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1. Introduction and Scope
Numerous kinds of biosensors do exist, but this chapter

is confined to sensors and systems where the information is
gathered by the measurement of photons (rather than
electrons as in the case of electrodes). More specifically, it
relates to sensors based on the measurement of absorbance,
reflectance, or fluorescence emissions that occur in the
ultraviolet (UV), visible, or near-infrared (NIR). It does not
cover sensors based on infrared or Raman spectroscopy, nor
those based on surface plasmon resonance. Molecular
imprintsswhile very promisingsare not covered either since
they do not match the definition of a biosensor (which asks
for a biological recognition element to be at work).

Fluorescence is by far the method most often applied and
comes in a variety of schemes. Parameters that are being
measured in such sensors include intensity, decay time, ani-
sotropy, quenching efficiency, luminescence energy transfer,
and the like. Optical layouts include plain sensor foils
(stripes) and also waveguide optical systems, capillary sen-
sors, and arrays. Chemical sensors and biosensors do not
have separation capabilities unless coupled to respective addi-
tional devices that, however, make the system more complex,
require larger instrumental effort (and power consumption!),
and prevent sensing to be combined with imaging. Hence,
specificity can only be based on selective (bio)molecular rec-
ognition. To achieve this goal, use is made of more or less
specific biorecognition elements such as enzymes, antibodies,
oligonucleotides, or even whole cells and tissues. The variety
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of approaches that have been made in the past makes it rather
difficult to sort biosensors systematically.

Excellent books and reviews cover the first few decades
of research on biosensors,1-27 but none of those describes
the state of the art as comprehensively as the one presented
here, since it covers the work from the early stages to the
state as of early 2007.

2. General Remarks
2.1. Definition of Biosensors

Unfortunately, the terminology on biosensors is not
systematic. Medical doctors tend to refer to “biosensors” as

solid-phase-based diagnostic devices such as those for
glucose, pregnancy markers, or cardiac markers. They are
better referred to as test strips. Others (mainly bioorganic
chemists) often refer to molecular bioprobes as biosensors.
However, true biosensors are solid state, not certain mol-
ecules, give a reading after having been contacted with the
sample to be analyzed, and do not require the addition of
reagent(s). It is noted at this early stage of the review that
the world still does not have a fully reversible glucose sensor
for in vivo use over>1 months, which would be a great
relief to the 4-5% of the population suffering from various
forms of diabetes and that would enable the construction of
an artificial pancreas.

Definitions of biosensors have been given but are
diverse.28-30 However, all include the use of a biological
component such as an enzyme, an antibody, a polynucleic
acid, or even whole cells or tissue slices. In other words, a
pH electrode capable of sensing the pH of blood is not a
biosensor by all current definitions, as is xenon gas that can
be used to probe the structure and dynamics of a protein.31

Certain authors confuse the terms sensor and probe; we are
referring such authors to the homepage of the world’s largest
manufacturer of bioprobes (www.probes.com), which never
would refer to its many bioprobes as “sensors”.

Over time, this has led to the undesirable situation that
electronic searches for literature on biosensors result in two
sets of data. The first (still larger one) is on true sensors of
all kind (electrochemical, fluorescence, piezo, thermal,
surface plasmon resonance (SPR), reflectometric, chemo/
bio-luminescent, IR, and the like). The second set of data is
on (mainly optical) molecular probes whichsin a wrong
fashionsare referred to as biosensors.

2.2. Classification of Biosensors

The biosensors described in this review can be divided
into two kinds of groups, viz. biosensors of the catalytic type
and biosensors of the affinity type. Their features are briefly
discussed in the following.

2.2.1. Catalytic Biosensors

These make use of biocomponents capable of recognizing
(bio)chemical species and transforming them into a product
through a chemical reaction. This type of biosensor is
represented mostly by enzymatic biosensors, which make
use of specific enzymes or their combinations. Many whole-
cell biosensors also rely on biocatalytic reactions. More
recently, catalytically active polynucleotides (DNAzymes)
have been used as well. This type of biosensor also includes
biosensors based on measurement of the rate of inhibition
of a catalytic reaction by an inhibitor such as a heavy metal
ion or a pesticide. Catalytic whole-cell sensors often are
employed to sense sum parameters such as toxicity, antibiotic
activity, or cell viability.

2.2.2. Affinity Biosensors

These make use of the specific capabilities of an analyte
to bind to a biorecognition element. This group can be further
divided into immunosensors (which rely on specific interac-
tions between an antibody and an antigen), nucleic acid
biosensors (which make use of the affinity between comple-
mentary oligonucleotides), and biosensors based on interac-
tions between an analyte (ligand) and a biological receptor.
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Some whole-cell biosensors act as recognition elements
responding to (trigger) substances by expressing a specific
gene.

2.3. General Aspects of Signal Generation,
Immobilization of Biomolecules, and Sample
Handling

The most usual format of a biosensor is that of a biological
compound immobilized on the surface of a transducer. The
function of the latter is to gather the analytical information
when in contact with the sample and to convert it into an
electrical signal. Optical transducers respond to an analyte
by undergoing a change in their optical properties, such as
absorption, reflectance, emission, or a change in an inter-
ferometric pattern. Signal changes are recorded by a pho-
todetector and, thus, transformed into an electrical signal.
The development of appropriate (and stable) materials
probably is more of a challenge in biosensor development
than the development of appropriate spectroscopies.

In all kinds of biosensors, recognition is accomplished by
a biomolecule. In the overwhelming majority of biosensors,
this biomolecule is immobilized on the surface of the sensor.
Immobilization serves one or more of the following purposes:

(a) It enables continuous sensing of analytes in flowing
systems such as blood, bioreactor fluids, or water samples.

(b) The biomolecule is “added” to the sample in well-
defined quantity.

(c) The biosensor becomes reusable or regenerable.
The stability of immobilized biomolecules is a serious

issue. It is noted that many articles on biosensors do not
consider aspects of long-term stability in a proper way.

Much more often than chemical sensors, biosensors have
been combined with (micro)fluidic devices such as (micro)-
flow injection analyzers or lab-on-a-chip devices. Optical
biosensors are particularly useful in the case of the latter,
where voltages of up to several kV are applied that may
disturb (or make impossible) electrochemical detection.
Valcarcel and Luque de Castro32 have reviewed the state of
flow-through “biosensors”, which, however, often are based
on flow-injection and corresponding detectors.

2.4. Frequently Used Spectroscopies and Internal
Referencing

There are two main types of optical biosensors: The first
exploits any changes that can occur in the intrinsic optical
property of the biomolecule as a result of its interaction with
the target analyte. Such changes can occur in absorbance,
emission, polarization, or luminescence decay time of a
receptor. Such sensors are not numerous because their
sensitivity is usually low, and because many effects occur
in the deep UV where spectroscopy has academic merits but
is difficult to implement when it comes to analyzing complex
(such as environmental or clinical) samples. An additional
challenge when using intrinsic biosensors consists of the
separation of the shortwave signal from background fluo-
rescence (or absorbance). Enzymes using FAD as a coen-
zyme are examples of more longwave absorbing receptors
that undergo intrinsic spectral changes on binding a ligand
(during catalytic conversion), as are some cytochromes and
hemoglobin.

The second type of biosensor is making use of optical
labels and probes of various kinds. This requires the

biomolecule to be covalently labeled (an extra step) but
enables the analytical wavelength(s) to be shifted to almost
any desired value. Moreover, luminescence decay times and
anisotropy can be adjusted to desired values, and effects such
as dynamic or static quenching can be exploited in a more
systematic manner. Not surprisingly, luminescent labels are
widely used for this purpose. In recent years, the use of
luminescent nanoparticles has strongly increased.

Absorptiometry and reflectometry are still the most widely
used methods, both in solution assays and in test strips.
Absorptiometry is well-established (hardly any lab does not
have a photometer) and has the unique merit of being self-
referenced (i.e., the intensity of the signal measured is always
referenced to the intensity of the incoming light beam in the
case of two-path photometers as used in cuvette assays or
microtiter plates). Surprisingly enough, fluorescence intensity
is by far the most often used analytical parameter when it
comes to biosensing. According to Parker,33 luminescence
intensity (I) is proportional to the concentration of an analyte
present,

where I0 is the intensity of the exciting (laser) beam,ε is
the molar absorption coefficient (molar absorbance) of the
fluorescent probe or label,c is its concentration,l is the length
of penetration,æf is its quantum yield, andk is a geometrical
factor that accounts for the geometry of the optical system.
This linear relationship between measured fluorescence
(phosphorescence) intensity andI0 is valid only for solutions
of low molar absorbance.

Fluorescence intensity at a single wavelength is not
referenced and obviously depends on numerous variables
(and can be compromised by drifts in the photodetection
system). Ratiometric (two-wavelength) measurements have,
therefore, become quite widespread.34-40 This either re-
quires addition of an inert reference fluorophore or the
application of a FRET system (i.e., a donor dye and an
acceptor dye). FRET systems have often been employed in
immunosensors,41-44 nucleic acid sensors,40,45-47 and those
based on ligand-receptor interactions.48-56

Another method for self-referencing consists in the
measurement of luminescence decay time.52,57 Since the
measurement of decay times in the order of a few nanosec-
onds (or even picoseconds) so far has required complex and
expensive instrumentation (this has changed in recent years,
though), labels and indicators were employed with decay
times in the order ofµs and ms. Decay time-based sensing
is widely employed in optical oxygen sensing and in enzyme
sensing based on oxygen transduction.58-60 Measurement of
decay time also was reported for a fluorescent hydrogen
peroxide transducer (a europium(III) complex) for use in a
glucose biosensor.61 A final self-referenced method is based
on measurement of fluorescence polarization,62-64 which also
is independent of various variables (such as the degree of
labeling, photobleaching, quenching, and solvent effects) that
make other methods prone to errors. Table 1 summarizes
the more important (self-referenced) methods of read-out in
luminescence and their respective merits.

Measurement of intensity is most common because they
are easily performed, routine instrumentation is available,
and one label is required only. Ratiometric (2-λ) methods
are more reliable but require the availability of appropriate
probes ands labels. Dual-lifetime referencing (DLR) is quite
powerful, too, but requires the presence of a reference dye

I ) I0εclæfk
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with long decay time, so it is more complicated. DLR has
not been applied to biosensing so far. The measurement of
decay time (“lifetime”) is superior to measurement of
intensity in many respects. In the case of affinity sensors,
probes are needed whose decay time (that usually is not
strongly affected by binding) changes upon biomolecular
interactions. It has been demonstrated, for example, that the
fluorescence lifetime of certain fluorescent labels (supposed
to be inert in terms of changes of decay time) is a useful
parameter to detect affinity binding between biotin and
streptavidin and between biotinylated bovine serum albumin
and streptavidin.65 Lifetime also can be determined in FRET,
preferably if a long-lived donor dye is used.

Refractometry also is self-referenced and has been used
in immunosensors.66-68 Less common spectroscopic tech-
niques such as reflectometric interference spectroscopy,69

optical waveguide lightmode spectroscopy,70 supercritical
angle fluorescence,71 and light scattering72 also shall only
be mentioned here.

3. Enzymatic Biosensors

3.1. General Considerations
Determination of such analytes as glucose, lactate, urea,

ethanol, phenols, pesticides, and many others is of high
significance in clinical medicine, food and environmental
analysis, and bioprocess monitoring. The lack of indicators
that give changes in color or luminescence at room temper-
ature without addition of (aggressive) reagents and at near-
neutral pH, in reasonably short time and in a fully reversible
way, has made researchers look for alternatives. Enzymes
catalyze reactions with a high degree of specificity, and the
products of these reactions (or of reactants consumed) are
detected directly if colored or luminescent, or by using optical
transducers. The steady-state concentration of detectable
species is, thus, related to the concentration of the analyte.
Some enzymatic reactions require the presence of other
specific reactants called coenzymes, e.g., nicotinamide
adenine dinucleotide or flavine mononucleotide, which
change their optical properties during the reaction.

