation rate was observed, but no change
in the rotation direction. This observation holds true for all
oocytes in experiment.

Next, oocytes were rotated in the opposite direction (anti-
clockwise) by simply reversing the phase of the ac potentials on
the four sidewall electrodes. The above observations for
clockwise rotation of the oocytes remained the same with the
only exception being a resultant anti-clockwise rotation, as
shown in the second row of Fig. 5a and Fig. 5b. No measurable
difference in the rotation rate between the clockwise and anti-
clockwise directions under the same settings of frequency and
amplitude was observed. We were also able to instantaneously
start and stop rotation (See SI 2 for more information),
demonstrating the controllability and flexibility of cell rotation.

For the oocytes in experiment, rotation was observed at
frequencies between 100 kHz and 10 MHz. In particular, oocytes
rotated most consistently at the centre of the biochip chamber at
500 kHz. The oocyte retained its morphology during this flat-disk
(yaw) spinning. The minimum rotation rate of 17<s was
observed in experiment, and thus the angle change between two
successive frames can be calculated to be 17930 = 0.57< on
average. The angle between two successive frames corresponds
to the minimum angle resolution which could be achieved for
computer control, if we use 30 Hz video as on-line visual
feedback.

To characterize the effects of factors such as frequency,
amplitude, and medium conductivity on the bovine oocytes, three

to four oocytes were tested under each combination of these
factors and the results are shown in Fig. 6.
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Fig. 5: Snapshot of individual bovine oocyte yaw rotation in experiment.
Arrows show the rotation direction. Settings for (a) ZP-free oocyte rotation and
(b) ZP-intact oocyte rotation, at 10 V, 500 kHz frequency and 90<phase shift
between two pairs of orthogonally arranged vertical electrodes.

Four significant observations are: i) The rotation rate versus
frequency curve has a characteristic similar to a band-pass filter.
At the low and high frequency regions, oocytes do not rotate at
all; in the central frequency range the oocytes rotate first faster as
the frequency increases and then slow down as the frequency
increases further — with a Gaussian curve characteristic. There
exists only one peak rotation rate (138 s for an amplitude of 20
V, and ~909s for 10 V) in the measured frequency range. ii)
Higher potential amplitude (and hence higher electric field
magnitude) results in a faster rotation, which is evident if
comparing the data points for 10 V and 20 V. The latter voltage
led to nearly 1.5 times increase in rotation rate. iii) Applied with
higher amplitude potentials, the rotation rate increases to its peak
at a lower frequency. This is evident if the data points for 10 V
and 20 V are again analysed. The 20 V experiments yielded a
peak rotation rate at about 1 MHz, whereas the 10 V experiments
yielded a peak rotation rate at about 2 MHz. iv) Although, at the
two low media conductivities used, no difference in rotation rate
is observable (Fig. 6), additional experimental work was carried
out to determine the effect of different medium conductivity on
oocyte rotation. These four significant findings are valuable for
guiding the design of control scheme of cell rotations in various
applications.
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Fig. 6: ZP-free bovine oocyte in-plane rotation rate in relation to the
conductivity (om) of buffer medium and the applied ac potential (frequency and
amplitude Vp-p) in experiment. Based on 4 oocytes % 3 replicates (N=4, n=3)
with N being the number of samples and n being the number of technical
replicates.

The effect of medium conductivity on the rotation rate was
further analysed in detail. Because the medium used has a wide
possible conductivity range, the value selected being determined
by wvarious biological applications. Due to the medium
availability, the same type of buffer medium was used, but with
different conductivity. At the same time, the potential amplitude
was restricted to 10 V to minimize cell lysis. Under these
conditions, Fig. 7 shows the rotation rate spectrum of four single
oocytes at different medium conductivity. Note that different
oocytes were used to generate the data in Fig. 6 and Fig. 7. Hence,
owing to unavoidable biological and experimental variation, the
results are non-identical between Fig. 6 and Fig. 7. It can be seen
that the rotation rate increases very slightly as medium
conductivity increases, which is consistent with the theoretical
analysis and findings in literature 53 54, In contrast to the effect
of the potential amplitude, the change in medium conductivity
does not change the rotation rate in a comparable manner. It
should be noted that when the medium conductivity is higher, the
buffer medium becomes less viscous, lowering the oocyte
suspension success rate. When the medium conductivity is lower,
the buffer medium becomes more viscous, making it more
difficult to transfer oocytes. As such, this change in medium
viscosity with change in conductivity is the most likely reason for
the observed minor change in rotation rate related to medium
conductivity.

