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IC/Microfluidic Hybrid System for Magnetic
Manipulation of Biological Cells
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Abstract—This paper introduces an integrated circuit (IC)/mi-
crofluidic hybrid system for magnetic manipulation of biological
cells. The hybrid system consists of an IC and a microfluidic
system fabricated on top. Biological cells attached to magnetic
beads are suspended inside the microfluidic system that main-
tains biocompatibility. The IC contains a microcoil array circuit
that produces spatially-patterned microscopic magnetic fields.
Programmable, rapid reconfiguration of the field pattern made
possible by the IC allows an efficient simultaneous manipulation of
multiple individual bead-bound cells with precise position control.
Two prototypes, SiGe/microfluidic and CMOS/microfluidic hybrid
systems, validate the proposed approach.

Index Terms—Bioelectronics, biolab-on-IC, cell manipula-
tions, CMOS integrated circuits, digital logic, integrated circuits,
lab-on-a-chip, microcoil arrays, microcoils, microfluidics, SiGe
integrated circuits.

I. INTRODUCTION

ODAY'’S semiconductor integrated circuits (ICs) can con-
Ttain over 100 million transistors, operate at GHz speeds,
process Gbyte data, and can be manufactured inexpensively.
With these advantages, ICs have become one of the most sig-
nificant enabling technologies of our time, lying at the heart of
today’s advanced computers, communication systems, and mul-
timedia hardware.

There has lately been a growing interest in exploiting the
benefits of the ICs for areas outside the traditional application
spaces. One notable such area is found in biology. Bioanalyt-
ical instruments have been miniaturized on ICs to study neural
activities and tissue dynamics, to monitor ion channels and elec-
trochemical activities, to probe DNA, and to electrically manip-
ulate cells [1]-[6]. These biolab-on-IC systems utilize the IC to
facilitate faster, repeatable, and standardized biological experi-
ments at low cost with a small volume of biological sample. The
research activities on biolab-on-IC are expected to enjoy sub-
stantial growth in the foreseeable future. This trend is reflected
by the increasing number of publications in major IC design
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Fig. 1. Conceptual illustration of the IC/microfluidic hybrid system.

conferences and journals such as the IEEE International Solid-
State Circuits Conference and the IEEE JOURNAL OF SOLID-
STATE CIRCUITS, e.g., [2]-[6].

As a new biolab-on-IC, this paper introduces an /C/microflu-
idic hybrid system for magnetic manipulation of biological cells.
The hybrid system consists of an IC and a microfluidic system
placed on top as schematically illustrated in Fig. 1. A micro-
coil array circuit incorporated in the IC generates spatially-pat-
terned microscopic magnetic fields to simultaneously control
the motion of many individual cells (tagged by magnetic beads)
suspended inside the microfluidic system. The programmability
and speed of the microcoil array circuit enabled by the IC make
the manipulation operation efficient and versatile. The microflu-
idic system provides a biocompatible environment.

The hybrid manipulation system combining the power of ICs
and biocompatibility of microfluidics adds a new direction in
the field of biolab-on-IC, offering possibilities for new types
of investigations in biomedicine and systems biology [7]. For
example, the hybrid system can be used to bring together a small
number of individual cells with tight spatial control to study
cell-cell interactions at the single cell level, which allows for
explicit measurement of cell communications without averaging
them [8]. For another example, the hybrid system can assemble
a 2-D artificial biological tissue at the microscale, by bringing a
large number of cells one by one into a desired geometry. The
engineered tissue can be used to assay the development of a
tissue from different types of cell populations [7], [9].

This paper describes the operation of the IC/microfluidic hy-
brid system using two prototypes we constructed. The first pro-
totype utilizing a SiGe IC (Section III) demonstrates the basic
concept with a rather simple operation of the IC. This specific
prototype work was published in [10] and is presented here as
areview. The new, second prototype, a CMOS/microfluidic hy-
brid system (Section IV), fully exploits the power of CMOS ICs
for efficient and versatile cell manipulation. Before discussing
the prototype details, we will first review the basic operating
principle of the hybrid system in Section II.