A cross section of the typical enzymatic biosensor is shown
in Figure 1. An indicator layer (often sensitive to oxygen or
pH) is spread over a transparent inert support, usually a
polyester film. An indicator dye is either directly dissolved
in a polymer matrix or, alternatively, covalently immobilized
or physically adsorbed on a surface of microbeads, which

then are dispersed in the matrix polymer. The indicator layer
is responsible for sensing of either cosubstrates consumed
or of products produced during the enzymatic reaction.
Enzyme(s) can be chemically immobilized onto the surface
of a polymer membrane (e.g., cellulose, nylon, or inorganic
porous glass) or physically entrapped into a polymer network,
e.g., sol-gels, hydrogels, or Langmuir-Blodgett films. To
avoid leaching of the enzyme, it is often cross-linked to
bovine serum albumin via glutaraldehyde linkers. Alterna-
tively, preactivated membranes may be used. When the
analyte (the substrate) diffuses into the enzyme layer, it is
converted into products. The indicator layer registers the
formation of reaction products or the consumption of
coreactants such as oxygen. In Figure 1, the sensor “sand-
wich” is mounted on the tip of an optical fiber that trans-
mits excitation light from a light source to the sensor foil
and emitted (reflected) light back to a photodetector.
However, the majority of biosensors are not based on fiber-
optics.

Optical sensors that exploit chemi- and bioluminescent
reactions are usually simpler because no indicator layer
is required. The chemical species generated during an
enzymatic process are involved in subsequent reactions
that result in the production of light. In this case, other
substrates (“reagents”) are needed along with the sample
solution. Most chemi- and bioluminescent reactions are
catalyzed by enzymes that have to be co-immobilized in the
enzyme layer. Biosensors that make use of the intrinsic
optical properties of the enzyme do not require optical
transducers and, thus, usually include an enzyme layer placed

Table 1. Fluorescent Schemes and Their Ability to Compensate for Interferences of Various Origin. (++): Well Compensated for; (+)
Partially Compensated for; (-) Not Compensated for. These Are General Statements Only That May Be Different in Particular
Situations

parameter

interference resulting from intensity 2-λa ref dye FRET lifetime anisotropy DLR

optical components (e.g., filters) - - - - ++ + +
instrumental drift (light source, detector) - + +b + ++ ++ ++
optical misalignment - ++ ++ -c ++ + ++
background fluorescence of sample - - - - +d - -
light scatter by sensor material/ sample - + + + ++ - ++
intrinsic color of sample - - - - ++ ++ +
dye leaching/bleaching - + - - + ++ -
temperature - +e + +e - - +e

inhomogeneous dye loading - ++ - 0 ++ ++ +
a Using a dual-wavelength label or probe.b Only compensated for if detected with the same set of optical components.c Not used in fiber-optic

sensors.d Well-compensated only in case of time domain for probes having decay times in theµs or ms range.e Assuming both dyes to display the
same temperature-dependence of their spectral properties.

Figure 1. Cross section of a fiber-optic enzymatic biosensor. The
analyte (substrate) enters the enzyme layer where it is converted
into products. The indicator (sensing) layer consists of an indicator
dye in a polymer layer and registers the formation of reaction
products or the consumption of coreactants such as oxygen. The
transparent support is inert and used only to facilitate manufacturing.
It may as well be omitted. Exc and Em symbolize the paths of
exciting and emitted light, respectively.
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on a planar support or at the tip of an optical fiber, preferably
in a hydrogel.

3.2. Enzymatic Glucose Biosensors
Not surprisingly, this is by far the most often investigated

type of biosensor. Those based on the use of glucose oxidase
(GOx) function on the basis of the following reactions:

The concentration of glucose thus can be related to (a)
the amount of oxygen consumed,35,58,59,73-88 (b) the amount
of hydrogen peroxide produced,39,61,89-102 or (c) the decrease
in pH due to the conversion of D-gluconolactone to D-
gluconic acid.103-105

The above equations indicate that the response of such a
sensor depends on a number of variables (notwithstanding
the effects of temperature and diffusion). The first is pH. If
pH transduction is used, the initial pH and the buffer capacity
of the sample will govern the shape and the relative signal
change. pH also affects enzyme activity. The second is
oxygen. Depending on how its concentration is related to
that of glucose, different shapes of the response curve and
different signal changes will be observed, as can be seen in
Figure 2. If the sample is anaerobic (i.e., does not contain
any oxygen), no signal change will be detectable. If oxygen
is present in large excess, the concentration of oxygen is
low, and diffusional processes are fast, hardly any signal
changes will be detectable once the steady-state equilibrium
is reached. It also needs to be reminded that the shapes are
quite different for standing samples, stirred samples, and
flowing samples. Finally, the quantity (more precisely, the
activity) of immobilized GOx will strongly affect the signal
change and the response time.

This is shown in Figure 2 for flowing samples. The sensor
is first equilibrated with a buffer solution saturated with air.
The flow of buffer is then replaced by a flowing sample at
time t1. At time t2, the sample is replaced by a flow of buffer
again. Various curves (A-E) are obtained depending on the
levels of oxygen and glucose in the sample:

(A) No oxygen and no glucose in the sample; the shape
of the response is mainly determined by the rate of the
diffusion of oxygen out of the sensor membrane into the
sample flow. The same signal level is reached (even faster)
if the sample contains no oxygen but a relatively large
concentration of glucose.

(B) Response to a sample where [O2] , [glucose]; all
oxygen in the sensor is quickly consumed as a result of
enzymatic oxidation and of diffusion.

(C) Air-saturated sample where [O2] > [glucose]; the shape
is mainly determined by the rate of the enzyme-catalyzed
oxidation of glucose.

(D) Sample where [O2] . [glucose]; the steady-state signal
is smaller than that in (C).

(E) Sample without glucose where thepO2 is lower than
at air saturation.

These are exemplary plots; the shapes and steady-state
intensities also depend on the activity of the enzyme, the
flow rates, and the thicknesses of the various layers (and,
thus, on the oxygen storage capacity). Note that the shapes
for flowing samples are quite different from those obtained

with standing samples and that even these can differ
depending on whether they are stirred or not.

Detection of glucose via the quantity of hydrogen peroxide
formed appears to be the most attractive approach since it
works at virtually zero background, even though it also is
affected by the initialpO2 in the sample. Optical continuous
sensors for H2O2 are scarce, however.

The group of Luebbers106 probably were the first to
describe a glucose sensor based on transduction via oxygen,
which acts as a dynamic quencher of the luminescence of
certain indicator dyes. The sensors consisted of an oxygen
sensor (using pyrenebutyric acid as the oxygen probe) onto
which GOx was deposited as a thin layer. The sensor reported
glucose in physiological concentrations. The temperature
dependence of the biosensor was studied in some detail.
Temperature is known to exert an effect on various param-
eters including the rate of diffusion, the activity of the
enzyme, the efficiency of quenching of the indicator by
oxygen, and the quantum yield of the fluorophore used. In
essence, a reduced analytical range and a steeper slope of
the response curve toward glucose is observed.

Diphenylanthracene (DPA) was used as a probe for oxygen
in a sol-gel based glucose biosensor. The sensing material
was obtained107 by controlled hydrolytic polycondensation
of tetraethoxysilane (TEOS) to give a fairly inert inorganic
glassy matrix whose porosity and size of pore network can
be varied by polymerization conditions. Both DPA and GOx
were entrapped into the sol-gel. Because the material has
no absorption in the near UV and visible, it is well-suited
for fabrication of optical sensor membranes. Enzymes in
sol-gels can be substantially stabilized by addition of
polycations.108

Other biosensors based on oxygen transduction made use
of polyaromatic hydrocarbons such as pyrene, decacyclene,
and their derivatives, which were dissolved in silicone.73-75,77

Following their discovery as probes for oxygen in 1986,109

ruthenium(II) complexes with ligands such as bipyridyl (Ru-
bipy), 1,10-phenanthroline (Ru-phen), and 4,7-diphenyl-
1,10-phenanthroline (Ru-dpp) rapidly replaced the polycyclic
aromatic hydrocarbons. They possess visible absorption,
relatively long decay times (0.6-6 µs), and good photosta-
bility and, therefore, are widely used oxygen probes.35,76,78,80-88

The probe Ru-dpp is a preferred indicator because of its
good brightness (Bs; defined as the product of quantum yield
and the molar absorption coefficient at the excitation
wavelength), which is 10 500 M-1 cm-1 at 465 nm excita-
tion.110 In being cationic, ruthenium probes can be adsorbed

D-glucose+ O298
GOx

D-gluconolactone+ H2O2 (1)

D-gluconolactone+ H2O 98 D-gluconate+ H+ (2)
Figure 2. Typical signal shapes that can be obtained if a glucose
sensor based on immobilized glucose oxidase and using an oxygen
sensor as the transducer (in contact with air-saturated buffer) is
exposed to flowing samples containing various levels of oxygen
and glucose, respectively, and then again to air-saturated buffer.
See the text for an explanation of shapes and signal changes.
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onto silica gel beads (which are negatively charged at pH 7)
and then be dispersed in silicone, which results in an good
sensitivity to oxygen. In addition, this material is highly
scattering, which increases the efficiency of collection of
fluorescence.

Platinum(II) and palladium(II) porphyrins represent an-
other group of viable luminescent oxygen indicators because
of their high chemical and photochemical stability, large
Stokes’ shifts, good brightness, and long luminescence
lifetimes. They also are often used in pressure-sensitive
paints. Papkovsky58 used a phosphorescent platinum(II)
complex with octaethylporphyrin (PtOEP) dissolved in
polystyrene as the oxygen transducer for the glucose sensor.
Luminescence intensity and decay times were measured. The
sensor was applied to the determination of 0.05-1.2 mM of
glucose with a limit of detection of 0.05 mM. Recently,
glucose was dually sensed by immobilizing (a) a europium
probe acting as a reporter for hydrogen peroxide; (b) the
iridium-trisbipyridine complex as a reporter for oxygen; and
(c) glucose oxidase in a hydrogel membrane.111 This sensor
measures the hydrogen peroxide formed (without any
background) and can compensate for variations in oxygen
partial pressure in the sample, which has a strong effect on
the shape of the response function (see Figure 2).

Miniaturized glucose sensors are particularly attractive for
a number of clinical applications, including measurements
of glucose in extremely small volumes or monitoring of
localized events where high spatial resolution is desired.
Microsensors also are attractive because they produce less
injury to patients. Rosenzweig and Kopelman82,83 designed
a fiber-optic glucose microsensor in which a ruthenium
oxygen probe and GOx were incorporated into an acrylamide
polymer covalently attached to the surface of an optical fiber
(of an outer diameter between 2 and 100µm). The analytical
range of the sensor was rather high (0.7-10 mM), but the
detectable quantity of glucose was very small because of
the small sample volumes needed. The group of Klimant
reported on a fiber-optic flow-through biosensor for online
monitoring of glucose.112 A microdialysis membrane in a
Tygon tubing contained a fiber-optic sensor composed of
immobilized glucose oxidase and an oxygen transducer layer,
and a reference oxygen sensor was used to compensate for
interfering effects. The authors have also demonstrated
outstanding selectivity of the sensor, which makes use of an
oxygen optode as a transducer.113 No interference was
observed from ascorbic acid, acetylsalicylate, uric acid,
mannitol, and dopamine in concentrations exceeding physi-
ological levels by several folds. Measurement of glucose in
humans via a sensing catheter was demonstrated.

Xu et al.35 prepared luminescent probes that were encap-
sulated into nanoparticles to give so-called PEBBLE sensors
designed for intracellular glucose imaging. The polyacryl-
amide nanoparticles of 45 nm diameter incorporate GOx,
the oxygen indicator (a sulfonated Ru-dpp derivative), and
an oxygen-insensitive fluorescent dye, Oregon Green 488-
dextrane, that is used as a reference for the purpose of
ratiometric intensity measurements. The small size and inert
matrix of these sensors allows them to be inserted into living
cells with minimal physical and chemical perturbations of
their biological functions.

