A LOW-COST, DISPOSABLE,
SILICON-BASED PLATFORM
OUTPERFORMS CONVENTIONAL
SYSTEMS FOR DOING
MOLECULAR DIAGNOSTICS.
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DNA lab on chip rests on MEMS foundation

By Michele Palmieri, STMicroelectronics

CHEMICALLY CHISELED silicon bio-
Achip is at the heart of a tiny portable
DNA laboratory that promises to re-
shape the landscape of instruments for
analyzing microbiological samples. The
biochip, now in a prototype stage, is the
primary element of a disposable car-

tridge that more quickly and less expensively ana-
lyzes DNA than do conventional instruments by in-
tegrating target nucleic-acid amplification and de-
tection on one chip (Figure 1). Commercial
development will improve the treatment and lower
the cost of common infections by reducing hospi-
tal stays and the misuse of antibiotics.

Moreover, the chip’s layout and manufacturing
process, which relies on microfluidic-MEMS (mi-
croelectromechanical-systems) technology, allows
users to customize the device to accommodate a
range of analyses, including multiple concurrent
ones, and positive and negative controls. Conse-
quently, researchers at STMicroelectronics, which
developed the chip, say applications abound in ar-
eas beyond medical diagnostics to include drug de-
velopment; testing crops and livestock for genetic
diseases; detecting bacteria, toxins, or allergens in
food; testing water supplies for dangerous microor-
ganisms; and oncology and disease prevention.

The first-generation lab-on-chip platform com-
prises a disposable cartridge and a benchtop-
sized control instrument and reader that man-
ages the interface between the operator and the
biochip. Compared with working with bulky con-
ventional instruments and protocols, which is time-
consuming, the miniature system uses fewer
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reagents and less power, and it delivers the results
of a DNA analysis in minutes rather than hours or—
in the case of growing bacterial cultures—days.
The ability to more quickly obtain results means
that doctors can respond more quickly to infectious
diseases with lifesaving treatments. The biochip also
provides more accurate results than do conven-
tional means, in turn providing doctors with the in-
formation they need to prescribe narrow, targeted
antibiotics, thus slowing the spread of drug-resist-
ant bacteria. The second-generation lab-on-chip
platform envisions a higher level of integration in
the disposable cartridge and an even smaller in-
strument that will mean portability and the ability
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igure 1 A lab on chip includes a section for detec-

tion and another for amplifying DNA samples by precisely
controlled heating. The silicon devices draw on MEMS
expertise from ink-jet-printer technology and well-under-
stood 1C-fabrication techniques.

wwiw.edn.com



Your LMVZS1 Inverting Amplifier Design

Simplify your
designs with

WEBENCH™ for
amplifiers

WEBENCH design environment
Design, build and test amplifier circuits in
this FREE online design and prototyping

environment

Required Paramatars
Maximum input veltage:
Minimum inpul voitage:
Maxirum signal fraquancy:
\  Dested gein:
OUT Supgly voltage:
Optionai Paramaters

oz Corsreld
0

)
&
n
£
7]
z
=
@
F
i
5

VOur Steady State Sim:3

YWEBENCH Design t 369

s L4 WEBENCHDsta | YourWavefoms oo
SFLECT WAVEFORM)|

|VOuL Steady State Sim:3 rxi

= ~ UnitDiv : | 1=
O vin 0000737663 |
" Max: 2 90632

DIAILIAD

LSRN BN (utsTir 005 &
o PE Min:.0t
L M ) dedS
OCweL0AD IR

PRINT

webench.national.com

RO ———

sl e

sk of Nt

sl WENENCH s 2 1eader

itk

itulizctad and 4 ate acgiscinl jradk

3

* Customize circuit requirernents and
device selections

* View design aspects such as bill of
materials, operating values, and
recommended alternate components

* View and compare waveforms from your
online simulation using the new multi-
waveform viewer

» Receive samples in 24 hours

National
Semiconductor

The Sight & Sound of Information

Ok

to directly deliver and test results at
the point of care, rather than sending
samples to a laboratory.

The high degree of integration of
the miniature lab reduces the level of
manual intervention. A graphical user
interface monitors the analysis in
progress and guides the operator
through all the necessary steps: sim-
ply loading a DNA sample for analy-
sis and inserting the cartridge into the
instrument.

All chemical reactions occur inside
the biochip’s proprietary buried chan-
nels or on its surface. And because the
cartridge that carries the chip is self-
contained and disposable, the system
strongly reduces the cross-contami-
nation risks of conventional multistep
protocols.

AMPLIFIED DNA

Of key importance is the biochip’s
ability to perform both DNA ampli-
fication, through a PCR (polymerase-
chain-reaction) process and detection
of one substrate (see sidebar “The
ABCs of DNA amplification”). In this
process, a researcher mixes a DNA
sample with a polymerase enzyme
and DNA primers and passes it
through a bank of 12 microscopic
channels, each measuring 150X200
microns, within the silicon. Electrical
heating elements in the silicon—es-
sentially resistors—heat the channels,
cycling the mixture through three pre-
cise predetermined temperatures that
amplify the DNA sample.

