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make today’s computers possi-
ble are emerging as powerful
new tools for rapid and sensitive
analysis of small biological objects,
including cells, proteins, DNA, and
viruses. The interface between elec-
tronic systems & biological systems is
aimed at revolutionary advances in
the life sciences and human health-
care, e.g., early cancer detection.
The present article is an attempt
to share some exciting develop-
ments in this burgeoning area with
this newsletter’s readership. A
large amount of high quality
research is being done in the field.
Therefore, the selected topics and
references are far from being
exhaustive, but we think they are
examples which comprise an
effective exposure to the field.
How does one go about interfac-
ing solid-state circuits with squishy
biological objects? The theoretical
underpinning is that biological enti-
ties possess inherent electric prop-
erties (DNA carries intrinsic
charges; cells are dielectric; nerve
cells fire electrical pulses; etc.) and
also that biological species can be
attached to certain molecules or
artificial particles of pronounced
electric or magnetic characters. It is
these electric or magnetic proper-
ties with which silicon circuitries
can be structurally and functionally
configured to interact. To gain one
concrete picture for this broad and
very widely applicable statement,
let us begin our brief journey into

Sﬂicon microelectronic chips that

this field with one of the most fas-
cinating silicon-biology interfaces,
electronic DNA microarrays.

Electronic DNA microarrays
DNA contains and issues the lan-
guage of life. It gives cells instruc-
tions for living, and tells living
organisms about their hereditary
traits. This language is coded into
the DNA’s famous double helix
structure: Fig 1(a). Each helical
strand exhibits a sequence of four
chemical bases, adenine (A), gua-
nine (G), cytosine (C), & thymine
(D), e.g., CAAGTG. The two twisted
strands are bound together by pair-
ing base A always with base T, and
G always with C. Due to this pair-
ing rule, within any section of DNA,
once the sequence of one strand is
identified, that of the other strand is
easily inferred: e.g., the comple-
mentary sequence of CAAGTG is
GTTCAC. DNA sequences are the
language of life. Reading them,
therefore, is of prime importance.
Electronic DNA microarrays are
CMOS integrated circuits (ICs) that
can rapidly decipher unknown DNA
sequences [1-6]. A double-stranded
DNA molecule can unzip into two
complementary strands. A single-
stranded DNA molecule thus
obtained can bind back to its com-
plementary sequence (either the old
mate or a new one), forming again a
double-stranded DNA molecule. This
binding of two complementary
strands, or hybridization, underlies
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Fig. 1: (a) DNA's double-helix structure. (b) Schematic illustration of an elec-
tronic DNA microarray.
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the genetic sequencing operation of
the electronic DNA chip.

The electronic DNA microatray is
constructed by immobilizing single-
stranded DNA molecules of different
identified sequences onto different
grid points on a CMOS IC [Fig. 1(b)].
The grid points are often defined by
post-fabricated gold electrodes that
are electrically connected to the
underlying CMOS IC. Different grid
points represent distinct DNA
sequences. These single-stranded
DNA molecules of known sequences
making up the array are called DNA
probes. Now consider single-strand-
ed DNA molecules of an unknown
sequence, or DNA targets. When a
solution of DNA targets is introduced
onto the DNA array, the target
strands wander around to eventually
hybridize to their complementary
probe strands at a specific grid point
[Fig. 1(b)]. Locating the hybridization
position reveals the target sequence,
for we already know the probe
sequence at that position, which
must be complementary to the target
sequence. The CMOS IC underneath
is used for electronic detection of the
hybridization point.

One well-established electronic
detection technique is to label DNA
targets with reporter molecules of a
distinctive electronic signature and to
search for them. Redox enzymes are
an example of such electronic labels.
If a voltage is suddenly applied
between an electrode  where
hybridization occurred and the elec-
trolyte (DNA target solution), redox
labels attached to target molecules will
give up electrons to the electrode,
thereby increasing the current through
the electrode. The same voltage step
in an electrode with no hybridization
would cause no such current increase
as redox labels are absent at that elec-
trode. By applying the voltage step
and monitoring current change fast
across the whole array using the
underlying IC, hybridization positions
are rapidly detected, leading to target
sequence identification. Redox-label-
based CMOS DNA chip examples are
found in [1-3].