Because glucose biosensors based on oxygen transducers
measure the consumption of oxygen during the enzymatic
reaction, the response of such sensors to glucose is actually
dependent on concentration of oxygen in the analyzed

medium. This is shown in Figure 2 for the two extremes of
ratios of concentrations of glucose and oxygen. To overcome
problems associated with variable oxygen supply, oxygen
should be present in large excess (compared to the amount
consumed) or its concentration should be kept constant
(which is not always easy to achieve) or known.

Dual biosensors have, therefore, been developed and
represent one possible solution to the above problem.80,85

Such sensors do contain both an oxygen-sensitive and a
glucose-sensitive element located in the proximity, e.g., on
a distal end of an imaging fiber.80 The glucose-sensitive
element is prepared by covering the oxygen sensor with an
enzyme layer. Wolfbeis et al.85 tested three different com-
binations of oxygen transducer and sol-gel immobilized
GOx. In the first, GOx was sandwiched between a sol-gel
layer doped with Ru-dpp and a second sol-gel layer
composed of pure sol-gel. Such configuration provided the
highest enzyme activity and the largest dynamic range
(0.1-15 mM) but suffered from a distinct decrease in
sensitivity upon prolonged use. In the second, which provided
the fastest response time (t90 ) 50 s), a sol-gel layer doped
with Ru-dpp was covered with sol-gel-entrapped GOx. In
the third sensor type, both the oxygen-sensitive sol-gel
powder and the sol-gel powder containing GOx were
incorporated into a single sol-gel phase. Such a sensor type
provided the best operational lifetime. The authors also have
derived equations that describe how the effect of varying
oxygen supply can be compensated for by making use of
two sensors, one sensitive to oxygen only and the other
sensitive to both oxygen and glucose.

Since both the decay time of the luminescence of oxygen
indicators (especially for ruthenium(II) complexes)114,115and
the quenching by oxygen itself116 are highly temperature-
dependent, the performance of all biosensors based on
oxygen transducers also is influenced by temperature. The
temperature dependence of such sensors may be compensated
for by making use of dual sensors for oxygen and temper-
ature,116,117but so far this problem has not been addressed
for glucose sensors, which, therefore, need to be thermo-
statted. This option has not been applied to glucose sensors.

The concentration of glucose may also be related to the
amount of protons produced in reaction 2; however, only
few optical glucose biosensors made use of pH transducers.
The fluorescence of the pH probe 8-hydroxypyrene-1,3,6-
trisulfonate (having a pKa ≈ 7.3) contained in a proton-
permeable hydrogel served as a signal to monitor pH changes
during enzymatic reaction.103 The limit of detection (LOD)
for glucose was 0.1 mM. Polyaniline was found to exhibit
pH-sensitive spectra and, thus, was used itself as a pH
transducer.105 The enzymatic reaction can be monitored at
550-650 nm (where the absorbance decreases) or at 700-
900 nm (where the absorbance increases). The LOD for
glucose was 1 mM.

An interesting approach was made by McCurley.104 A pH-
insensitive fluorophore linked to cadaverine was incorpo-
rated, along with GOx, into a cross-linked acrylamide-based
hydrogel placed at the end of an optical fiber. The amine
moiety of cadaverine is responsible for the pH-dependent
swelling of the hydrogel. When the volume of the hydrogel
increases, a decrease in fluorescent intensity is observed
because the total quantity of fluorophore remains constant.
The sensor was operative in the range from 0 to 1.6 mM of
glucose.
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Finally, the amount of hydrogen peroxide produced during
the enzymatic reaction can be related to the concentration
of glucose. Most “sensors” rely on irreversible chromogenic
reactions of hydrogen peroxide. The H2O2 transducer can
be considered a biosensor itself because it makes use of the
oxidation of luminol (5-amino-2,3-dihydrophthalazine-1,4-
dione) catalyzed by horseradish peroxidase (POx) as shown
in eq 3:

The intensity of chemiluminescence (peaking at 430 nm) is
proportional to the concentration of hydrogen peroxide and,
in the case of the glucose biosensor, to the concentration of
glucose. The method was pioneered by Freeman and Seitz,118

who immobilized POx in a polyacrylamide gel to monitor
H2O2 in concentrations as low as 1µM. The chemilumines-
cent reaction was widely used for determination of hydrogen
peroxide93,119-121 and glucose.39,90,91,93The sensors typically
operate in the flow injection mode where GOx and POx are
immobilized in a polymer membrane immersed into a
solution containing luminol and sample. The problem to
overcome is a mismatch between the optimal pH needed for
enzymatic oxidation of glucose (neutral pH) and for enzy-
matic oxidation of luminol (pH≈ 9). While an intermediate
pH may be used, other possible solutions include the use of
cetyltrimethylammonium bromide micelles to incorporate
luminol and HPOx90 or the use of an internal solution of
POx and luminol, located close to a membrane containing
immobilized GOx.93 Similar to the oxidation of luminol, POx
also catalyzes the reaction of H2O2 with other substrates such
as homovanillic acid122 and Amplex Red.123 The products
of oxidation are highly fluorescent species whose intensity
can be monitored. Unlike in chemiluminescent “sensors”,
the signal is not transient in these cases.

Heo and Crooks102 used the POx-Amplex Red system
for simultaneous determination of glucose and galactose in
a microfluidic array biosensor. The enzymes (GOx and POx
or galactose oxidase and POx) were entrapped in hydrogel
micropatches where they show good storage stability. Am-
plex Red was added to the analyte solution, which was
pumped over the surface of the sensor. The fluorescence
of resorufin, the product of the oxidation of Amplex Red,
was imaged via a conventional charge-coupled device
camera. Glucose was determined in the range of 1-5 mM.
By using specific enzymes located in different micropatches,
several analytes can be determined simultaneously, as was
demonstrated for the sensing of glucose and galactose
mixtures. Production of resorufin also was monitored in a
biosensor for superoxide ion, which makes use of superoxide
dismutase and POx.124

Luminol also may be electrochemically oxidized by
hydrogen peroxide, a reaction that does not require the
enzyme POx and gives strong electrochemiluminescence
(ECL). In this case, the polymer membrane containing
immobilized GOx is placed on a carbon electrode,92,94,96and
the intensity of ECL is monitored from the other side. A
sol-gel containing the enzyme also was coated on the
surface of an electrode,99 and ECL was measured. Alterna-
tively, the enzyme may be immobilized in a ceramic-carbon
composite material.100 This graphite-containing sol-gel
material was placed in a glass tube and served as an electrode
to generate the ECL of luminol.

Several other kinds of H2O2 transducers were reported for
use in glucose biosensors. Thus, a mixture of titanium(IV)
ion and a pyridylazophenol dye was found to produce a
reddish-purple product.89 Formation of a colored adduct with
a dinuclear iron(III) complex was used to quantify H2O2 and
glucose.95 The colored form of Prussian Blue was formed
from the colorless one (Prussian White) upon oxidation by
hydrogen peroxide.97,98

Wolfbeis et al.61,101introduced a novel hydrogen peroxide
transducer, which is based on the luminescent europium-
(III) tetracycline complex (EuTc).125 The probe is excitable
by visible light and responds to H2O2 by an∼15-fold increase
in luminescence intensity. Unlike in previous methods, the
determination of H2O2 does not require the addition of POx,
and the reaction is fully reversible although rather slow in
both directions (∼10 min). Moreover, the transducer operates
at neutral pH. The large Stokes’ shift of∼200 nm and the
long-lived emission (with decay times in the microsecond
time domain) enable the time-resolved suppression of
fluorescent species. The probe immobilized into a hydrogel
was successfully used for sensing101 and time-resolved
imaging61 of glucose.

Trettnak and Wolfbeis126 exploited the intrinsic fluores-
cence of GOx, which contains the fluorophore flavine
adenine dinucleotide (FAD). FAD displays visible absorption
(∼380-450 nm) and weak emission at∼530 nm. The optical
properties of the enzyme are slightly different for the reduced
form (FADH2) that is produced during reaction with glucose
and, therefore, could be used for analytical purposes. The
sensor shows full reversibility (FADH2 is back-oxidized by
molecular oxygen), but the analytical range is narrow (0.5-
0.8 mM). The same authors used the intrinsic fluorescence
of lactate mono-oxygenase for determination of lactate.127

Similarly, Chudobova et al.128 used the intrinsic absorption
of GOx to obtain the sensor with a wider analytical range
(1-10 mM) and limit of detection (LOD) of 2 mM. As
expected, the LOD was significantly lower (0.5 mM) when
the sample was deoxygenated.

Sierra et al. reported on the use of the intrinisc fluorescence
of GOx for the determination of glucose in serum.129 The
green fluorescence of FAD is strongly quenched by serum
proteins so that high concentrations of enzyme are required.
Therefore, the authors suggested to exploit the UV fluores-
cence of the protein part of GOx, which peaks at 334 nm at
λexc ) 224 nm. Even though such a biosensor is suitable, in
principle, for the determination of glucose in the range from
0.5 to 20 mM, there are substantial drawbacks that include
the lack of affordable (semiconductor-based) excitation light
sources for 224 nm and interferences by other luminescent
species. De Marcos et al.130 have investigated sensors based
on intrinsic fluorescence of GOx immobilized on different
polymer supports and in polymer matrixes, with respect to
sensitivity, leaching of the enzyme, and sensor shelf life.
The best results were achieved when GOx was immobilized
on photopolymerized polyacrylamide. The sensor polymer
films had a lifetime of over 2 months and adequate analytical
characteristics. The linear range was between 1.67 and 11
mM of glucose.

In an attempt to shift analytical wavelengths into the
visible, De Marcos et al.131 have labeled GOx with fluores-
cein and found an increase in fluorescence intensity in the
presence of glucose, probably a result of an inner filter effect.
In fact, the absorption spectrum of GOx-bound FAD (but
not of FADH2) overlaps that of fluorescein. Consequently,

luminol + 2H2O2 + OH- 98
POx

3-aminophthalate+ N2 + 3H2O + hν (3)
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when FAD is reduced to FADH2 during enzymatic action,
fluorescence is enhanced (λexc ) 492 nm). No such enhance-
ment is observed if GOx is labeled with Cy-5 or Texas
Red. For fluorescein-labeled GOx, the linear response is from
0.55 to 5.5 mM of glucose. The labeled GOx was entrapped
into polyacrylamide gel, and the sensor was used in the flow
injection mode.132

Another optical biosensor for glucose makes use of the
intrinsic absorption properties of horseradish peroxidase
(POx), which undergo spectral changes upon binding of
H2O2.133 Both GOx and POx were entrapped in a poly-
acrylamide gel matrix. When glucose is present, H2O2 is
produced and reversibly bound by POx. The intermediate
species produced during enzymatic activity display different
absorption spectra between 400 and 450 nm. The sensor has
a linear response between 1.5 and 300µM of glucose.

The intrinsic optical properties of enzymes also were used
for determination of nitrate (absorbance of nitrate reduc-
tase)134 and nitrite ions (absorbance of cytochrome cd1 nitrite
reductase)135 as well as for sensing ethanol,136 pyruvate,137

and lactate,138 using intrinsic fluorescence of alcohol dehy-
drogenase, lactate dehydrogenase, and lactate oxidase,
respectively. The characteristics of various glucose biosensors
based on the use of GOx are summarized in Table 2 along
with those for other enzyme-based sensors.