0018-9200/$20.00 © 2006 IEEE
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Fig. 2. (a) Microcoil array. (b) Microcoil with a current source.

II. IC/MICROFLUIDIC HYBRID SYSTEM

A. Overview

The hybrid system consists of an IC and a microfluidic system
fabricated on top as conceptually illustrated in Fig. 1. Biolog-
ical cells attached to magnetic beads are suspended inside the
microfluidic system where biocompatibility is maintained. The
IC contains an array of microcoils [Fig. 2(a) shows a micro-
coil array example], which produces spatially-patterned micro-
scopic magnetic fields on the surface of the IC. In a given mag-
netic field pattern, the bead-bound cells are attracted toward
local field magnitude peak positions and become trapped there.!
Therefore, by reconfiguring the spatial field pattern and hence
by moving the field magnitude peak positions, the individual
bead-bound cells can be transported to their desired locations
[7], [10], [11]. The modification of the field pattern is done by
changing the current distribution in the microcoil array using in-
tegrated control electronics. For a simple example, each micro-
coil can be connected to its own current source for independent
magnetic field control as depicted in Fig. 2(b).

Magnetic manipulation of bead-bound cells per se has been
widely employed in biology [12]. However, in the conventional
approach, a large group of bead-bound cells are statistically
pulled all at once using magnetic fields of low spatial resolu-
tion, e.g., magnetic fields from magnetic tweezers. In contrast,
our approach utilizes microscopic magnetic field patterns gen-
erated by the microcoil array circuit, which permits manipula-
tion of many individual cells, moving each cell along a different
path.

Because the spatial field pattern can be reconfigured by
the IC, our hybrid system offers more flexibility in cell ma-
nipulation over the conventional microfluidic system. The
conventional microfluidic system moves biological samples
in a fixed channel network using predetermined valve con-
trols, and hence, different cell manipulations require different
specific microfluidic systems. In contrast, our hybrid system
can perform many different types of cell manipulations not by
necessarily changing the microfluidic system structure, but by

IThe magnetic trapping force is given by [7]

. Vy =
F="% 3|B? )
Ho

where V" and  are the volume and magnetic susceptibility of the magnetic bead,
respectively, f¢¢ is the magnetic permeability in vacuum, and B is the magnetic
field magnitude.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 6, JUNE 2006

(@ (b

----- Functional
coating

Polymer

@
BCE cell "=, o

0

Fig. 3. (a) Inner structure of a magnetic bead with B = 0. (b) Magnetic bead
when B > 0. (c) Bead-bound yeast cell. (d) BCE cell that contains multiple
magnetic beads after natural engulfing processes.

reconfiguring the spatial pattern of the magnetic fields, enabled
by the programmability of the IC. In this sense the hybrid
system is a programmable microfluidic system.

Our hybrid system may be viewed as a magnetic counterpart
(with an enhanced microfluidic system) of the CMOS electric
cell manipulation system utilizing dielectrophoresis [6]. Each
approach has its own advantages and disadvantages. For ex-
ample, while the magnetic method requires more sample prepa-
ration efforts (magnetic bead attachment), it is more biocom-
patible as magnetic fields are transparent to cells. Depending
on specific experimental needs, a proper choice should be
made between the two technologies for optimum manipulation
operation.

B. Magnetic Beads and Bead-Bound Cells

Attaching magnetic beads to cells is a well-established tech-
nique from the conventional low-resolution magnetic manipu-
lation approach [12]. As this procedure is essential in our ap-
proach as well, we briefly explain the technique here as a back-
ground. The magnetic bead is a polymer microsphere containing
a large number of nanomagnets as shown in Fig. 3. In the ab-
sence of an external magnetic field, the magnetic moments of
the nanomagnets are randomly oriented due to thermal agita-
tions [Fig. 3(a)], and hence, the bead has no net magnetic mo-
ment. In the presence of an external magnetic field, however,
the magnetic moments of the nanomagnets line up overcoming
the thermal fluctuations, and the magnetic bead will exhibit an
appreciable net magnetic moment as illustrated in Fig. 3(b). It
is this magnetic moment that interacts with the magnetic field
pattern in the manipulation process.