While the label-based detection
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offers excellent sensitivity, signifi-
cant efforts are being placed to
develop label-free electronic DNA
microarrays [4,5] because elimina-
tion of labeling steps would sim-
plify the sample preparation. In [4],
for example, the capacitance of an
electrode immersed in the elec-
trolyte is monitored to sense
hybridization. No labeling is need-
ed, as target strands added to an
electrode during hybridization nat-
urally lead to a dielectric constant
change, or, capacitance change.
Field effect transistors (FETS), the
basic commodity of CMOS ICs, can
be also used directly for label-free
electronic  detection of DNA
hybridization [7-9]. Underlying this
sensing modality is the exploitation
of the impact of DNA’s intrinsic neg-
ative charges upon the FET behavior.
Imagine that underneath the DNA
array there is a corresponding FET
array integrated in the CMOS IC. The
gate dielectric of each FET is linked
to DNA probe strands of the same
sequence in a corresponding site in
the DNA array. When a target strand
hybridizes to its complementary
probe strand anchored to a specific
FET gate, the target’s intrinsic charge
alters the channel conductance and
capacitance of the FET. Therefore, by
monitoring the channel of each FET
in the array, one can attain label-free
electronic  readout of  target
sequences. While field effect sensors
per se are widely used [9], there is a
lot of room for development in their
use in DNA microarrays. Post-pro-
cessing to expose gate dielectrics to
electrolyte may pose a challenge. The
smallest possible FET width must be
used to maximize the impact of the
DNA’s charge on channel properties.
Hybridization is at the heart of
many other DNA sequencing tech-
niques. What makes electronic
DNA microarrays unique is their
massively parallel operation. Dis-
tinct probe sequences numbering
as many as hundreds of thousands
can be simultaneously available
across an array. The CMOS IC
monitors each site of the array fast
across at a gigahertz speed, and
hence, its operation may be
regarded as parallel to human
eyes. This parallelism allows for
rapid collection of vast amounts of
genetic information (far faster than
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Fig. 2: Schematic illustration of a
CMOS biosensor microarray to detect
viruses.
non-microarray techniques), accel-
erating the speed at which we
probe the secrets of living organ-
isms. The parallelism is a direct
outcome of using CMOS microfab-
rication techniques to build large
microarrays, and is enhanced by
the use of integrated electronics.
In the original invention, which is
still the commercially dominant form
of the DNA microarray, hybridization
is sensed by optical means [10]: fluo-
rescent dyes labeling target strands
light up upon illumination, reporting
hybridization points. This optical
machine boasts sensitivity superior
to, and parallelism similar to, its much
smaller electronic cousin. Although
considerable work is needed to
develop a high-performance elec-
tronic DNA chip as an alternative to
the optical type, decisive advantages
of using ICs (small size, low cost, pro-
grammability, real-time, label-free
options) are the cogent reason for the
ever-growing efforts in the develop-
ment of electronic DNA chips.

Other electronic biosensor
microarrays

Generalizing the concepts of the elec-
tronic DNA chip, one can readily con-
sider CMOS biosensors that can detect
other biological objects such as virus-
es and disease marker proteins [11].
Just like a DNA strand sticks specifi-
cally to its complementary strand, a
virus or a protein binds specifically to
its unique biochemical mate, an anti-
body. This highly specific binding is
analogous to the way different keys fit
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Fig. 3: Conceptual illustration of a
CMOS/microfluidic hybrid system.
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Fig. 4: Our first 1IC/microfluidic hybrid
prototype.

into different locks. Fig. 2 illustrates a
scenario where nine different types of
viruses can be detected by using an
array of nine specifically correspon-
ding types of antibodies. When the
array is exposed to a target solution
containing  type-4  viruses, for
instance, the viruses will specifically
bind to antibodies in array point 4.
This binding can be detected using
the CMOS IC below in much the
same ways DNA hybridization is
detected. By reading the location of
the binding, the presence and type of
viruses are determined. The multi-
plexed array platform can be espe-
cially useful for the diagnostics of
complex diseases like cancer, where
samples should be screened for mul-
tiple disease markers.