It is worth mentioning at this point that cell lysis (loss of
membrane integrity) was occasionally observed at higher
frequencies. When the potential amplitude was set at 20 V, the
minimum frequency that would cause cell lysis was 1 MHz.
When the potential amplitude was set at 10 V, the minimum
frequency that would cause cell lysis was about 2 MHz.
Furthermore, it was observed that oocytes were more likely to
lyse when the frequency exceeded 5 MHz for both 10 V and 20 V.

Rolling out-of-plane (pitch) rotation of bovine oocytes

Similarly to the in-plane rotation experiments, we managed to
pitch-rotate oocytes by applying ac potentials to the bottom
electrodes, grounding their neighbouring two sidewall electrodes,
and leaving the remaining two sidewall electrodes floating. In
comparison to in-plane rotation, the bovine oocyte started to roll
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in the y-direction about the pitch (x) axis with a potential of 10 V
amplitude and 10 kHz frequency. At 10 V, the rolling rotation
was very gentle. On or above 15 V, the rotation was more
significant with a faster rate.
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Fig. 7: ZP-free bovine oocyte in-plane rotation rate in relation to the
conductivity (om) of buffer medium and the applied frequency in experiment.
Here the ac potential amplitude is fixed at 10 V. Based on N=4, n=3. For each
frequency, 12 data points from media in different conductivity were analysed
by the 2-tailed t-test with equal variance.

Note the rolling pitch rotation had a different pattern than the in-
plane rotation in that the cell rolled over like a running wheel.
Due to the lack of unique feature points on the rolling oocyte, the
rotation pattern shown as top view in Fig. 8 looks as if the oocyte
translated to the left (Fig. 8a) and the right (Fig.8b) along the Y-
axis. However, the time-varying textures of the oocyte indicate
its rotation, which can be better seen from the attached video clip
in the SI 2. Clockwise and anticlockwise rolling rotation (about
the X-axis) was obtained by interchanging the phase on the
electrodes.

The in-plane rotation process was continuous so long as the
rotational fields were activated. However, out-of-plane rotation
only lasted for one to two minutes. This is because during rolling
pitch rotation, the cell was pushed down onto the bottom surface
causing it to stop rotation after the stated time period, and the
oocyte could only roll a horizontal distance as confined by the
chamber dimensions.

In a similar manner to yaw rotation, higher potential amplitude
causes faster pitch rotation. The effect of varying buffer medium
conductivity was also investigated for rolling pitch rotation rate
and the results are shown in Fig. 9. Looking into both Fig. 7 and
Fig. 9, we see that the medium conductivity has the same effect
on rotation regardless of the rotation axis: higher conductivity
increases the rotation rate (owing to the reduced medium
viscosity at higher conductivities). The most noticeable
difference lies in the frequency range in which the rotation occurs
(peaking at around 80 kHz, and dropping to zero at just over 1
MHz). This frequency difference is attributed to the different
local electric field magnitude generated by application of the
potentials to the two different configurations of electrodes for
yaw and rolling pitch rotations, whereby higher electric field
magnitude has been shown to reduce the peak rotation frequency
(see Fig 6).
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(&) Clockwise

Fig. 8: Snapshot of individual bovine oocyte rolling rotation in experiment. (a)
Clockwise rotation. (b). Anti-clockwise rotation with larger view of the oocyte
(note: lysed oocyte). Settings are 10 V, 40 kHz and 50 “phase shift between the
two bottom electrodes.
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Fig. 9: ZP-free bovine oocyte rolling rotation rate in relation to the conductivity
of buffer medium and the applied frequency in experiment. Here the ac
potential amplitude is fixed at 10 V. Based on N=4, n=3.

