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Biosensors: Microelectronics marries biology

For decades, scientists have sought to cou-
ple biomolecules with electronic detec-
tion devices for sensing applications. These
biosensors have been slow to penetrate com-
mercial markets, however, because

they are not as fast as

more-estab-
lished sens-

ing methods,

are  often
bulky, and are
expensive to
manufacture.
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possibility of integrat-

ing living cells on

chips, is making the technology more attrac-
tive to researchers, physicians, and industry.
As aresult, biosensors are at the forefront of a
multidisciplinary science that marries the
biological world and the electronic world.

A biosensor is an electronic device that
employs biological elements—such as anti-
bodies, enzymes, receptor proteins, lectins,
nucleic acids, cells, or tissue sections—as
the analyte sensor and couples the element
to a transducer. Specific interactions
between the target analyte and the biorecog-
nition element produce a physio-chemical
change, which is detected and measured by
the transducer. The transducer then converts
the biochemical signal into an electronic sig-
nal that is processed into an analog or digital
format. The amount of signal generated is
directly proportional to the concentration of
the analyte, allowing for both quantitative
and qualitative measurements in real time.

Biosensors are unlike many standard
immunoassays, which use biological ele-
ments without the transducing component.
“Biosensors combine the exquisite selectivity
of the biological molecule with the process-
ing power of modern microelectronics and
optoelectronics to offer powerful new analyt-
ical tools with applications in medical diag-

nostics, environmental monitoring, and food
processing,” says S. J. Alcock, head of
biosensor development at Cranfield Biotech-
nology Center in Cranfield, Eng-

land. Transducers used in

biosensors can also take

many forms, depending

on the parameters

being measured.

The most widely

used biosensors

measure electro-

chemical effects, but

Figure 2. Fiber-optic,
fully automated
biosensor performs four
immunoassays simultaneously in
5 to 10 minutes and shows the results

on an LCD screen in words.

other types can be used to measure thermo-
metric, piezoelectric, acoustic, magnetic, or

be seeking, says Frances Ligler of the Naval
Research Laboratory (NRL).

Growth of applications

The first biosensors, comprised of
enzymes immobilized on oxygen electrodes,
were reported in the 1960s. Their subse-
quent development led to the commercializa-
tion of devices for the measurement of glu-
cose, pioneered by Yellow Springs Instru-
ments (Yellow Springs, OH), which also mar
kets its enzyme-based biosensors for med-
ical, biotechnology, food-processing, and
sports-physiology applications. Blood-glu-
cose monitoring kits for diabetics are by far
the most successful commercial biosensors
to date, thanks to the handheld devices
offered by MediSense, LifeScan, Bayer, and
Boehringer Mannheim. Scientists are explor-
ing the development of optical devices for
glucose monitoring, based on subcutaneous
membrane implants and on in vivo glucose
needle enzyme electrodes, in which the sen-
sor is implanted beneath the skin.

Prompted by the rise in food-borne illness-

optical responses.

Recent advances in biochemistry, mol-
ecular biology, and immunochemistry
have expanded the range of biological
recognition elements, improving assay
selectivity and sensitivity, while the
advent of diode lasers and LEDs has
enabled the development of small, inex-
pensive optical biosensors. In addition,
developments in fiber optics and micro-
electronics have yielded signal transduc-
ers that are smaller and more durable,

and which offer improved signal/noise
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ratios and reduced manufacturing costs.
The most common biosensors on the

Figure 1. White light passes through the optical

fiber into the gold-tipped sensor probe, where

market are enzyme- or antibody-based.
However, many research laboratories and
commercial companies are now develop-
ing DNA-based biochip arrays geared
specifically toward genomic studies and
drug development. Some researchers are also
working to affix entire living cells to a chip.
These so-called “cells on chips” would have
the potential to detect a toxic substance with-
out prior knowledge of what the user might
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biomolecular binding events cause changes in
the refractive index that affect the spectrum of

the reflected light.

es, the U.S. Department of Agriculture plans
to institute new regulations that will require
more thorough testing for pathogens. These
regulations will create a demand for auto-
mated biosensors capable of rapidly detecting
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contaminants in meat, poultry,
seafood, fruits, and vegetables. Con-

ventional detection methods are time-

consuming. They usually take 7 to 10
days to produce reliable measure- 8
ments, which is too long for perish-
able food. Biosensor technology can

produce measurements more quickly,

Research Internati

sometimes within hours, and detect
smaller amounts of pathogens, with
fewer false positives.