To attach the magnetic bead to a cell, the surface of the mag-
netic bead is chemically modified by coating it with specific
proteins. This functionalized bead then can be bound to specific
target cells. Fig. 3(c) shows an example, a yeast cell attached to
a micron-scale magnetic bead. Fig. 3(d) shows another example
where multiple magnetic beads of diameter 250 nm are even en-
gulfed by a bovine capillary endothelial (BCE) cell. Magnetic
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Fig. 4. (a) Micrograph of the SiGe IC (4 mm X 1 mm). (b) Microcoil array
close-up. The outer and inner diameters of each top-metal coil are 14 and 8 pm,
respectively. The center-to-center distance between two adjacent coils is 25 gm.
(c) Control electronics for each microcoil.

beads have been known to be biocompatible: many different
types of cells attached to them can grow and live normally [12].

III. SIGE/MICROFLUIDIC HYBRID PROTOTYPE

This section describes our first hybrid prototype utilizing a
SiGe IC, which demonstrates the basic concept with a relatively
simple IC operation. This specific prototype was reported in
[10], but is included in this paper as a review material for the
sake of comprehensiveness.

A. SiGe IC

Fig. 4(a) is a die micrograph of the SiGe IC. The IC incorpo-
rates an array of 5 X 5 microcoils [Fig. 4(b)]. Each microcoil is
connected to its own current source [Fig. 4(c)] for independent
current control. The 3-D structure of the microcoil is as shown in
Fig. 2(b). Since the analytical expression of the magnetic field in
terms of the coil geometry parameters is very involved, the mi-
crocoil is designed and optimized using electromagnetic (EM)
field solvers.

An important microcoil design task is to create a single mag-
netic field magnitude peak at the coil center on the chip sur-
face when an appropriate current is drawn [Fig. 5(a)]. Note
in Fig. 5(b) that while the well-designed microcoil produces a
single magnetic field magnitude peak on the chip surface, mul-
tiple magnetic field magnitude peaks can exist below the sur-
face. An improper design would result in multiple field magni-
tude peaks on the chip surface, compromising the position con-
trol capability. To ensure only one magnitude peak on the chip
surface, the microcoil of the SiGe IC is constructed using three
coils in different metal layers by connecting them in series with
vertical vias [Fig. 2(b)]: the coils in the two lower metal layers
are used to shape the magnetic field pattern properly to produce
only one field magnitude peak at the coil center on the chip
surface.
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Fig. 5. (a) Magnetic field magnitude profile on the surface of the IC calculated
for a single microcoil drawing a DC current of 11 mA. (b) Cross section of a
microcoil with contours of magnetic field magnitude.

Another important microcoil design goal is to create a mag-
netic force on the order of tens of piconewtons on the chip sur-
face when a DC current on the order of tens of milliamperes is
drawn. Such range of force magnitude is required to transport
cells on the chip surface within the microfluid. The magnetic
field profile obtained using the EM field solver is used in (1) to
calculate the desired magnetic force.

After the microcoil array design, the overall IC is carefully
laid out to minimize stray magnetic fields from metal intercon-
nects.