One relevant design goal of
electronic microarrays to sense
viruses and disease marker pro-
teins should be to maximize the
ultimate sensitivity, because such
capabilities would enable early dis-
ease  detection  when  the
pathogens are still sparse, which is
of central importance in medical
diagnostics. As transistors continue
to become smaller with the scaling
of CMOS technology, such ultra
sensitive biosensors will become
very feasible especially in the form
of field effect sensors.
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Fig. 5: (@) CMOS microcoil array IC. (b) Microcoil array close-up. (c) Schematic

depiction of a single microcoil.
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Fig. 6: (a) Illustration of a magnetic bead. (b) Yeast cell attached to a magnet-
ic bead. (c) BCE cell that has engulfed multiple magnetic beads.

CMOS/microfluidic hybrid
system

We have seen how solid-state cir-
cuits can be electrically interfaced
with biological systems for their
analysis. To make all this possible,
however, biological systems ought
to be introduced and maintained on
top of a CMOS IC in a wet, biocom-
patible environment. Preserving a

sample drop on the chip using a
glass cover is one way, and it works
out well for a variety of experiments
as seen in many papers. Placing a
microfluidic system on top of the
CMOS IC, however, represents a
superb approach. It allows valve-
controlled precision for the intro-
duction & removal of samples, con-
sistent sustenance of biocompatibil-
ity, sophisticated flow control for

sample mixing, reaction, & separa-
tion, and robust system packaging.

Together our two groups system-
atically developed such a hybrid sys-
tem combining a microfluidic system
on top of a CMOS IC [12-15]. Fig. 3
is a conceptual illustration of the
hybrid system. Fig. 4 shows our first
hybrid prototype used for magnetic
actuation of cells [12] as discussed
shortly. We refer interested readers
to [16] for our recipes in fabricating
microfluidic systems on CMOS ICs.

So far we have focused on using
CMOS ICs for electronically “feeling”
bio objects. We will now venture
into new territory, exploring how to
“move” biological cells, in the course
of which we will introduce magnet-
ic labels to attach to bio objects. We
will later return to the business of
sensing, but this time using the mag-
netic labels in conjunction with mag-
netic resonance.

Magnetic manipulation of
biological cells
The ability to simultaneously con-
trol the motions of multiple indi-
vidual cells along different paths
with tight spatial control is desired
for complex cell sorting opera-
tions. Such ability may also enable
new types of investigations in sys-
tems biology, e.g., one can assem-
ble an artificial microscale tissue
by bringing together cells one by
one into a desired geometry.
Various means are used to actu-
ate cells, but simultaneous & inde-
pendent addressing of individual
cells with tight position control is
not easy. For example, optical
tweezers boast high-precision, 3D
control of single cells, but are not
suitable for handling multiple cells
simultaneously. For another exam-
ple, one can pull many -cells
attached to magnetic beads along
the same direction using a magnet-
ic tweezer (elongated electromag-
net with a sharp tip), but control
resolution is low and parallel
manipulation of individual cells
along different paths is difficult.
To attain the capability to simul-
taneously move multiple individual
cells along different paths with tight
position control, together our
groups developed integrated micro-
coil array circuits within the
CMOS/microfluidic hybrid structure
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Fig. 7: 2-coil manipulation example: (a) Calculated field patterns for different
current distributions. (b) Corresponding experiment using a single BCE cell.
Reprmted from [15] with permlssmn of the Royal Soqety of Chemlstry

Fig. 3 Mampulatmn of a smgle magnetlc bead. The alphabetlcal subflgure indices
(a) through (h) represent images at different times, in chronological order.