3.3. Other Enzyme-Based Biosensors
A number of biosensors were designed by analogy to GOx-

based glucose sensors by making use of other oxidases.
Enzymatic oxidation of glutamate, for example, can be
described by eq 4,

where GlOx stands for glutamate oxidase. Thus, biosensors
for glutamate can be based on an oxygen transducer (e.g.,
decacyclene in silicone)77 or on detection of H2O2 by
chemiluminescence (via the GlOx/POx system).139,140It was
found that peroxidase fromArthromyces ramosusproduced
a 100 times stronger luminescence signal than the commonly
used POx from horseradish. A glutamate biosensor based
on an ammonia transducer also was reported.141

The enzyme glutaminase (GLase) was used in a glutamine
biosensor in which glutamine was converted into glutamate
according to eq 5,

Glutamate produced in the first reaction was subsequently
oxidized to 2-oxoglutarate (reaction 4). Hydrogen peroxide
was detected by the chemiluminescence resulting from the
oxidation of luminol that was catalyzed by either hexacy-
anoferrate(III) ion142,143or POx.139 To avoid interference by
glutamate, which can be present in samples along with
glutamine, an ion-exchange resin was used142,143to remove
glutamate, which is an anion at pH 7.

Sensors that make use of an oxidase-type enzyme and an
oxygen transducer also were designed for lactate,142 ethanol
and methanol,145-147 cholesterol,148-150 sulfite,151 bilirubin,152

and phenol.153 An aspartame biosensor incorporated both
R-chymotrypsin and alcohol oxidase.154 Aspartame is hy-
drolyzed byR-chymotrypsin to produce methanol, which is

oxidized by molecular oxygen. The enzymes were im-
mobilized on an eggshell membrane and showed a remark-
able long-term stability there. When stored at room temper-
ature over a period of 6 months, the sensor retained>95%
of its initial activity. When the enzymes were immobilized
in plasticized poly(vinyl chloride), the sensor lost∼45% of
its activity in 5 days. The group of Lu¨bbers also reported on
biosensors for xanthine, lactate, and cholesterol using oxygen
transduction. Pyrene butyric acid acted as a fluorescent probe
for oxygen and was covered with a layer containing the
appropriate oxidase.155

Similar to the aspartame biosensor, a dual enzymatic
system was used for determination of choline-containing
phospholipids (e.g., lecithin).156 Phospholipids were hydro-
lyzed by phospholipase D to produce choline, which was
subsequently oxidized by oxygen in the presence of choline
oxidase. A similar bienzymatic system was used by Kotsira
and Clonis,157 however, in combination with a pH optical
transducer. Production of betaine during oxidation of choline
results in a change of pH and protonation of the indicator
bromothymol blue.

Lactate monooxygenase is more stable than lactate oxidase
and was used in a lactate biosensor.158 Lactate was monitored
by measurement of the oxygen consumption via the fluo-
rescence of decacyclene and can be determined with an LOD
of 0.3 mM. Its stability in sol-gel matrix can be improved
by addition of polycations.108

Detection of hydrogen peroxide via chemi- and electro-
chemiluminescence of luminol was used in biosensors for
lactate,94,96,159 ethanol,160 choline,161 lysine,119,162 sulfite,163

xanthine and hypoxanthine,140,164 and choline.96,165,166Uric
acid and D-amino acids were detected by bienzymatic
systems including uricase and POx,167 and D-amino acid
oxidase and POx,168 respectively. Here, thiamine was oxi-
dized by hydrogen peroxide to give fluorescent thiochrome,
whose fluorescence was detected.

L-glutamate+ H2O + O2 + H+98
GlOx

2-oxoglutarate+ NH4
+ + H2O2 (4)

glutamin+ H2O98
GLase

glutamate+ NH3 (5)

Figure 3. Schematic of an electrochemiluminescent multifunctional
biosensing chip: GCE, glassy carbon electrode; Pt, platinum
pseudo-reference electrode; S, silicone spacer; W, plexiglass
window. A solution containing different analytes is injected in each
channel, a working potential of+850 mV is then applied, and the
emitted light (integrated over 3 min) is detected by a CCD camera.
Reprinted with permission from Marquette, C. A.; Degiuli, A.;
Blum, L. J. Biosens. Bioelectron.2003, 19, 433. Copyright 2003
Elsevier.
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Table 2. Overview of Optical Enzymatic Biosensors: Abs, Absorbance; BL, Bioluminescence Intensity; CL, Chemiluminescence
Intensity; EL, Electroluminescence Intensity; LI, Luminescence Intensity; LL, Luminescence Lifetime

analyte enzyme transducer
analytical

range LOD spectroscopy
indicator or
substrate ref

acetylcholine AChE pH 0.5-20 mM 0.5 mM LI FITC 206
acetylcholine AChE pH 0-20 µM ? ratio of LIs SNARF 34
acetylcholine AChE pH 2-13 mM 1 mM LI HPTS 208
acetylcholine AChE pH ? 50µM LI FITC 207
ATP f. luciferase 0.1 nM-1 µM 0.05 nM BL 228
ATP f. luciferase 0.1 nmol-1 µM 0.1 nmol BL 229
ATP f. luciferase ? 0.1 pmol BL 234
ATP f. luciferase ? 10 pmol BL 235
ADP hexokinase+ pyruvate kinase+

glucose 6-P dehydrogenase
0.1-20 µM µm LI NAD + (coenzyme) 236

AMP adenylate kinase+ creatine kinase+
luciferase

? 25 pmol BL 235

L-alanine L-alanineDH 0.45-4.5 mM ? LI. PEG-NAD+ 223
alcohols ADH ? 0.9 mM LI. NAD+ (coenzyme) 219
ethanol ADH+ aldehyde-DH 1-100 mM ? LI. NAD+ (coenzyme) 183
ethanol ADH 10-1000 mM ? LI. NAD+ (coenzyme) 220
ethanol AOx oxygen 50-500 mM 10 mM LI. Ru-bipy 145
ethanol AOx H2O2 3-750µM 3 µM CL luminol 160
ethanol AOx oxygen 0.5-9 mM 0.5 mM LI. a Ru(II) complex 146
ethanol ADH+ OR + b. luciferase 0.4-70 µM 0.4 µM BL 233
ethanol ADH 0.043-1 mM ? LI. PEG-NAD+ 221
ethanol ADH 0-1.1 mM ? LI. PEG-NAD 222
methanol AOx+ HPOx oxygen 80µM-60 mM 80µM LI. Ru-dpp 147
D-amino acid D-amino acid oxidase+ HPOx H2O2 0-10 mM 0.3µg/mL LI. thiamine 168
aspartame R-chymotrypsin+ AOx oxygen 0.056-3.07 mM 32µM LI. Ru-dpp 154
captan GST 0-2.0 ppm ? Abs. CDNB+ GSH 202
Captan+ ORP

(paraoxon)
GST+ AChE 0-2.0 mM ? Abs. synthestic substrate 203

bilirubin bilirubin oxidase oxygen 0.1-300µM 0.1 µM LI. Ru-dpp 152
cholesterol cholesterol oxidase oxygen 0.2-3 mM 0.2 mM LI. decacyclene 148
cholesterol cholesterol oxidase oxygen 0.15-3.0 mM 0.15 mM LI. Ru-dpp 149
cholesterol cholesterol oxidase oxygen 0.07-18 mM 0.05 mM LI. Ru-dpp 150
choline ChOx+ HRP H2O2 3-150µM 3.0 µM CL luminol 165
choline ChOx H2O2 10 pmol-30 nmol 10 pM EL. luminol 96, 166
choline with

phospholipids
phospholipase-D+ ChOx oxygen 0.08-3.00 g/L 0.08 g/L Lum. I. Ru-dpp 156

fructose GFOR 0.278-331 mM 0.278 mM intrinsic LI. 224
H2O2 HPOx ? 1µM CL luminol 118
H2O2 HPOx 0.01-1 mM 1 µM CL luminol 119
H2O2 HPOx 0.05-1.2 mM 0.025 mM CL luminol 93
H2O2 HPOx 0.1-3 mM 0.67 mM CL luminol 120
H2O2 HPOx 17-117µM 16.7µM CL luminol 121
H2O2 HPOx 1-130µM 1µM LI. homovanilic acid 122
H2O2 HPOx 0.5-250µM ? LI. amplex red 123
hypoxanthine XOx+ HPOx H2O2 1-320µM 0.55µM CL luminol 164
hypoxanthin XOx+ POx H2O2 0.5µM-1 mM ? CL luminol 140
glucose GOx 0.5-0.8 mM 0.5 mM intrinsic LI. 126
glucose GOx 1.7-11 mM ? intrinsic LI. 130
glucose GOx 1-10 mM 0.5-2 mM intrincic Abs. 128
glucose GOx oxygen 0.1-20 mM 0.05 mM LI. decacyclene 73
glucose GOx oxygen 0.1-500 mM 0.1 mM LI. decacyclene 74
glucose GOx oxygen 0.01- 2 mM 0.01 mM LI. decacyclene 75
glucose GOx oxygen 0.06-1 mM 0.06 mM LI. Ru-phen 76
glucose GOx oxygen 0.05-1 mM ? LI. decacyclene 77
glucose GOx oxygen 0.03-1.2 mM 0.05 mM LI.,LL PtOEP 58, 59
glucose GOx oxygen 0.1-8.3 mM 0.1mM LI. Ru-dpp 78
glucose GOx oxygen 0-2.5 mM 80µM LI. Al-ferron complex 79
glucose GOx oxygen 0-20 mM 0.6 mM LI. Ru-ligand complex 80
glucose GOx oxygen 0.5-15 mM ? LI. Rudpp 81
glucose GOx oxygen 0.7-10 mM 0.75 mM LI. Ru-phen 82
glucose GOx oxygen 0.06-30 mM 6µM LI. Ru-dpp 84
glucose GOx oxygen 0.1-15 mM 0.1 mM LI. Ru-dpp 85
glucose GOx oxygen 0.30-2.0 mM 0.3 mM LI. Ru-dpp 86
glucose GOx oxygen 0.3-5 mM 0.3 mM ratio of LIs sulfonated Ru-dpp 35
glucose GOx oxygen 9.0-200µM 9.0 µM LI. a Ru complex 87
glucose GOx oxygen 0.1-0.8 mM LI. Ru-dpp 88
glucose GOx pH 0.1-2 mM 0.1 mM LI. HPTS 103
glucose GOx pH 0-1.7 mM ? LI. Rhodamine (inert) 104
glucose GOx pH 1-30 mM 1 mM Abs. polyaniline 105
glucose GOx+ HPOx H2O2 0.25-250 nmol 0.25 nmol CL luminol 91
glucose GOx+ HPOx H2O2 0.3-300µM 0.1 µM CL luminol 90
glucose GOx+ HPOx H2O2 1-5 mM 0.43 mM CL luminol 93
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Table 2 (Continued)