Texas Instruments (Dallas, TX) has
produced a handheld biosensor that
can identify chemical and biological
substances. It works by using surface plas-
mon resonance phenomena to detect changes
in refractive index (see The Industrial Physicist,
3/98, pp. 17-18). The device consists of a
plasmon layer, light-emitting diode, polarizer,
CMOS photodiode array, temperature sensor,
analog-to-digital converter, and digital signal
processor with memory and embedded soft-
ware—all packaged in a unit about the size of
a matchbox. In addition to detecting
pathogens in food, possible applications
include environmental monitoring, medical-
diagnostic testing, and drug research.

A laser-based biosensor developed by
researchers at the Georgia Institute of Tech-
nology integrates optics, immunoassay, and
surface chemistry to detect Salmonella in
meat; and scientists at Lawrence Berkeley
National Laboratory have produced a biosen-
sor that detects the particularly virulent
0157:H7 strain of E. coli. The University of
Florence in Italy has developed a piezoelectric
biosensor to detect the potentially deadly Lis -
teria bacteria in milk products, while Sensor
Solutions is using electrochemical biosensors
to determine the sugar/alcohol ratio in wine.
The optically based BlAcore sensor from Bia-
core AB (Uppsala, Sweden) is primarily sold
to bioscience R&D laboratories for real-time
analysis of biological interactions, and it is
also used for high-throughput screening in
pharmaceutical development (Figure 1). Bia-
core plans to target the food-processing
industry as well, particularly for vitamin
analysis in fortified food products and drug-
residue analysis in meat and milk products.
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small molecules has been used to detect explosives, bio-
logical warfare agents, and illegal drugs, and to analyze

drinking water and extracts at hazardous waste sites.

Biosensors have also proved valuable for
environmental monitoring. Ligler’s group at
NRL has developed a fully automated fiber-
optic biosensor that performs four
immunoassays simultaneously in 10 minutes
and displays the results on an LCD screen in
simple words (Figure 2). Ligler’s group also
has developed an antibody-based, continu-
ous-flow unit, which uses a plastic
immunoassay cartridge that is inserted into
an analytical system. Signal-acquisition and
analysis software converts measurements
into a database format. The device is useful
for groundwater monitoring, drinking-water
analysis, rapid analysis of extracts of soils
and sediments at hazardous waste sites, and
detection of explosives, biological warfare
agents, and illegal drugs (Figure 3). Both sys-
tems are produced commercially by Research
International (Woodenville, WA).

Other emerging applications for biosen-
sors include an array of medical diagnostics.
With the sensors, clinical analyses can be
performed at the bedside, in critical-care
units, and in doctors’ offices, and the test
results can be acted upon immediately, thus
avoiding the delays associated with having to
send samples to centralized laboratories.
BioStar’s (Boulder, CO) optical immunoas-
say technology offers point-of-care diagnostic
testing for strep A and B infections. Affinity
Sensors’ optical biosensors can rapidly
detect, measure, and characterize antibodies
in human blood serum. And Molecular
Devices (Menlo Park, CA) offers a biosensing
system for applications in pharmacology,
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immunology, microbiology, and
toxicology that can detect func-
tional responses from living cells in
minutes, offering novel informa-
tion on cell signaling unobtainable
with other assay methods.

Microarrays

Recent advances in solid-state

Figure 3. Antibody-based, fully automated biosensor for

microelectronics have had a signifi-
cant impact on biosensors by
enabling scientists to integrate
thousands of sensors onto a single
chip that can simultaneously per-
form multiple analyses on a single sample.
Several companies and research laboratories
have already developed prototype multichan-
nel systems. Multisensor chips are expected
to revolutionize analytical chemistry, much as
integrated circuits revolutionized the comput-
er industry. These devices are particularly
promising for drug development and in moni-
toring genetic expression to determine
whether a specific gene is functioning.