B. SiGe/Microfluidic Hybrid Prototype

To construct the hybrid system, a microfluidic system is post-
fabricated on top of the SiGe IC. Fig. 6 shows the sequence of
the post-fabrication steps. First, the IC is diced from the wafer
[Fig. 6(a)], where the diced area is larger than the designed IC
area. This extra area is used as a platform on which a microflu-
idic system is fabricated.2 Second, polyimide is spin-coated and
patterned on the surface of the SiGe die to form sidewalls of a
microfluidic channel [Fig. 6(b)]. The channel height and width
are 30 and 1000 pm, respectively. Third, a glass coverslip is
sealed on top of the channel sidewalls [Fig. 6(c)] using a neg-
ative photoresist as a sealing agent. Finally, fluidic tube fittings
(inner diameter ~2 mm) are separately fabricated in house by
casting plastics and are glued to the inlet and outlet of the mi-
crofluidic system [Fig. 6(d)].

Fig. 7 is the photo of the completed SiGe/microfluidic hy-
brid prototype, which sits on top of an in-house fabricated sil-
icon substrate that contains electrical leads. This substrate facil-
itates handling and electrical interconnections. To prevent elec-
tromigration of the chip and to keep the system temperature at
biocompatible 37 °C, the overall system of Fig. 7 is mounted
on a copper stage cooled by a thermoelectric cooler during the
system operation.

C. Experimental Results

To demonstrate the manipulation capability of the SiGe/mi-
crofluidic hybrid system, magnetic beads (not attached to cells

2This specific fabrication method requires a large area in a wafer. This area
problem is addressed in the second hybrid prototype construction as discussed
in Section IV-E.
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Fig. 6. Post-fabrication of the microfluidic system for the first hybrid prototype.
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Fig. 7. Photo of the first hybrid prototype.

yet) are used first as target samples. Magnetic beads3 of diam-
eter 8.5 m and magnetic susceptibility 0.2 are suspended in dis-
tilled water in the microfluidic channel. The bead size is chosen
as such that it is comparable to the coil’s inner diameter in order
to ensure the trapping of a single bead by each coil.

The sequence of the micrographs in Fig. 8 shows the manip-
ulation of individual magnetic beads using the hybrid system.
By activating a microcoil with a current of 11 mA, a magnetic
field magnitude peak (B = 15 G) is obtained at the coil center,
at which a single magnetic bead is trapped [Fig. 8(a)]. The av-
erage trapping force is approximately 20 pN. By deactivating
the microcoil and simultaneously activating a coil right below,
the bead is moved to the adjacent coil with an average speed of
1 pm/s [Fig. 8(b) and (c¢)]. While the magnetic bead is trapped,
another magnetic bead is trapped by creating an additional field
magnitude peak within the coil array [Fig. 8(d)—(f)]. Repeating
the same protocol, a larger number of beads can be manipulated
independently and simultaneously.

In the second experiment with the SiGe/microfluidic hybrid
prototype, real biological cells (bovine capillary endothelial,
or BCE cells) that have engulfed multiple magnetic beads

3UMCA4F-6548 from Bangs Laboratories, Fishers, IN.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 6, JUNE 2006

Fig. 9. Manipulation of a BCE cell with the first prototype.

[Fig. 3(d)] are used as target samples. The magnetic beads*
used in this experiment have diameters of 250 nm and mag-
netite contents of 90%. The submicron bead size is chosen to
facilitate engulfment of the magnetic beads by the cells. Before
cell manipulation experiments, the chip surface is coated with
bovine serum albumin to prevent binding of cells to the chip
surface [7].

The sequence of the micrographs in Fig. 9 shows the trapping
and translation of a single BCE cell using the hybrid system.
A single magnetic field magnitude peak (B = 15 G) is cre-
ated at the center of a microcoil with a current of 11 mA, trap-
ping a single cell with an average force of approximately 50 pN
[Fig. 9(a) and (b)].> Subsequently by moving the field magni-
tude peak position, the trapped cell is moved to adjacent coils
with an average speed of 6 um/s [Fig. 9(c)—(f)]. Due to the non-
invasiveness of the manipulation process and the biocompatible
environment maintained by the microfluidic system and the tem-
perature regulation process, the BCE cell remains viable after

4PMC-250 from Kisker, Germany.