analyte enzyme transducer
analytical

range LOD spectroscopy
indicator or
substrate ref

glucose GOx+ HPOx H2O2 0.01-0.8 mM 80µM LI. Amplex Red 39
glucose GOx+ HPOx H2O2 1-5 mM 0.8 mM LI. Amplex Red 102
glucose GOx H2O2 0-10 mM 0.3 mM EL. luminol 92
glucose GOx H2O2 60 pmol-5 µmol 60 pmol EL. luminol 94
glucose GOx H2O2 60 pmol-0.6µmol 60 pmol EL. luminol 96
glucose GOx H2O2 50 µM-10 mM 26µM EL. luminol 99
glucose GOx H2O2 0.01-10 mM 8.16µM EL. luminol 100
glucose GOx H2O2 17 µM-15 mM 17µM Abs. Ti(IV) reagent 89
glucose GOx H2O2 30-200µM 10 µM Abs. Fe(III) complex 95
glucose GOx H2O2 0.05-2.0 mM ? Abs. Prussian White 97, 98
glucose GOx H2O2 0.1-5 mM 0.2 mM LI. EuTc 101
glucose GOx H2O2 0.1-2 mM 0.05 mM LL. EuTc 61
glucose GDH 1.1-11 mM 0.6 mM LI. NAD+ (coenzyme) 213
glucose GDH 0-0.55 mM ? LI. PEG-NAD+ 222
glucose GFOR 0.055-55.5 mM 55µM intrinsic LI. 224
glutamate GlOx NH3 1-12 µM 0.1 µM LI. carboxyfluorescein 141
glutamate GlOx+ POx H2O2 0.1-60 µM 0.1 µM CL luminol 139
glutamate GlOx+ POx H2O2 1 µM-1 mM 1 µM CL luminol 140
glutamate GlDH+ GPT ? 0.13µM LI. NAD + (coenzyme) 217
glutamate GlDH 0-18 µM 0.2 µM LI. NAD + (coenzyme) 218
glutamine GAH+ GlOx H2O2 1-100µM 1 µM CL luminol 142, 143
glutamine GAH+ GlOx + POx H2O2 1 µM-2.5 mM 1µM CL luminol 139
lactate lactate monooxygenase 0.5-1 mM ? intrinsic, LI. 127
lactate lactate monooxygenase oxygen 0.3-6.0 mM 0.3 mM LI. decacyclene 158
lactate LOx oxygen 0.02-0.5 mM ? LI. decacyclene 77, 144
lactate LOx+ HPOx H2O2 3-200µM 3 µM LI. homovanillic acid 122
lactate LOx+ HPOx H2O2 0.1-1 µmol ? CL luminol 159
lactate LOx H2O2 30-300 pmol 30 pmol EL. luminol 96
lactate/pyruvate LDH 2-50 µM 2 µM LI. NAD + (coenzyme) 214
lactate LaDH 0.2-1.0 mM ? Abs. & LI. NAD+ (coenzyme) 216
lactate LDH+ GPT 11-150 mg/L ? LI. PEG-NAD+ 221
LDH OR + b. luciferase 10-250 IU/L 10 IU/l BL 232
lecitin phospholipase-D+ ChOx pH 20-120µM 20 µM Abs. BTB 157
lysine LyOx+ HPOx H2O2 10 µM-1 mM 10µM CL luminol 162
lysine LyOx+ POx H2O2 5 µM-10 mM 5µM CL luminol 119
mannitol mannitol-DH 0-0.1 g/L ? LI. PEG-NAD+ 222
Hg2+ urease NH3 0.04-0.12µM 0.04µM Abs. Nile Blue 210
Hg2+ urease pH 1 nM-10 µM 1 nM Refl. pH ind. strip 211
NADH OR + b. luciferase 1 nM-3 µM 0.3 nM BL 225
NADH OR + b. luciferase 0.3 nM-3 µM ? BL 226
NADH OR + b. luciferase 2 pmol-1 nmol 2 pmol BL 227
NADH OR + b. luciferase 5.5 nM-1 µM 1 nM BL 228
NADH OR + b. luciferase 5-500 nM 5 nM BL 230, 231
NADH OR + b. luciferase 1 nM-1µM 1 nM BL 229
NADH OR + b. luciferase 10-500 pmol ? BL 159
nitrate ion nitrate reductase 0-1.5µM 0.125µM intrinsic abs. 134
nitrite ion cytochrome cd1 nitrite

reductase
0.07-1.25µM 0.075µM intrinsic abs. 135

p-nitrophenyl phosphate alkaline phospatase 10-380µM ? Abs. p-nitrophenyl
phosphate

197

p-nitrophenyl phosphate alkaline phospatase 0-40 µM ? LI. umbelliferyl
phosphate

198

ORP (paraoxon) AChE 0.5-16 µM 0.2 µM Abs. AMPT 199
ORP AChE ? 0.1-58 mg/L LI. indoxyl acetate 200
carbamate pesticides AChE pH 0.8-3.0 mg/L 25 ng Refl. chlorophenol red 204
ORP (paraoxon) AChE pH ? 27 ppb LI. FITC 206
ORP AChE ? 2 ppm Abs. o-nitrophenol 201
ORP (Carbaryl) AChE pH 0.1-8.0 mg/L 108µg/l Abs. bromcresol purple 205
ORP (paraoxon) OPH 0.01-0.48 mM 2µM Abs. paraoxon 209
ORP (paraoxon) OPH pH 0.8-15 µM 0.8 µM ratio of LI carboxy SNARF-1 36
ORP (paraoxon) OPH 20-140µM 20 µM ratio of LI DDAO phosphate 37
ORP (DFP) OPH pH 2-400µM 0.05µM ratio of LI carboxy SNARF-1 38
oxaloacetate malate DH+ OR +

b. luciferase
3 nM-2 µM 1 nM BL 233

penicillin penicillinase pH 0-10 mM ? Abs. bromocresol green 172
penicillin penicillinase pH 0.25-10 mM 75µM LI. acrylofluorescein 175
penicillin penicillinase pH 0.1-10 mM 0.1 mM LI. FITC 176
penicillin penicillinase pH 0.3-10 mM ? Abs. azo dye 173
penicillin penicillinase pH 0.1-25mM 0.1 mM LI. FITC 177
penicillin penicillinase pH 1-10 mM 1 mM LI. FITC 178
penicillin penicillinase pH 0.5-8 mM ? Abs. & Refl. phenol red 174
penicillin penicilinase pH 0.25-10 mM 0.25 mM LI. acryloylfluorescein 179
phenol tyrosinase oxygen 0.08-40 mM 0.08 mM LI. Ru-dpp 153
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A microarray biochip for simultaneous electrochemilumi-
nescent detection of several analytes was reported169,170that
contains the following six enzymes: GOx, glutamate oxidase,
choline oxidase, lactate oxidase, lysine oxidase, and uricase.
They were noncovalently immobilized (along with luminol)
on anion-exchanger beads consisting of diethylaminoethyl
sepharose, and the resulting beads were dispersed along with
the luminol beads into poly(vinyl alcohol) bearing styrylpy-
ridinium groups. This “cocktail” was spotted on the surface
of a glassy carbon electrode, giving spots of 0.8 mm in
diameter (Figure 3). The spots were allowed to polymerize
under UV light. The electrochemiluminescence from the six-
channel, six-parameter biosensor was read by a CCD camera.
Simultaneous measurements of glucose, glutamate, choline,
lactate, lysine, and uric acid could be performed in the ranges
20 µM-2 mM, 1µM-0.5 mM, 2µM-0.2 mM, 2µM-0.2
mM, 1 µM-0.5 mM, and 1µM-25 µM, respectively. A
biosensor for acetate also was developed.170 Acetate kinase
(pre-immobilized on sepharose beads) and pyruvate kinase
were immobilized in a layer brought into contact with the
sample solution, while pyruvate oxidase was entrapped in a
layer placed between the kinase layer and the glassy carbon
electrode. Acetate could be measured in the range from 10
µM to 100 mM.

A related microarray biochip of nine screen-printed
graphite electrodes was prepared for determination for
glucose and lactate.171 A reproducibility of within 4.4% was
found at an optimum luminol oxidation potential of+650
mV. The LODs for simultaneous determination of glucose
and lactate were 10 and 3µM, respectively.

Like in glucose biosensors, pH transducers were also used
in biosensors for penicillin and urea. Penicilloate and protons
are produced from penicillin in the enzymatic hydrolysis
catalyzed by penicillinase. The decrease in pH is monitored
by changes of absorption (reflectance)172-174 or emission

intensity175-179 of pH indicators. Fluorescein-derived indica-
tors were used almost exclusively in order to monitor pH
changes in neutral media. The pH indicator is usually
contained in a hydrogel (most often a polyacrylamide gel),
which is permeable for protons formed during the enzymatic
reaction. A photopolymerization process was used to obtain
a pH/penicillin array biosensor with spot diameters of∼27
µm located on the surface of a 350µm thick optical fiber.179

Penicillin and pH could be measured simultaneously (via
imaging of fluorescence intensity with a CCD camera), and
effects of changing pH, which often are large in complex
fermentation media, could thus be compensated for. Bio-
sensors based on pH transduction suffer from the fact that
pH changes depend on the buffer capacity of the sample
medium, which often is unknown and can hardly be
compensated for.

Urease-catalyzed hydrolysis of urea leads to formation of
ammonium ions (eq 6) but also results in an increase in pH:

Consequently, two types of urea biosensors can be developed.
Those based on pH transducers are designed analogously to
penicillin optical sensors and make use of absorption-
based172,180,181 or fluorescent34,39,182,183 pH indicators. In
contrast to most optical biosensors that rely on measurements
of fluorescence intensity only, the one designed by Tsai and
Doong39 employs a ratiometric scheme of self-referencing.
Here, the intensity of the indicator (a fluorescein isothiocy-
anate-dextrane conjugate) is referenced to the pH-indepen-
dent intensity of tetramethylrhodamine isothiocyanate-
dextrane. Such referencing makes it possible to overcome
drawbacks of intensity-based measurements (for example,
drifts in the intensity of the light source) but also seems to

Table 2 (Continued)

analyte enzyme transducer analytical range LOD spectroscopy indicator or substrate ref

L-phenylalanine L-phenylalanineDH 0.6-6 mM ? LI. PEG-NAD+ 223
phenylpyruvate phenylpyruvateDH 0-0.7 mM ? LI. PEG-NAD+ 222
pyruvate LOx+ LDH 0-0.1 mM 8.4µM LI. NAD + (coenzyme) 215
sorbitol sorbitolDH+ OR +

b. luciferase
20 nM-10 µM 20 nM BL 233

sulfite sulfite oxidase oxygen 0-100 ppm ? LI. perylene 151
sulfite sulfite oxidase+ HPOx H2O2 1-100µM 0.5 µM CL luminol 163
superoxide radical superoxide dismutase+

HPOx
H2O2 ? 20 nM LI. Amplex Red 124

urea urease pH 0-40 mM ? Abs. BTB 172
urea urease pH 0-2 mM ? Refl. BTB 180
urea urease pH 40-250µM ? Refl. phenol red 181
urea urease pH ? ? LI. FITC 182
urea urease pH 0-1 mM 20µM LI. NBD-PE 186
urea urease pH 0-4 mM ? Refl. FITC 183
urea urease pH 0-100 mM ? Abs. PVP 187
urea urease pH 0.2-100 mM 0.1 mM Abs. Prussian Blue 185
urea urease pH 0.06-1 M 0.06 M Abs. polypyrrole 184
urea urease pH 2.0-12.0 mM ? Abs. Prussian Blue 97
urea urease pH 0.001-10 mM 2.5µM ratio of LI FITC 39
urea urease pH 0-400µM ? ratio of LI SNARF 34
urea urease NH3 0.05-2.5 mM ? LI. CF 188
urea urease NH3 0.25-8 mM 0.25 mM Abs. BTB 189
urea urease NH3 0.1-5 mM ? LI. HPTS 190
urea urease NH3 0.01-1 mM 0.03 mM LI. Nile Blue 191
urea urease NH3 0.1-100 mM 0.1 mM Abs. acridine orange 192
urea urease NH3 10 µM-100 mM ? Abs. ETH 5350 193
urea urease NH3 0.1-10 mM ? Abs. brilliant yellow 194, 195
urea urease NH3 0.1 mM-0.1 M 0.1 mM LI. octadecyl dichlorofluorescein 196
uric acid uricase+ HPOx H2O2 3-30 mM 0.9 mM LI. thiamine 167
xanthine XOx+ HPOx H2O2 3.1-320µM 2.2 µM CL luminol 164

urea98
urease

2NH4
+ + HCO3

- + OH- (6)
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increase the sensitivity of measurements (LOD) 2.5 µM,
compared to 20-100 µM for other urea biosensors).

The ratiometric approach also was used by Yadavalli et
al.,34 who prepared sensor arrays composed of poly(ethylene
glycol) hydrogel microspots with a diameter of∼200 µm
containing urease labeled with a seminaphthofluorescein
indicator (SNAFL-1). The ratio of the intensities for the
acidic (green emission) and basic (red emission) forms of
the indicator was determined using a microscope with two
different sets of excitation and emission filters.