Affymetrix, Inc. (Santa Clara, CA) has
developed miniaturized, high-density arrays
of DNA probes initially targeted for gene-
expression monitoring, polymorphism dis-
covery (finding minute differences in a gene’s
DNA), and disease management. The com-
pany’s GeneChip system consists of dispos-
able probe arrays containing gene sequences
on a chip the size of a postage stamp, along
with a scanner, processing instruments, and
software to analyze the genetic information
collected. Although gene-expression moni-
toring remains the largest market sector for
its products, Affymetrix also offers chips for
studying; mutations in the AIDS virus. The
company recently signed an agreement with
Roche Molecular Systems (Branchburg, NJ)
to further develop the technology to meet
Food and Drug Administration standards in
order to win marketing approval for clinical
use. The company has also initiated a large-
scale research project to identify common
variations in the human genome, create data-
bases of these polymorphisms, and design
probe arrays to analyze them and link them
to human disease.



While Affymetrix’s technology works well
in identifying which genes correlate to a spe-

cific disease, Genometrix (The Woodlands,
TX) offers a lower-density, DNA-based
microarray aimed at the next step in the
process. This biosensor incorporates hun-
dreds of DNA probes per chip rather than the
hundreds of thousands contained in the
Affymetrix devices. Genometrix’s biosensor
needs fewer DNA probes because it is
designed to screen databases of compounds
to determine the most likely candidates for
drug therapy, rather than identify the genes
associated with a specific disease. “By taking
a cell, extracting the RNA, and hybridizing
and binding that to our chip, we can tell
which genes are present and being expressed,
and use that profile to identify likely targets
for a new drug,” says Mitch Eggers, president
and CEO. The company offers standard
arrays geared toward identifying therapies for
specific diseases—such as its universal can-
cer chip, aimed at finding new drugs for a
number of common cancers—but will make
custom chips upon request.

Argonne National Laboratory has teamed
up with Motorola, Inc., and Packard Instru-
ments to develop a commercial biochip capa-
ble of decoding the DNA makeup of genes
within a few seconds. Orchid Biocomputer, a
spin-off of Sarnoff Corp. (Princeton, NJ), has
created a high-throughput chemical laborato-
1y on a palm-sized computer chip, capable of
processing hundreds of samples simultane-
ously for genetic analysis. Texas Instruments
is developing a multichannel plasmon sensor,
according to Jose Melendez, manager of ana-
lytical sensors, who envisions a system with
hundreds of thousands of channels, each
capable of making a specific measurement.

Challenges to success

A common criticism of biosensors is that
the biomolecules used for recognition aren’t
sufficiently stable or robust enough for long-
term factory or field use. The development of
various stabilization techniques has helped
to address that problem, says Ligler. Indeed,
researchers have taken antibody-based sys-
tems into the desert and used them success-

fully for months, without refrigeration. Yet
technical challenges still remain. Some are as
straightforward as developing better manu-
facturing processes. However, the trends
toward miniaturization and full automation
demand more advances in developing small
fluidics systems before biosensors can realize
their full commercial potential.

Vacuum technology has had a significant
impact on the design and construction of
biosensors, from the clean-room environ-
ments needed to manufacture the devices to
control of the fluidics of biosensing systems.
Rolfe Anderson, a researcher with Affymetrix,
developed a set of fluidic-control structures
and reaction chambers that use pressures and
vacuums to position fluids within a biosens-
ing cartridge, a promising alternative to meth-
ods that generate electrical signals to position
fluids. His advance was part of an R&D effort
aimed at making the GeneChip system fully
automated and disposable, which would
eliminate many of the steps currently
required and further reduce costs.

Researchers are also using vacuum tech-
nology to create modified surface substrates
that better preserve the biological activity
required for sensing purposes, says Deborah
Leckband, a researcher at the University of
Illinois. Because most of the biological reac-
tions take place at a solid-liquid interface,
the better scientists understand the behavior
of biomolecules at interfaces, the better the
molecules and their reactions can be con-
trolled in biosensing systems. Surface plas-
mon resonance and optical spectroscopic
techniques are also finding use as tools for
understanding the biosensor interface and
the biological interactions at surfaces.

Above all, biosensors must compete with
other well-established analytical methods,
such as chemical sensors, immunoassays,
and chemical testing kits. To win greater
acceptance, they must offer new capabilities
or significant improvements over existing
methods in today’s market. Despite these
challenges, most industry insiders agree that
as biosensors accumulate more successes,
the technology will continue to advance and
find new markets.
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