[12-15]. The CMOS IC consists of a
microcoil array and its control elec-
tronics: Fig. 5 shows an example IC
we built. When the current distribu-
tion in the microcoil array is given,
the array produces a certain spatial
pattern of microscopic magnetic
fields. In a given field pattern, mag-
netic dipoles (e.g., magnetic beads
we will discuss shortly) move
towards local field magnitude peak
positions and get trapped there.
Now by changing the current mag-
nitude and direction in each micro-
coil independently, the field pattern
is reconfigured and magnitude peak
positions are moved independently.
Magnetic-bead-bound cells sus-
pended inside the microfluidic sys-
tem on top of the IC then can be
transported along different paths
simultaneously. The spatial manipu-
lation resolution is set by the dimen-
sion of the microcoil, which can be
made comparable to or smaller than
most cells. The parallel operation of
multiple microcoils is what enables
independent addressing of individ-
ual cells. The programmability of
the CMOS IC makes the manipula-
tion versatile and efficient. The
detailed design of microcoil array

ICs can be found in [14,16].

A brief discussion of magnetic
beads would be useful. A magnetic
bead is a polymer microsphere con-
taining nanomagnets [Fig. 6(a)l.
When subject to a magnetic field,
the nanomagnets line up and the
bead develops a net magnetic
moment. It is this magnetic moment
that interacts with magnetic fields in
our manipulation. The bead surface
can be modified with antibodies for
specific bindings to target objects,
e.g., yeast [Fig. 6(b)l. Fig. 6(c)
shows a bovine capillary endothe-
lial (BCE) cell that has engulfed
mult1ple beads (~ 250 nm)
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Fig. 9: Manipulation of multiple mag-
netic beads.

Figs. 7 ~ 10 show our magnetic
manipulation experiments using the
microcoil array IC [14, 15]. Fig. 7
elucidates the principle of magnetic
manipulation with two microcoils.
As current distribution changes, the
calculated field peak moves from
one coil to the other [Fig. 7()]. Fig.
7(b) is a matching experiment using
a BCE cell. The cell rolls during the
transport as the field direction also
changes [Fig. 7(a)l.

Fig. 8 shows the manipulation of
a single magnetic bead (8.5 um).
By moving a field magnitude peak
along a prescribed path, the bead
was transported with an average
speed of 11 um/s subject to an
average force of 40 pN.

Fig. 9 shows simultaneous inde-
pendent manipulation of multiple
beads to arrange them in a cross
shape. One current source is
shared sequentially in time among
all coils to minimize power con-
sumption [14]. This is possible

Fig. 10: Manipulation of multiple BCE cells.
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because electronics are much faster
than the motion of objects in fluid.
Fig. 10 shows manipulation of
three BCE cells. The cell in the cir-
cle is held still; the rest cells are
independently moved.

Electric manipulation of
biological cells

In the same way that the spatially
patterned magnetic fields move mag-
netic dipoles, spatially non-uniform
electric fields produced by a micro-
electrode array can move dielectric
objects (e.g., cells). Roberto Guerri-
eri’s group at U. Bologna first imple-
mented this dielectrophoresis in
CMOS ICs [17]. We (the Westervelt
group) also developed CMOS IC
arrays in conjunction with a robust
microfluidic  system on top [18].
Depending on specific needs, a
proper choice can be made between
the electric and magnetic method.
Each approach has advantages and
disadvantages: while the magnetic
method is more biocompatible as
magnetic fields are transparent to
cells, it requires more sample prepa-
ration steps (bead attachment).