Polypyrrole was found to exhibit a pH-dependent intrinsic
absorption with a peak at 650 nm. It was used in an urea
biosensor where it acts as a support and a pH indicator
simultaneously.184 In other work, Prussian Blue (also having
a pH-dependent near-IR absorption) along with the enzyme
was chemically incorporated into polypyrrole films.97,185

Brennan et al.186 co-immobilized the fluorescent probe
nitrobenzoxadiazole dipalmitoylphosphatidylethanolamine
(NBD-PE) and urease on the surface of an optical fiber whose
surface was modified with alkylamine monolayers. Alter-
ations of pH during the enzymatic reaction result in a change
of physical and electrostatic structure of the membranes,
which in turn alters the emission intensity of the NBD-PE.
Fluorescence intensity decreases with the degree of ionization
of head groups, consistent with an increase in self-quenching.
By analogy to the approach made by McCurley,104 a pH-
dependent swelling of a polymer also was used for sensing
urea.187 A layer of poly(vinyl pyrrolidone) cross-linked with
sulfonated bisazidostilbenes was coated onto a metal mirror.
Protons and certain other ions cause swelling of the material,
and the changes in reflectance can be monitored. The
analytical range of this fully reversible sensor is from 0 to
100 mM of urea.

A number of urea biosensors are based on the determi-
nation of ammonia gas produced during hydrolysis of
urea.188-196 Two types of ammonia transducers were used.
In the first, a pH indicator is contained in a buffer solution
positioned behind a gas-permeable membrane, in which the
enzyme is immobilized. Gaseous ammonia diffuses through
the membrane and dissolves in the buffer. This results in an
increase of pH of the internal solution and in deprotonation
of the indicator. Changes in absorbance or fluorescence
intensity of the indicator are related to the ammonia con-
centration present in the external solution and, thus, to the
level of urea. This sensor type was introduced by Rhines
and Arnold188 and often used in later work.189,190,194,195

A completely different scheme is utilized in the second
type of ammonia transducers. Such transducers contain the
NH4

+-selective neutral ionophore nonactin, a proton-selective
neutral chromoionophore (a pH indicator), and a lipophilic
anionic counterion dissolved in a plasticized poly(vinyl
chloride) (PVC) matrix. The sensor layer is covered with a
gas-permeable membrane to warrant selectivity for ammonia
gas by inhibiting a direct ion-exchange reaction between the
sample solution and the sensor membrane. A membrane with
immobilized urease is mounted on top of the sensor.
Ammonia gas diffuses through the gas-permeable membrane
and reaches the PVC layer, where the reaction outlined in
eq 7 occurs:

Here, Ind and IP are the neutral chromoionophore and the

neutral ionophore, respectively. Again, both absorption-
based192,193and fluorescent191,196pH indicators came to use.
Kawabata et al.192 manufactured a 140µM thick urea
microsensor based on this principle.

Certain enzymatic reactions do not require optical trans-
duction via a chemical sensor because optically detectable
species are generated or consumed during the reaction. Such
sensors usually consist of a membrane that contains the
immobilized enzyme. Chromogenic or fluorogenic substrates
and any cosubstrates are added to the sample into which the
sensor is submerged. Because of the absence of a transducer,
such biosensors are often referred to as direct optical
biosensors. One type of a direct optical biosensor is based
on hydrolysis of a substrate catalyzed by a hydrolase-type
enzyme. The principle was first demonstrated by Arnold,197

who used immobilized alkaline phosphatase to catalyze
hydrolysis ofp-nitrophenyl phosphate, which results in the
formation of yellowp-nitrophenolate. A linear dependence
of the change in absorbance on the concentration of the
substrate was observed.

The method was further developed by Freeman and
Bachas,198 who introduced a sensor that makes use of a
competition between two substrates (4-methylumbelliferyl
phosphate andp-nitrophenyl phosphate) for the active state
of the model enzyme alkaline phosphatase. If the sensor was
placed in a solution containing 4-methylumbelliferyl phos-
phate, the highly fluorescent anion of 4-methylumbelliferone
was produced upon hydrolysis. In the presence of the analyte
(p-nitrophenyl phosphate), the rate of fluorescence change
caused by production of 4-methylumbelliferone was de-
creased. The method also was demonstrated to work for the
determination of adenosine monophosphate, another substrate
of alkaline phosphatase.

A sensing scheme for determination of organophosphorous
pesticides such as paraoxon199 is based on the inhibitor action
of acetylcholine esterase (AChE). The biosensor makes use
of a synthetic yellow substrate that is converted into a blue
product by AChE. Inhibition of the reaction by pesticides is
monitored spectroscopically. The LOD for paraoxon was 200
nM. Although the immobilized enzyme showed a very good
long-term stability, that of the synthetic substrate was rather
low in that the half-lifetime was∼2 weeks only at room
temperature. Others200 have used indoxyl acetate as a sub-
strate for AChE. The fluorescence intensity of indoxyl (λmax

) 470 nm) was related to the concentration of the inhibiting
pesticide. Similar to the work of Freeman and Bachas,198

enzymatic hydrolysis of substrateo-nitrophenyl acetate was
used also for determination of organophosphates.201

Choi et al.202 developed a biosensor for captans, a group
of systemic organophosphorus fungicides and pesticides. The
enzyme glutathione-S-transferase (GST) converts the sub-
strates, 1-chloro-2,4-dinitrobenzene and glutathione, into
yellow S-(2,4-dinitrophenyl) glutathione. In the presence of
captans, GST is inhibited and the amount of the product is
decreased. A dual enzymatic system consisting of GST and
AChE was shown to be suitable for simultaneous determi-
nation of both paraoxon and captan.203 The absorbance of
S-(2,4-dinitrophenyl)glutathione (the product of the reaction
catalyzed by GST) andR-naphthol (the product of the
reaction catalyzed by AChE) was detected at 400 and 500
nm, respectively. It was observed that AChE was inhibited
by both captan and organophosphorus compounds, while
GST was inhibited by captan only. Thus, simultaneous
detection of both analytes becomes possible.

IndH+ + NH3 + IP f Ind + IP-NH4
+ (7)
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Inhibitors of AChE can also be detected using pH optical
transducers. The hydrolysis of acetylcholine chloride ac-
cording to eq 8 results in the formation of acetic acid and,
therefore, in a decrease in pH:

Different absorption-based204,205 and fluorescent34,206,207in-
dicators were used for determination of organophosphorous
and carbamate pesticides as well as of acetylcholine itself.208

All biosensors that make use of the inhibition of AChE
show good sensitivity but are severely limited in specificity
because AChE is the target of a wide variety of toxic
inhibitors. These range from heavy metal ions to chemical
warfare agents. Both organophosphate- and carbamate-based
pesticides inhibit AChE. Additionally, most sensors using
AChE inhibition have lengthy response times because of long
incubation periods, inhibition is often irreversible, and
subsequent reactivation of AChE sometimes is impossible.
More recently, interest has been directed to organophospho-
rus hydrolase (OPH), which is not susceptible to nonspecific
inhibition and offers much better specificity than AChE. OPH
hydrolyzes a range of organophosphate esters, including
pesticides such as paraoxon and chemical warfare agents such
as soman or sarin. Catalytic hydrolysis of these compounds
is accompanied by a release of protons, which makes pos-
sible determination of organophosphorus pesticides (ORP)
using pH transducers.36,38 Hydrolysis of some ORP also
produces detectable chromophoric products.209

An interesting approach was introduced by Simonian et
al.37 The sensing scheme is far from a conventional enzy-
matic biosensor but resembles a competitive immunoassay.
The enzyme OPH is covalently attached to the surface of a
gold nanoparticle. The fluorophore 7-hydroxy-9H-(1,3-
dichloro-9,9-dimethylacridin-2-one)phosphate binds weakly
to the active site of the enzyme. The fluorescence of the
bound fluorophore is enhanced because of the proximity to
the gold surface. An inhibitory substrate is added that has a
much higher affinity for the active site of OPH and, thus,
replaces the fluorophore. When far away from the gold
surface, no enhancement of fluorescence is observed any
longer.

Biosensors for heavy metal ions have been reported that
exploit the inhibition of urease by heavy metal ions.210,211

Urease is chosen as the enzyme since it is particularly
sensitive to ions such as Pb(II), Cd(II), Ag(I), and Hg(II).

In contrast to the catalytic biosensors that monitor inhibi-
tion of enzymatic activity, certain biosensors use a different
mechanism of signal transduction. Walker and Asher212

designed an ultasensitive biosensor for the pesticide par-
athion. The sensor utilizes an array of colloidal polymer
particles (which diffract light in the visible spectral region)
emulgated into a polyacrylamide-based hydrogel. AChE is
covalently attached to the hydrogel backbone where it
irreversibly binds parathion, which in turn results in the
formation of a charged product. This induces swelling of
the hydrogel network and results in a shift of the wavelength
of the diffracted light that is proportional to the concentration
of the analyte. The sensor is capable of sensing parathion in
the fM to pM concentration range. The LOD is 4.3 fM of
parathion, which is several orders of magnitude lower than
those for other sensors for organophosphates. As expected,
ionic strength severely influences swelling properties and,
thus, the performance of the sensor; therefore, 30 min of

washing with deionized water is necessary after incubation
of the sensor with parathion (30 min).

A number of enzymatic redox reactions require the
presence of coenzymes. Most systems involve nicotinamide
adenine dinucleotide (NAD+), to which a hydrogen atom and
an electron can be transferred, while the substrate is oxidized
according to eq 9:

The formation of the reduced form of nicotinamide adenine
dinucleotide (NADH) can be monitored via its characteristic
absorption atλmax 350 nm and emission peaking atλmax 450
nm, and this enables the optical quantification of substrate
concentrations. In early work, the dehydrogenases were
immobilized on (or in) a hydrophobic polymer membrane,
and the “sensors” were operated in the flow-injection mode,
where the analyzed substrate and NAD+ are passed over the
sensor layer. Such sensors were developed for glucose,213

lactate and pyruvate,214-216 glutamate,217,218and alcohols183,219

using glucose dehydrogenase, lactate dehydrogenase, glutamate
dehydrogenase, and alcohol dehydrogenase, respectively.
Enzymatic oxidation of lactate by NAD+ results in the
formation of pyruvate and NADH. The reaction thus was
used not only for determination of lactate but also in the
reverse direction for pyruvate,215 with NADH being supplied
instead of NAD+.

Evidently, the main disadvantage of such sensors relies
on the fact that the coenzyme needs to be added to the sample
solution. Therefore, some effort was focused on designing a
self-contained biosensor, i.e., a sensor that does not require
the supply of any additional components. For example,
NAD+ was immobilized together with alcohol dehydrogenase
in a sol-gel monolith.220 However, leaching of the coenzyme
into the solution was not completely excluded, and the
response of the sensor was rather slow (∼30 min). A novel
approach was proposed by Scheper and Buckmann,221-223

who used a poly(ethylene glycol) molecular weight-enlarged
NAD+ (PEG-NAD+) instead of NAD+. A pair of dehydro-
genase-type enzymes (for substrate detection and for regen-
eration of the coenzyme) and PEG-NAD+ were enclosed
in the sensing compartment between the ultrafiltration
membrane and the fiber-optic tip. The analytes and products
were allowed to diffuse freely through the ultrafiltration
membrane. In contrast to previous sensors (where NAD+ was
supplied in solution), this sensor type allows for the
regeneration of PEG-NAD+ in a subsequent reaction such
as the one in eq 10:

The scheme was used for determination of glucose, lactate,
ethanol, pyruvate, mannitol, formate, L-alanine, and L-phen-
ylalanine.