SWhile the 11-mA of current is the same as in the previous bead manipulation
experiment, the magnetic force of 50 pN in this cell manipulation experiment is
bigger than the magnetic force of 20 pN in the previous bead manipulation ex-
periment. This is because the magnetic beads engulfed by the cell in this exper-
iment overall have a larger magnetic susceptibility and occupy a larger volume
as compared to the single magnetic bead in the previous bead manipulation ex-
periment. See (1).
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the experiments, which is demonstrated by successfully recul-
turing the cells after the experiment.

IV. CMOS/MICROFLUIDIC HYBRID PROTOTYPE

This section presents our second hybrid prototype, a CMOS/
microfluidic hybrid system. The CMOS IC incorporates digital
logic and timing circuits to operate a large microcoil array with
low power and high spatial manipulation resolution. This full
exploitation of CMOS electronics enables an efficient simulta-
neous manipulation of many bead-bound cells. The second pro-
totype, with its enhanced capabilities, can be used for various
biological applications. For instance, it can assemble a 2-dimen-
sional (2-D) artificial biological tissue at the microscale to study
intercellular communications [9]. Important functions/circuits
incorporated in the CMOS IC will be presented in this section
along with experimental verifications.

A. Low Power Operation of the Microcoil Array

The simplest protocol to operate an N X N microcoil array
is to implement N2 separate on-chip current sources, one for
each microcoil, and to continuously flow a current through a
microcoil while it is used for transport or trap of a bead-bound
cell. For instance, when assembling a biological tissue from N2
cells using this protocol, all of the N2 microcoils remain on
to maintain the trap of the N 2 cells, one cell for each micro-
coil. This array operation protocol, which was employed in the
first hybrid prototype (Section III), faces a severe power dissi-
pation problem as the number of microcoils (N?) is increased
to handle a large number of cells. A large power dissipation
directly translates to thermal failure of the chip and damage
to cells through heat shock. To circumvent this problem, the
CMOS IC in the second prototype incorporates a low-power
protocol to operate a large microcoil array, exploiting the fact
that CMOS electronics is much faster than the motion of the
cells in fluid. Execution of the protocol is facilitated by digital
logic and timing circuits integrated in the CMOS IC.

Using one microcoil, Fig. 10 illustrates the basic idea be-
hind the new protocol. To maintain the trap of a magnetic bead
(or a bead-bound cell) within the microcoil, instead of a con-
tinuous current flow, the microcoil draws a current for a time
duration of 7,, and is then deactivated for the next time du-
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Fig. 11. (a) Simplified schematic of the N x N microcoil array circuit to per-
form the sequential current sharing. (b) An example of the sequential current
sharing scheme in the case where every microcoil in the N X IV array needs to
maintain the trap of a bead-bound cell.

ration of Tog. This two-step procedure completed in the pe-
riod of T), = T, + Tog is repeated. During the on-time 15,
the magnetic bead remains trapped at the center of the micro-
coil [Fig. 10(a)]. During the following off-time 7o,g, the ini-
tially-trapped bead undergoes Brownian motion, walking away
from the center of the microcoil [Fig. 10(b)]. However, the mi-
crocoil is activated again to repeat the two-step procedure be-
fore the bead completely escapes the microcoil, hence trapping
the bead back to the center of the microcoil [Fig. 10(c)]. There-
fore, with this protocol, the magnetic bead can remain trapped
without necessarily supplying a continuous current to the mi-
crocoil. Note that T, needs to be smaller than the characteristic
coil escape time due to Brownian motion.