Magnetic resonance based
biosensors

Nanoscale magnetic beads (~ 30 nm)
can be utilized for biosensing in a
very fascinating way. Consider put-
ting magnetic nanoparticles whose
surfaces are modified with specific
DNA strands into a bio-sample. If
complementary strands exist in the
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sample, hybridizations occur and the
magnetic nanoparticles self-assemble
into clusters [Fig. 11(a)], as found by
Ralph Weissleder’s group at the
Massachusetts General Hospital [19].
Similarly, magnetic nanoparticles
coated with antibodies can self-
assemble into clusters in the pres-
ence of specific target proteins [Fig.
11()]. This self-assembly can be
detected using nuclear magnetic res-
onance (NMR) [19].

In a standard NMR experiment [Fig.
11(d)], nuclei spins within a sample
(e.g., proton spins of hydrogen atoms
within water) excited by a pulsed RF
signal sent through the coil will ini-
tially precess about a common axis
and at a common frequency, both of
which are defined by the static mag-
netic field B,. Spin-spin interactions,
however, will interfere with this uni-
form precession, causing variations in
precession frequencies among differ-
ent spins. On a macroscopic average,
the resultant loss of phase coherence
manifests as an exponential relaxation
(damping) in the precession of the
net magnetic moment. During this
precession and relaxation, the coil
picks up a damped sinusoidal signal.
The relaxation’s characteristic time
called 7, is a measure of how fast
coherence is lost,

The clusters (bigger magnets) that
are formed from magnetic nanoparti-
cles in the presence of target objects
produce pronounced local magnetic
fields that introduce spatial and tem-
poral modulations on top of the stat-
ic field B, This modulation intro-
duces more precession frequency

variations on top of those caused by
the basic spin-spin interactions,
accelerating the rate at which the
system loses phase coherence.
Therefore, the resultant reduction in
the relaxation time 7, [Fig. 11(c)l
indicates the presence of target
objects. This technique by Weissled-
er, which he aptly calls magnetic
relaxation switch, is a new electron-
ic biosensing modality [19,20].
Currently we (the Ham group

. with the Weissleder group) are

miniaturizing the magnetic reso-
nance biosensor [21,22]. Full NMR RF
transceivers incorporating pulse-
sequence techniques are integrated
on CMOS ICs, along with an array of
NMR microcoils. Again we encounter
a microarray, whose effective opera-

tion is enabled by CMOS ICs. We
believe that the sensitivity of our par-
allel NMR measurements of small
divided samples on the microcoil
array will dwarf that of the standard
NMR measurement of one larger sam-
ple in statistically a very fascinating
manner. Such high sensitivity would
facilitate early disease detection.

CMOS biotechnology

With several implemented exam-
ples and feasible implementation
ideas, we have illustrated how a
CMOS IC can be utilized to elec-
tronically actuate and analyze micro
and nanoscale biological objects in
a sample placed on top. Here
CMOS ICs play active roles in front-
end sensing and actuation in direct
contact with the biological world.

One powerful feature of the
CMOS-bio  interface  uniquely
derived from the use of CMOS tech-
nology is parallelism seen through
various microarrays, combined with
programmability. This enables rapid,
sensitive, and selective detection
and versatile actuation. Possibilities
for label-free detection are an addi-
tional merit. As transistors become
smaller with technology scaling,
they will become more suitable for
highly sensitive direct detection as
field effect sensors. Sensitive front-
end analog ICs will be an integral
part of the CMOS-bio interface.

This field, which we call CMOS
biotechnology, brings together various
disciplines of engineering and science.
There are many exciting develop-
ments, and we looked at only a small
fraction of them, omitting fascinating
subjects like neuron-CMOS interfaces
[23-26] to study brain dynamics or to
aid vision processes. Though limited,
we hope this review has conveyed a
meaningful perspective of this new
fertile ground of research.

Contributors: Yong Liu and
Hakho Lee enabled the magnetic
manipulator work. Liu and Nan
Sun in our group work with Lee,
now at MGH with Weissleder, on
the CMOS MR biosensor.
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