The unique enzyme glucose-fructose oxidoreductase
(GFOR) is capable of dehydrogenating glucose to glucono-
lactone and of simultaneously reducing fructose to sorbitol
in a ping-pong mechanism according to

Both the intrinsic absorbance and fluorescence of NADH
can be measured and enable optical detection of both
substrates. In the GFOR-based biosensor,224 the enzyme was

acetylcholine+ H2O98
AChE

choline+ acetate+ H+ (8)

substrate+ NAD+98
dehydrogenase

product+ NADH (9)

pyruvate+ NADH + H+98
LDH

lactate+ NAD+ (10)

glucose+ fructose98
GFOR

gluconolactone+ sorbitol
(11)
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cross-linked with glutaraldehyde and placed between an
optical fiber and a dialysis membrane. Glucose was sensed
via the increase in fluorescence of the enzyme due to
formation of NADH, and fructose was sensed via the
decrease in fluorescence due to consumption of NADH. The
system can be regenerated by passing fructose or glucose
solutions, respectively, over it.

Apart from measurements of its intrinsic absorbance or
fluorescence, NADH can be detected with much higher
sensitivity via reactions 12 and 13, which are catalyzed by
bacterial enzymes and result in blue-green bioluminescence:

Here, FMN is flavine mononucleotide and R-CHO is a long-
chained aldehyde, e.g., decanal. The emission of biolumi-
nescence peaks at 490 nm.

Initially, biosensors for NADH only made use of enzymes
immobilized onto a polymer support (a preactivated poly-
amide membrane), while the cofactor FMN and the long-
chained aldehyde were added to the solution to be ana-
lyzed.225-229 Attempts were made to design a self-contained
biosensor that would not require the addition of coreactants
and, therefore, would operate in a reagentless mode.230,231

Hence, the flavine cofactor was noncovalently entrapped
in a matrix of poly(vinyl alcohol), which allowed its
controlled release in the vicinity of the immobilized enzymes.
The method works well but the aldehyde needs to be
continuously supplied to the reaction medium.

Oxidation of a substrate by a dehydrogenase-type of
enzyme coupled to bioluminescent detection of NADH also
was used for determination of the activity of lactate dehy-
drogenase232 (lactate was supplied together with FMN and
the aldehyde) and for analysis of sorbitol, ethanol, and
oxaloacetate.233 Compared to the ethanol biosensors based
on direct detection of NADH and those using alcohol
oxidase, the biosensor with coupled bioluminescent detection
of NADH proved to be 1-2 orders of magnitude more
sensitive, with a typical LOD being 0.4µM. At the same
time, such a system is more complicated because it makes
use of three enzymes and requires cosubstrates such as FMN
and an aldehyde to be added.

The luciferin/luciferase bioluminescent system with itsλmax

of 560 nm was adapted to the determination of adenosine
triphosphate (ATP). Oxidation of luciferin is catalyzed by
firefly luciferase according to eq 14,

and results in green luminescence. As in the case of
bioluminescent determination of NADH, biosensors for ATP
are extremely sensitive (LODs are<1 pmol). In earlier
systems, luciferin again had to be added to the sample
solution.228,229,234To overcome this inconvenience, a reagent-
less biosensor was designed.235 Here, luciferin was incor-
porated into acrylic (Eudragit) microspheres entrapped in a
film of poly(vinyl alcohol). Such a controlled-release system
allowed the determination of ATP via firefly luciferase

entrapped in a collagen membrane, as well as that of
adenosine monophosphate (AMP) and adenosine diphosphate
(ADP) by entrapping two additional enzymes, adenylate
kinase and creatine kinase, responsible for conversion of
AMP and ADP into ATP. The sensitivity for ATP was
significantly lower and the limit of detection was significantly
higher (10 pmol) than for sensors using luciferin in solution.

ADP was also determined via the fluorescence of NADH
that is formed in the following sequence of reactions236 (eqs
15-17) that are catalyzed by the enzymes pyruvate kinase
(PyKin), hexokinase (HexKin), and glucose-6-phosphate
dehydrogenase (Glu-6P-DH):

ADP could be determined in concentrations as low as 0.1
µM.

It was discovered recently that the europium tetracycline
(EuTC) 1:1 complex can act as a luminescent probe for
nucleoside phosphates including AMP, ADP, and ATP. The
probe can be excited with the 405 nm laser diode and is
nonspecific, but the response to the various phosphates is
different. It has been applied to the determination of the
activity of soluble kinases (which are important in high-
throughput screening for new drugs).237 The same group has
used EuTC to monitor the activity of alkaline phosphatase
or the efficiency of an inhibitor by determining the amount
of phosphate released by the enzyme from phenyl phos-
phate.238

An overview on enzyme-based biosensors is given in Table
2 along with typical data of merit. In conclusion, it can be
stated that most enzymatic biosensors (a) are fairly easy to
fabricate; (b) do not require labeling but a transducer capable
of detecting reaction products or coreactants; (c) are suitable
for continuous analyte monitoring; (d) have moderate
sensitivity and limits of detection; (e) are prone to poisoning;
and (f) are thermally labile (with few exceptions) and frost-
sensitive in aqueous solutions.

4. Immunosensors

4.1. General Remarks
Affinity biosensors make use of specific interactions

between an antibody (Ab) and an antigen (Ag) or a hapten.
Antibodies are large Y-shaped proteins (∼150 kD) used by
the immunosystem to identify and neutralize alien objects
like bacteria and viruses. The affinity of Ag’s to Ab’s is
very strong (Ka 1012-1014) but of strictly noncovalent nature.
Binding of an antibody to its specific antigen can cause
precipitation of the Ab-Ag complex, result in blocking of
viral receptors, or mark the Ag for digestion by phagocytes.
Smaller molecules such as pesticides or hormones often cause
immune response only when attached to a large carrier such
as a protein and usually are referred to as haptens. Antibodies
to the hapten-carrier adduct produced by the body are able,
however, to bind the hapten. It should be stressed that most

NADH + H+ + FMN98
oxidoreductase

NAD+ + FMNH2

(12)

FMNH2 + R-CHO+ O298
bacterial luciferase

FMN + R-COOH+ H2O + hν (13)

ATP + luciferin + O298
firefly luciferase

AMP + oxyluciferin + P2O7
4- + CO2 + hν (14)

ADP + phosphoenol pyruvate98
PyKin

ATP + pyruvate
(15)

ATP + glucose98
HexKin

ADP + glucose-6-phosphate
(16)

glucose-6-phosphate+ NAD+98
Glu-6P-DH

6-phosphogluconate+ NADH + H+ (17)
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components of physiological pathways are not immunogenic,
e.g., glucose, citrate, fatty acids, amino acids, and the like.
Immunosensors are mainly used for determination of con-
centration of antigens or haptens or, alternatively, for sensing
antibodies because their presence can indicate an infection.

We differentiate between immunoassays(performed in
solution and not treated here except for certain examples)
and immunosensors(on solid supports). The latter are treated
here but actually are not sensors in their strictest definition
because they are not capable of continuously and reversibly
recording a parameter. Solid-phase immunoassays make use
of a recognition element (Ab or Ag) immobilized on the
surface of an inert support which, however, also may act as
an optical fiber or a planar waveguide.

Despite the fact that a binding event between an antibody
and an antigen is reversible and noncovalent, most immu-
noreactions are irreversible in practice because of very large
association constants and very slow dissociation rates. As a
result, practically all immuno“sensors” are suitable for a
single measurement only. This makes calibration difficult
and requires an enormous reproducibility in manufacturing.
Given this, attention has been paid to the regeneration of
sensors (e.g., by washing with solutions of high osmolarity,
high ionic strength, or low pH), which allows for multiple
measurements with a single sensor. However, regeneration
procedures do not always result in full recovery of the
activity. In recent years, a number of devices were developed
that made possible simultaneous detection of several analytes
performed automatically.

4.2. Immunosensor Formats
The most widely used formats are illustrated in Figure 4,

where the upper panel represents the situation before
immunobinding has occurred and the lower panel represents
the situation after it. A selection of immunosensors for
various analytes is presented in Table 3.

4.2.1. Direct Immunosensors
These sensors are fairly straightforward but have been

reported for a limited number of analytes only.43,44,66-68,72,239-248

The sensing format is schematically shown in Figure 4. An
unlabeled antigen binds to an unlabeled antibody. Interfero-
metric readout is common since it has the advantage of not
requiring a label.66-68 The change of refractive index,
however, is much smaller than in a fluorescent or radiolabel
sandwich format (Figure 3c) because antigens and particu-
larly haptens possess relatively low molecular mass. The
intrinsic fluorescence of benzo[a]pyrene tetraol (BTP) was
used as analytical information; the anti-BTP antibodies were
immobilized onto silica microbeads.239,240The optical signal
of such single-shot probes is directly proportional to the
amount of BTB captured. The LOD is 0.5 nM. Another
example is represented by a biosensor for human serum
albumin (HSA).241 When HSA binds to dansyl-labeled
antibody attached to the surface of an optical fiber, an
increase in fluorescence is observed because the antigen
shielded the label from quenching water molecules. Engstro¨m
et al.249 observed an enhancement of the intrinsic UV
fluorescence of tryptophan of monoclonal mouse antibodies
immobilized on the surface of a quartz slide upon binding
maltose and panose (a rather rare triglucoside). The low
affinity of the antibodies for the saccharides enabled a
virtually reversible sensing, with no need for sensor regen-
eration. The analytical range was from 0 to 8 mM of the

respective sacharides, and the LODs were 5 and 15µM,
respectively, for panose and mannose. Reck et al.250 reported
a homogeneous immunoassay for thyroxine hormone. Quench-
ing of the intrinsic fluorescence of the thyroxine-binding
globulin was observed upon binding the thyroxine. Although
the initial response was achieved after 5 min of incubation,
almost 2 h were needed until the system reached saturation.
The main drawback of this approach is its low sensitivity,
since the LOD was found to be∼100-fold higher than the
concencentration of free thyroxine in serum. Other fluores-
cent immunosensors used in the direct format242-245 can only
serve as model systems, since labeling of the analyte is
necessary in the case of the assay, which is difficult (or even
impossible) for real samples.

4.2.2. Competitive Immunosensors
In this format (see Figure 4b),41,42,49,246,251-261 an unlabeled

antigen (the analyte) and its labeled form compete for a
limited number of binding sites of the immobilized antibody.
Fluorescence intensity is inversely proportional to the amount
of the analyte concentration. The application of the methods
requires a labeled antigen to be available. The method can
be inversed to enable the detection and assay of antibodies
via the competitive binding of labeled and unlabeled
antibodies, respectively, to an immobilized antigen.262

4.2.3. Sandwich Immunosensors
Such assays (Figure 4c)60,243,261,263-272 are widely used and

require relatively large antigens that contain at least two
epitopes (the site of a macromolecule that is recognized by
an antibody) for the antigen to be bound to the immobilized
capture antibody and to the labeled second antibody.
Fluorescence intensity is proportional to the concentration
of the fluorescently labeled antibody, which, in turn, is related
to the concentration of the antigen. Two different protocols
are usual. In the “stepwise” protocol, the antigen and
fluorescently labeled second antibody are added sequentially
to the biosensor. In the “premixed” protocol, the antigen and
antibody are premixed before injection into the biosensor.
The stepwise protocol is said to give a significantly higher