When multiple, N x N microcoils are used to handle a larger
number of bead-bound cells, the two-step procedure for a single
microcoil can be sequentially applied to the N2 microcoils for
low-power operation. This can be done by arranging all the
microcoils to share the same current source through switches
[Fig. 11(a)] and by sequentially turning on and off a select group
of microcoils needed for a specific manipulation by properly
clocking the switches. Fig. 11(b) shows an example of this se-
quential current sharing when all of the N? microcoils need to
maintain the trap of N 2 bead-bound cells, one cell for each mi-
crocoil. In a given period T, = N 2 . T, each microcoil is
activated only once for a duration of T,,. At any given moment,
there is only one activated microcoil. As long as the off-time
of each microcoil, Tog = (N2 — 1) - Thy, is shorter than the
characteristic coil escape time due to Brownian motion, the mi-
crocoil array can maintain the trap of the N2 cells, sharing the
common current source at different times, hence allowing low
power operation. Because CMOS electronics is orders of mag-
nitude faster than the cell motions in fluid, the sequential sharing
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of the common current can be executed with high speed to work
with a large number of microcoils. Specific design values for T},
and Ty, are determined from the hydrodynamic properties and
number of the cells as well as the size of the microcoils.6

The previous example clearly shows the benefit of the se-
quential current sharing protocol in simultaneous “trap” of mul-
tiple bead-bound cells. For simultaneous “transport” of multiple
bead-bound cells, while the sequential current sharing scheme
still allows a low-power operation, it comes at a price of an in-
creased transport time. This is because bead-bound cells receive
force not continuously but for a short duration (7, in each pe-
riod (T},). This power—time tradeoff is analogous to principle
of work exploited widely in engineering systems. In our case,
minimization of power at the expense of the increased transport
time is desired to avoid chip failure and to maintain a biocom-
patible temperature.

B. Enhancement of the Spatial Manipulation Resolution

By controlling both directions and magnitudes of currents in
more than one microcoil, the microcoil array circuit can create
the magnetic field magnitude peaks at positions other than the
coil centers, effectively enhancing the spatial manipulation res-
olution.

As an example, Fig. 12 illustrates a case where a magnetic
field magnitude peak is created at the midpoint between the two
microcoil centers (State 2) along with the two straightforward
cases where a magnetic field magnitude peak is generated at
either coil center (States 1 and 3). State 2 can be obtained by
drawing continuous DC currents of the same magnitude but in
opposite directions in the two coils. At the field magnitude peak
position in State 2, the field direction is parallel to the chip sur-
face whereas at the field magnitude peak positions in States 1
and 3, the field directions are perpendicular to the chip surface.
In State 2, a bead-bound cell is positioned at the midpoint be-
tween the two microcoils. This spatial manipulation resolution
enhancement scheme is incorporated in the CMOS IC.

In the real implementation of this scheme, the two microcoils
in Fig. 12 have to share the same current source because of the
sequential current sharing protocol explained in Section IV-A.
Therefore, to attain State 2, the common current source is
switched back and forth between the two microcoils with the
current direction changed in each switching action. The static
magnetic field magnitude profile shown in Fig. 12 is still valid
in this dynamic case as an average field magnitude that a
magnetic bead experiences.

C. CMOS IC Architecture

Fig. 13 shows the overall architecture of the CMOS IC that
executes both the sequential current sharing protocol and the
manipulation resolution enhancement scheme. In this architec-
ture, each microcoil is connected to three FET switches. The
two switches labeled Sp; and Spo are used to change the cur-
rent direction of the microcoil. The switches labeled S connect

6For instance, when the characteristic coil escape time due to the Brownian
motion is 10 seconds which is a typical number, 7}, can be set at 10 seconds
while T,,, = 10 ms is sufficient to bring back a bead-bound cell slightly off the
coil center back to the coil center, and hence N = 102 coils can be operated by
sharing the same current source.
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the microcoil to the common eight-step current source shared by
all the microcoils in the array.

The sequential current sharing is achieved by sequentially
connecting and disconnecting a select group of microcoils
needed for a specific manipulation to the common eight-step
current source. This is done by sending a proper sequence of
clock signals to the S¢ switches using the on-chip column and
row decoders.