Effect of zona pellucida (ZP)

Since our direct motivation is to remove DNA from bovine
oocytes, depending on the method employed, oocytes with either
an intact or removed ZP may need to be manipulated. Therefore,
we compared the rotation rate for ZP-intact and ZP-free oocytes.
Considering the rotations about both axes have no essential
difference, oocyte rotation data were collected for in-plane
rotation only and the results shown in Fig. 10. Though ZP-intact
oocytes had slightly slower rotation rates compared to ZP-free
oocytes, the difference is negligible. Removal of the ZP does not
substantially reduce the size and weight of the oocyte; from Eqgn.
(1) we can deduce the rotation torque remains almost the same.
Therefore, the dielectric property of the ZP-free oocyte is nearly
equivalent to the ZP-intact oocyte, indicating a possible electrical
equivalency between the cytoplasm/cell membrane structure and
its surrounding ZP. From the data in Fig. 10, under an amplitude
of 10 V, for example, a ZP-intact oocyte can have consistent
rotation at ~20s at 1 MHz. This setting may be used for control
of cell rotation in enucleation/injection applications.
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Fig. 10: Comparison of the in-plane rotation rate for ZP-intact and ZP-free
bovine oocytes. Here the ac amplitude is fixed at 10 V. Based on N=4, n=3.
Medium conductivity used is 6,=3.9 pS/cm.

From Figs. 6, 7, 9, and 10, the rotation rate spectra about the two
orthogonal axes have the same pattern with a single peak
Gaussian-like shape. The pattern is expected to be the same as
the cell can be considered here as essentially a 3D homogeneous
entity. The curves have only one peak with no Maxwell Wagner
(MW) relaxation B35 561 indicating the bovine oocytes can be
reasonably approximated by solid sphere model rather than a
shell model, and are more polarizable than the medium, as
predicted by the established theory 57591, Furthermore, this solid
sphere model can hold in consideration of the electrical
equivalency between the oocyte cytoplasm/membrane structure
and its surrounding ZP, which was found earlier (see Fig. 10).

It should be pointed out that although bovine oocytes were used
in experiment to demonstrate cell rotation, the biochip platform is
readily available for other larger or smaller entities, like
nematodes, yeast cells, microbeads, molecules, even DNA and
proteins. These entities have different properties including size,
structure, dielectric coefficients, and morphologies, than bovine
oocytes, thus they may have different rotation rates, which could
be predicted by the established theory [ and validated by
experiment using this biochip platform. Note that according to Eq.
(1), DEP torque is proportional to R® of the cell, which means
that for smaller bio-particles (e.g., a blood cell) the DEP torque
becomes much smaller. To generate a DEP torque comparable
for bigger cells (e.g., bovine oocytes), it is necessary to increase
the electric field. However, Eq. (4) indicates that particle size is
theoretically not a contributing factor that affects the rotation
speed. This means in principle there is no need to scale up the
electric field to generate enough DEP torque for rotating smaller
cells. A valuable feature of this biochip lies in its open top, which
allows additional function modules to interface with the chamber
and rotating entities. For example, cell sorting microfluidic
channels can be added on top of the biochip with orifices
overlapping the chamber to facilitate the loading/unloading of
individual cells.

Cell lysis is nontrivial in practice. Three possible reasons can
contribute to this happening. One is the electric field magnitude.
We conducted simulations in COMSOL and found that the peak
magnitude (data not shown here) occurs in the center region of
the biochip chamber for in-plane rotation, and in the region above
the bottom electrodes’ gap for rolling pitch rotation, with a value

8

Page 8 of 11



Page 9 of 11

of 3x10* V/m and 1.6x10* V/m respectively for an applied
potential amplitude of 10 V. Previously reported work of DEP-
facilitated cell fusion 52 611 and electroporation [3* 621 offers clues
that this continuously-applied field is strong enough to induce
high and potentially damaging cell membrane permeability. The
second possible reason is related to the physical property of the
cytoplasm under high frequency excitation. In a recent tutorial
paper 83 it was mentioned that a rotating cell sample lysed in
ultrasonic standing-wave fields. Likewise, under a high
frequency electric field, it may be possible for oocytes to have
undergone a similar process of breaking up into fragments as
observed in these experiments; especially as our cells are
simultaneously subjected to the electric field-induced rotation
which is an additional physical factor that may contribute to lysis.
To minimize cell lysis in practice, a proper combination of
applied potential amplitude and frequency is required. For
example, two combinations (10 V and 500 kHz during in-plane
rotation, and 10 V and 40 kHz during out-of-plane rotation) could
be recommended for rotating bovine oocytes based on the
experimental results. Therefore, the data in this paper could also
be a good reference point to determine proper parameters for
other types of cells or particles.