The system then fluidically moves
the amplified DNA into the biochip’s
detection area, which contains DNA
fragments attached to the surface
probe. There, matching DNA frag-
ments in the sample, target DNA at-
tach themselves to the fragments on
the electrodes, whereas DNA frag-
ments without matching patterns fall
away. The system achieves accuracy by
temperature control. It detects the
‘presence of the DNA fragments by il-
luminating them with a laser and ob-
serving which electrodes fluoresce.

The development of this unique
and innovative biochip builds on the
experience researchers gained from a
variety of fluidic applications, such as
optical-bubble switches and ink-jet-

printer heads. In the case of MEMS-
technology ink-jet-printer heads, mi-
croscopic channels etched in the sili-
con connect hundreds of ink-filled
chambers to a chip’s surface. Each
chamber contains a resistive heating
element that quickly vaporizes part of
the ink, propelling tiny droplets to-
ward the paper.

Because the manufacturing tech-
niques of the lab on chip are similar to
those that silicon ICs use, device de-
signers can draw on four decades’
worth of reliable, mass-manufactur-
ing know-how and give new life to de-
preciated larger-geometry-I1C-pro-
duction facilities. Also, engineers can
focus on the design-rule-based ap-
proach that most microelectronic
products use instead of simultane-
ously designing both the device and
its manufacturing process. This ap-
proach leads to the development of
cost-effective devices in line with the
highly competitive medical-diagnos-
tic market.

THE HEAT IS ON

The chip’s many advantages over
current plastic and glass substrates
stem from the fact that the thermal
properties of silicon make it extreme-
ly well-suited for the biochip applica-
tion, which combines fluidic, me-
chanical, electrical, and optical
elements. For example, silicon has a
high thermal conductivity, allowing
the chip to maintain a uniform tem-
perature over a wide area, and low
thermal capacity, affording fast ther-
mal cycling during the PCR process.
These features make the reaction time
shorter than that of conventional
macroscopic thermocyclers and im-
prove on the performance of mi-
croscale systems having substrates
with a lower thermal conductivity. For
the same reason, the silicon substrate
precludes the need to transfer the
sample between separate areas of the
chip, each at a different temperature.
Instead, the fluid remains stationary,
and the chip heats and cools it in
place, greatly simplifying the chip’s
microfluid design.

Silicon also allows electronic con-
trols on the same chip. In this case, the
heaters and temperature-sensing ele-
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ments are integrated into the chip’s surface, giving
accurate, real-time readings and closed-loop feed-
back. As a result, the chip continuously monitors
and adjusts the parameters of the reaction. In ad-
dition, the proximity of the reaction channel to the
sensing elements—ijust a few microns—guarantees
that the readings closely follow the actual temper-
atures seen by the samples.

Once the system amplifies the DNA, the chip per-
forms detection on a dedicated portion of the
biochip’s surface. Here, engineers can customize
both the number of probes and their placement to
meet the needs of an application. Process latitudes
can accommodate the needs of even the most de-
manding molecular diagnostic application.

Moreover, whereas the current prototype of the
reader and detection system depends on optical de-
tection, the product road map envisions electronic
detection, further improving the process. Although
optical-DNA detection is common, it needs costly
and bulky devices, which are ill-suited for portable
instruments.

Researchers have proved electronic detection in
laboratory settings, although manufacturers have
not yet deployed it in medical applications. The
technique would decrease the need for bulky equip-
ment by integrating that function, making better
use of the silicon and resulting in easier to use, low-
er cost, and more portable instruments.Z
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THE ABCs OF DNA AMPLIFICATION

The PCR (polymerase-chain-reaction)
process is behind a useful technique for
“amplifying" minute DNA samples for
analysis. This process combines a DNA
sample with DNA building blocks, or
“primers,” and a polymerase enzyme.
The mixture repeatedly cycles through
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94, 60, and 72°C temperatures, causing
the original DNA double helix to sepa- (@
rate and replicate using the primers and
enzyme. Each cycle through the three
temperatures doubles the amount of
DNA. After 20 cycles, therefore, one
molecule of DNA yields 1 million
copies; 30 cydles vields 1 billion.

In the first step of the process, denat- _
uration, the mixture heats to 94°C, sep- 111

arating the two strands of the DNA's (b)
double helix (Figure A). At 60°C,

annealing occurs, in which the single-

strand primers, comprising short chains 1
of DNA building blocks—adenine, cyto-

sine, guanine, and thymine-bind to

their complementary single-stranded 1
bases on the denatured DNA. The last Ll

111

/

= N\

— /7
LLidAii i i eguipitiei

RENRRERRRR R LARAREERIRY
_—_/4-———-—.
N G W

(INIIN AR TR RN

step, extension, oceurs at 72°C. In this (@
step, the thermos-acquaticus
polymerase enzyme synthesizes
the DNA, extending the single-stranded
template that the primers started. This
process results in two helixes where
one originally was.

'Figure A
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In step one of the PCR process, denaturation occurs, By heating the DNA to an
optimal temperature of 94°C, the double strand melts and opens to single-strand-

ed DNA (a). In the second step, annealing occurs at an optimal temperature of 60°C. The single-
stranded primers bind fo their complementary single-stranded bases on the denatured DNA
(b). In step three, extension occurs at an ideal temperature of 72°C. The polymerase attaches
and starts to copy the template. The result is two helixes in place of the first (c).