The resolution enhancement scheme requires controls in both
current magnitude and direction. The current magnitude in the
microcoil is set by the common eight-step current source in con-
junction with the on-chip thermometer encoder. Each branch
in the eight-step current source sinks 2.5 mA and all the eight
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Fig. 14. (a) CMOS IC (5§ mm X 2 mm). (b) The microcoil array close-up and
the structure of a microcoil in the array. The outer and inner diameters of the
top metal coil are 20 and 10 pm, respectively. The center-to-center distance
between two adjacent coils is 21 gm.

branches are individually activated by FET switches controlled
by the thermometer encoder, achieving eight-step digital control
in the magnitude of the current in each microcoil. The microcoil
current can reach up to 20 mA in the increments of 2.5 mA. To
choose between two possible current directions in each micro-
coil, the Sp; and Sp, switches are gated by a current direction
control signal. Because only one microcoil is activated at a given
time due to the sequential current sharing protocol, a single di-
rection control signal line is shared by all the microcoils. When
the common eight-step current source is switched from one mi-
crocoil to another microcoil according to the sequential current
sharing protocol, the direction control signal flips its polarity if
the current direction is to be changed. If the current magnitude
is to be changed with the switching, the thermometer encoder
will send a command to the eight-step current source to output
a proper magnitude of DC current.

D. CMOS IC Chip

Fig. 14(a) shows a die micrograph of the CMOS chip fabri-
cated in a 0.18-um technology. The chip contains five 8 x 8
microcoil arrays. Fig. 14(b) shows the close-up of one of the
arrays along with the structure of a single, identical microcoil
in the array. The outer diameter of the microcoil is 20 pm, and
three via-connected metal layers are used to form the microcoil.

E. CMOS/Microfluidic Hybrid Prototype

To construct the second hybrid prototype, a microfluidic
channel is post-fabricated on top of the CMOS IC. Fig. 15
shows the sequence of the post-fabrication steps. First, the
CMOS IC chip is glued onto an in-house fabricated silicon sub-
strate that contains lithographically-patterned electrical leads
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Fig. 15. Fabrication process to implement a microfluidic system on top of the
CMOS IC.

Fig. 16. Manipulation of a single magnetic bead using the CMOS IC/microflu-
idic hybrid prototype.

[Fig. 15(a)]. The substrate facilitates electrical interconnections
and also serves as a platform on which a microfluidic system
is fabricated. Second, a negative photoresist (SU-8) layer with
thickness ~ 350 pm is spin-coated on the substrate. The SU-8
layer is then lithographically patterned to define the sidewalls
of a microfluidic channel and to open up pad areas for wire
bonding [Fig. 15(b)]. After patterning the SU-8 structure, two
holes are drilled on the substrate to form microfluidic ports
[Fig. 15(c)]. A PDMS layer of ~ 500 pm thickness is prepared
by cast-coating and cured [13]. The cured PDMS layer cut into
a desired shape is placed on top of the SU-8 structure to seal
the microfluidic channel.

F. Experimental Results

Both magnetic beads and BCE cells that have engulfed mag-
netic beads [Fig. 3(d)] are used to demonstrate the capabilities
of the second hybrid prototype.

Fig. 16 shows the manipulation of a single magnetic bead
(diameter 8.5 m and magnetic susceptibility 0.2). By activating
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Fig. 17. Manipulation of multiple magnetic beads using the CMOS IC/mi-
crofluidic hybrid prototype.

a microcoil with a DC current of 20 mA, a magnetic field mag-
nitude peak (B = 30 G) is produced at the coil center, trap-
ping the bead at the coil center with the average approximate
force of 40 pN [Fig. 16(a)]. After the initial trap, the bead is
moved to an adjacent microcoil by moving the field magnitude
peak [Fig. 16(b)]. Repeating this procedure [Fig. 16(c)—(e)], the
bead is transported over a distance of 100 pm with the average
speed of 11 pn/s following the prescribed path containing ver-
tical, horizontal, and diagonal directions as shown in Fig. 16(f).
In this specific experiment, due to the use of a single magnetic
bead, the sequential current sharing protocol is not employed.