The third possible reason for cell lysis is related to Joule heating.
DEP is known to generate a various amount of heating, such as
Joule heating, depending on application-specific physical
parameter values [®4. Excessive heating is a factor that can affect
cell viability. In experiment, we have not measured the
temperature change in the medium since the main purpose was to
demonstrate rotation. However, no obvious effects of media
heating were observed (such as gassing or media turbulence due
to convection), and previous work using similar electric field
magnitudes and frequencies with the same buffer media and
oocytes did not result in any observed heating effects or
reduction in cell viability 2. Even so, we plan to measure
temperature variation in future experimental work.

In experiment, we had some noteworthy observations. At low ac
frequencies (less than 10 kHz), the electrodes started to corrode
and the electrochemical reactions generated bubbles, which
should be avoided. Another general observation was that during
rolling pitch rotation oocytes tended to simultaneously sink to the
bottom electrodes, while this did not happen for in-plane rotation.
Through FEA simulations in COMSOL, it was found that there is
a DEP drag force pulling the oocyte to the bottom of the chamber
for rolling pitch rotation, but not for in-plane rotation. To counter
the resulting drag force, extra care should be taken to optimize
the geometry design of the bottom electrodes (also an aim of our
future work).

Currently, we manually control the external ac potentials for
control of the rotating electric field and thus cell rotation. This
includes start-stop, direction, and rate of the rotation. Though it is
not a problem for demonstration purpose in this paper, manual
operation has been one of the most important barriers that
hamper us from controlling the rotation continuously and in a
closed loop for future cell injection/enucleation. To address this
problem, we intend to leverage advances in micro-electronics to

Lab on a Chip

make a PC-controllable miniature circuit board that can replace
the functions of the currently adopted function generator.

Furthermore, we currently measure the rotation rate or orientation
angle offline, which could be improved upon in future as well. To
make the control closed-loop, it is necessary to obtain the
instantaneous orientation angle as feedback information and thus
requires an online method of constantly tracking the cell rotation.
This could be accomplished in a manner somewhat similar to
what has been done in our labs before 5] using a similar
microscopy imaging system but developing a real-time image-
based algorithm to measure the cell orientation. Once we are able
to control the rotation by computer and in a closed loop, in
combination with the standard existing Cartesian microscope
stage, the 3D cell rotation biochip platform could be an enabling
manipulation tool for many interesting biological studies.

Conclusions

An ac electric field-based biochip platform is constructed by a
mixture of fabrication methods via standard lift-off process and
micro-milling. Within the sub-mm square chamber of the biochip,
bovine cells are demonstrated to be controlled to achieve rotation
about two orthogonal axes respectively. The rotation direction
and rate are controlled via varying a set of parameter options;
namely by changing the ac potentials amplitude, frequency, and
phase shift, and cell medium conductivity. Based on
experimental observations, we recommend two combinations (10
V and 500 kHz during in-plane rotation, and 10 V and 40 kHz
during out-of-plane rotation) for consistent and stable rotation of
bovine oocytes with a rotation rate up to 40s. Using a 30 Hz
video sampling frequency, the measurable angle change between
two successive frames can be as small as 0.57< Through the
obtained rotation rate spectra, it was found that bovine oocytes
could be treated as a solid sphere model and there seems to be no
practical difference for ZP-intact and ZP-free oocyte rotational
spectra, demonstrating the capability of using this biochip
platform to characterize cell dielectric properties. Once closed-
loop control by a computer is achieved, the biochip platform can
be made more powerful in conjunction with extra function
modules, which are facilitated by the simple, transparent, and
open-top structure of the chip. In summary, this 3D cell rotation
platform offers many opportunities in manipulating and studying
single cells or cell populations, other organisms, and particles in
3D space.
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