The low-power sequential current sharing scheme is demon-
strated by simultaneously manipulating up to seven magnetic
beads as shown in Fig. 17. Every microcoil used in the manipu-
lation is sequentially activated with T;,, = 10 ms, while sharing
the same DC current of 20 mA to trap and transport a magnetic
bead. Initially four magnetic beads, one bead at one microcoil,
are trapped [Fig. 17(a)] by generating four magnetic field mag-
nitude peaks [B = 30 G]. While rearranging the four beads,
another magnetic bead is trapped and moved [Fig. 17(b) and
(c)]. This process is repeated to eventually arrange six magnetic
beads in a cross shape [Fig. 17(d)—(f)]. This experiment clearly
verifies the low-power operation to simultaneously manipulate
individual magnetic beads.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 6, JUNE 2006

Fig. 18. Experimental demonstration of the spatial manipulation resolution en-
hancement.

Fig. 19. Manipulation of two BCE cells for a simple cellular assembly.

The enhancement of the spatial manipulation resolution is
verified with the experiment shown in Fig. 18. While one mag-
netic bead (Bead 1) remains trapped in one microcoil throughout
the experiment, another magnetic bead (Bead 2) is first trapped
in one microcoil center [Fig. 18(a)], then is positioned and held
in the microcoil edge [Fig. 18(b)], and finally is moved to the
center of the neighboring microcoil [Fig. 18(c)]. The sequential
current sharing protocol is being employed at the same time for
low-power operation.

This second prototype may be utilized for various biolog-
ical applications, for instance, a microscale artificial tissue as-
sembly. The experiment shown in Fig. 19 with two BCE cells
(that have engulfed multiple magnetic beads [Fig. 3(d)] whose
diameter is 250 nm) demonstrates the feasibility for such ap-
plication. Initially the two cells are trapped in two separate mi-
crocoils [Fig. 19(a)]. They are then transported simultaneously
[Fig. 19(b) and (c)] toward each other, and are eventually joined
[Fig. 19(d)] by holding them together.

V. CONCLUSION

In this paper we introduced an IC/microfluidic hybrid system
as a new biolab-on-IC. The programmability and speed of the IC
allows efficient, precise, and versatile manipulation of many in-
dividual magnetic beads and bead-bound cells suspended within
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the microfluidic system fabricated on top of the IC. The mi-
crofluidic system provides a biocompatible environment. The
hybrid system is a miniaturized, self-contained system that in-
tegrates control electronics. Due to the low fabrication cost, the
hybrid system can be used as a single-use, disposable device.

The IC/microfluidic hybrid system offers an interesting direc-
tion in the field of biolab-on-IC with the prospect of enabling
important biological applications. One significant potential ap-
plication is to assemble a 2-D biological tissue at the microscale.
By bringing cells one by one with precise spatial control, the hy-
brid system can build an artificial tissue in a standardized and
repeatable manner with tight demographic quality control mea-
sures. The assembled tissue can be used as a model tissue to
study communications between different types of cells or to test
drug efficacy.

There still remain IC design challenges to further mature the
hybrid technology. An important task is to perfect the long-term
biocompatibility by incorporating an on-chip temperature reg-
ulator to keep the system temperature below 37 °C (in the
reported prototypes, the temperature regulation is performed
through an off-chip thermoelectric cooler). Another important
task is to develop an all-electrical on-chip sensor (for each
microcoil) that can map the distribution of bead-bound cells
without relying on optics. Since the magnetic bead changes
the resonance characteristics of the microcoil due to the bead’s
magnetic flux, a radio-frequency (RF) signal may be used for
the sensing purpose [7]. Such RF sensors will render bulky
optics unnecessary, realizing a true biolab-on-IC.
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