Figure 4. Typical formats of heterogeneous optical immunoassay;
situations before (upper part) and after equilibration (lower part).
The enzyme-linked immunosorbent assay (ELISA) in practically
all cases is a modification of the sandwich method as it makes use
of an enzyme as a label. Thus, it requires a subsequent enzymatic
reaction to produce a colored or fluorescent product whose
concentration can be determined, usually in solution and not on
the surface of the sensor.
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Table 3. Overview of Immunosensors (Acronyms Used for Schemes: FI, Fluorescence Intensity; FRET, Fluorescence Resonance Energy Transfer; LL, Luminescence Lifetime; RI, Refractive
Index)

analyte assay format analytical range LOD scheme label material assay time ref

human serum
albumin (HSA)

direct 0-9 mg/L ? FI dansyl/anti-HSA attached to fiber 30 min 241

anti-rabbit IgG direct 0.011-0.11 g/L 0.011 g/L FI FITC/anti-rabbit IgG rabbit IgG on silica beads ? 244
BTP direct 1-100 nM 0.5 nM intrinsic FI anti-BTP IgG on silica beds (7µm) 45 min 239, 240
protein A direct 10-250 nM 20 nM FI FITC/protein A human IgG on an ion exchange

waveguide
? 245

anti-goat IgG direct 0.3-10 mg/L 0.3 mg/L FI FITC/anti-rat IgG goat IgG on a patterned waveguide 30 min 242
IgG direct 0-5 mg/L ? FI Q-dot/protein A on optical fiber 10 min 44
trinitrobenzene direct 1-8 µg/L 1 µg/L FI Cy-5/trinitrobenzol anti-TNT IgG on a waveguide 5 min 246
PSA direct 1-100µg/L 0.5 mg/L FI allophycocyanin/anti-PSA antibody ? 247
LDH direct 0.125-5.0 mg/L 0.03 mg/L FI FITC/LDH anti-LDH IgG on fiber 4 min 243
hemoproteins direct 10 nM-10µM ? FI & FRET FITC labeled anti-hemoprotein

IgG on LB monolayer
30 min 248

Salmonella
typhimurium

direct ? 1.03× 105 cfu/L ratio of FI complex of Alexa Fluor 546/
anti-Salmonella IgG

and Alexa Fluor 594/protein G
on optical fiber; FRET

5 min 43

anti-rabbit IgG competitive 0-150 nM 8 nM FI FITC/anti-rabbit IgG rabbit IgG on fiber 20 min 262
phenytoin competitive

homogeneous
1-20 µM 1 µM FI & FRET Texas red/anti-phenytoin IgG phycoerythrin-phenytoin; semipermeable

membrane
15 min 41

theophylline competitive
homogeneous

0-300µM ? FI & FRET Texas red/anti-theophylline IgG phycoerythrin-theophylline in a well
with semipermeable membrane

15 min 42

inazethapyr competitive 1 nM-1 mM 1 nM FI aminofluorescein /inazethapyr sheep anti-inazethapyr IgG on fiber 2 min 252, 253
atrazine competitive 0.5-200 nM 0.5 nM FI fluorescein/atrazine anti-atrazine IgG on fiber 10 min 254
human IgG competitive 10-4-10-1 g/L ? FI FITC/rabbit IgG anti-human IgG on waveguide 15 min 255
cocaine competitive 0.01-1 µM 5 µg/L FI fluorescein and benzoylecgonine anti- benzoylecgonine IgG on fiber 15 min 256
CCA competitive 0.1 nM-1 µM ? FI fluorescein/CCA anti-CCA IgG on fiber 20 min 258
TNT competitive 10-1000µg/L 10 µg/L FI Cy-5-labeled TNT sulfonate anti-TNB IgG on fiber 4 min 257
TNT competitive 1-1000µg/L 5 µg/L FI Cy-5/EDTA-TNB anti-TNT IgG on fiber 5 min 259
TNT competitive 20-200µg/L 20 µg/L FI Cy-5/trinitrophenyl anti TNT IgG on waveguide 5 min 246
RDX competitive 1-100µg/L 2.5µg/l FI Cy-5/EDTA-RDX anti-RDX IgG on fiber 5 min 259
TCPB competitive 50µg/L-10 mg/L 10 ppb FI fluorescein/TCPB anti- polychlorinated biphenyls

IgG on fiber
20 min 260

theophylline competitive 1-50 mg/L ? FI Cy-5/theophylline anti-theophylline IgG on waveguide 5 min 261
hCG sandwich 0-50 nM ? FI FITC/anti-hCG IgG anti-hCG IgG on waveguide 2 min 263
Clostr. botulinium
toxin A

sandwich 0.03-1.2 nM 30 pM FI TRITC/ anti-botulinium
toxin A IgG

anti-botulinium toxin A IgG on fiber 2 min 264, 265

ASF protein sandwich 1.5-200 mg/L 2 mg/L FI FITC/anti-AFS IgG anti-AFS IgG on Immobilon membrane 40 min 266
human IgG sandwich 10-100µg/L ? FI NIR dye1/goat anti-human IgG goat anti-human IgG on PMMA

droplet on fiber
30 min 267

mouse IgG sandwich 40-300 ng/L 40 ng/L FI Cy-5/anti-mouse IgG anti-mouse IgG on capillary 20 min 271
LDH sandwich 0.1-10 mg/L 0.03 mg/L FI FITC/anti-LDH IgG anti-LDH IgG on fiber 4 min 243
Salmonellax
typhimurium

sandwich 3× 107-3 × 1011

cfu/L
107 cfu/L FI Cy-5/anti-Salmonella IgG anti-Salmonella IgG on fiber 60 min 268

ricin sandwich 0.1-250µg/L 100 ng/L FI Cy-5/anti-ricin IgG anti-ricin IgG on fiber 15 min 269
SEB sandwich 0-1 mg/L 10µg/L FI Cy-5/anti-SEB IgG anti-SEB IgG on PS waveguide 10 min 270
SEB sandwich 30-400 ng/L 30 ng/L FI Cy-5/sheep anti-SEB IgG sheep anti-SEB IgG on a capillary surface 20 min 271
hCG sandwich 1-1000µg/L 1 µg/L FI Cy-5/anti-hCG IgG anti-hCG IgG on waveguide 5 min 261
TNT sandwich 5-30 µg/L 5 µg/L FI Cy-5/anti-TNT IgG anti-TNT IgG on waveguide 15 min 246
mouse IgG sandwich 0.5-25 µg/l 0.5µg/L LL GOx/anti-mouse IgG mouse IgG on PtOEPK/PS layer 1 h 60
LDH sandwich 2.5-10 µg/L 2.5µg/L LL GOx/anti-LDH LDH on PtOEPK/PS layer 1 h 60
TNT displacement 10-50 µg/L 10 µg/L FI Cy-5/trinitrophenyl anti-TNT IgG on waveguide 5 min 246
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response than the premix protocol. Typical examples of
fluorescent sandwich assays are listed in Table 3.

Gold nanoparticles may be used to enhance the fluores-
cence signal of a labeled antibody. Hong et al.272 have
designed a biosensor operating in a sandwich format by
immobilizing protein C antibody, protein C, and secondary
antibodies that were labeled with Cy-5 and Alexa Fluor 647.
Their signal was typically inhanced by 10-200% when gold
nanobeads were added. Self-assembled nanolayers (SAMs)
can be used to control the distance between the nanobeads
and the labeled antibodies. Maximal enhancement of the
signal was achieved with SAM thicknesses of 2 nm. It was
also found that using ethanol instead of water resulted in an
up to 10-fold enhancement of fluorescence intensity.

4.2.4. Displacement Immunosensors
This less common format (Figure 4d)246,273 requires an

initial saturation of all the antibody binding sites with a
fluorescently labeled antigen. Upon introduction of the
unlabeled antigen, displacement of the labeled antigen occurs
and is measured in this sensor as a decrease in the
fluorescence intensity. It needs to be kept in mind that the
“sensor” only works if the reaction rates of displacement
are adequately fast. In fact, such sensors usually are quite
slow.

4.2.5. Immunosensors Based on Binding Inhibition
In contrast to other formats, such sensors (Figure

4e)69,70,274-282 require immobilization of an unlabeled analyte
derivative on the surface of a waveguide. In the absence of
the antigen, the labeled antibody can bind to the surface.
Binding is inhibited, however, in the presence of the analyte
because it blocks the binding sites (paratopes) of the
antibody. For the binding inhibition assay to be quantitative,
the number of high-affinity binding sites on the surface has
to be much higher than the number of labeled antibodies in
the bulk solution. If an antigen or an antibody is immobilized
on a solid surface, the flexibility of the system becomes
limited. More flexible sensors can be prepared by im-
mobilization of an arbitrarily chosen ligand (antigen) on the
surface.276 Different analyte derivatives that are conjugated
to an antibody can be then attached to the ligand for assay
operation in the binding-inhibition format.

4.2.6. Comparative Study on Immunosensor Formats
Snapsford et al.246 compared the performance of four

immunoassay formats (direct, competitive, sandwich, and
displacement) that can be used for determination of 2,4,6-
trinitrotoluene (TNT). Anti-TNT was attached to waveguide
surface via avidin-biotin linkage. Cy-5-labeled trinitroben-
zene was used in direct, competitive, and displacement assay
formats, and Cy-5-labeled antibody was used in a sandwich
format. While TNT itself is unsuitable for detection using
the sandwich assay format, it was conjugated to ovalbumin
(OVA), so that the OVA-TNT complex can be bound not
only to the antibody attached to the waveguide but also to
the tracer antibody. Each assay format resulted in different
LODs and dynamic ranges. The LOD was the lowest in the
direct assay (1µg/L); however, it also had the narrowest
dynamic range (1-8 µg/L). On the other hand, the dynamic
range was the widest in the competitive assay (20-200µg/
L), but it had the highest LOD (20µg/L). The LODs in the
displacement and sandwich assay formats were 10 and 5µg/
L, respectively. While 15 min was required to perform theT
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two-step sandwich assay, the other assays required only 5
min. It was also shown that complete regeneration of the
sensor was possible within 2 min by passing a regeneration
buffer containing 50% ethanol over the sensor layer. No loss
of activity was observed after 10 regeneration cycles.

4.3. Preferred Optical Readout Formats in
Immunosensing

4.3.1. Conventional Readout Formats
In the most simple version, immunosensor spots on glass,

metal, or plastic supports are read out by either absorption,
fluorescence, interferometry, various methods of polarization
spectroscopy, or surface plasmon resonance (treated else-
where).283 They can be combined with methods of optical
spectroscopy. Fluorescence intensity serves as the analytical
parameter in most immunosensors (see Table 3) and is mostly
read at a single wavelength, but this may cause difficulties
in measuring reproducible data. According to Parker’s law
(see section 2.4), luminescence intensity depends not only
on the concentration of the fluorophore but also on other
variables such as the intensity of the exciting light and the
geometry of the experimental arrangment. Self-referenced
methods, where the latter parameters are being referenced
out, are, therefore, preferred.

Measurement of intensity at two wavelengths (e.g., after
addition of a reference dye or by making use of fluorescence
resonance energy transfer from a donor fluorophore to an
acceptor fluorophore) is one common self-referenced method.
Solution immunoassays often are performed by measuring
polarization, but less often in solid-state devices for obvious
reasons. The measurement of fluorescence decay time
represents another, albeit less common, self-referenced
method.

4.3.2. Evanescent Wave, Capillary, and Other Readouts
It was recognized rather early that the solid supports

required in biosensors also may act as optical components.
Evanescent wave spectroscopy (EWS) has become particu-
larly useful and is often applied in immunosensors (which
contrasts the situation in the case of enzymatic biosensors).
EWS can be performed in various ways, but total internal
reflection fluorescence (TIRF) is, by far, the most often
applied. A schematic of how TIRF works is shown in Figure
5. Light transported by a waveguide (here, an optical fiber)
excites the fluorescence of a label on its surface only within
the evanescent field. This has several advantages: (a) the
unbound labeled species in solution remain unexcited and,
thus, do not form a background signal; (b) measurements
can be performed in absorbing or turbid media such as most
biological solutions; and (c) background fluorescence of the
serum can also be largely reduced.

In contrast to surface plasmon resonance and interfero-
metric sensors, the response of TIRF immunosensors does
not depend on the mass of an analyte, which makes possible
detection of even small haptens. If planar waveguides are
used, the fluorescence is typically collected perpendicularly
to the surface of the waveguide. In most fiber-optic biosen-
sors, the emission is, however, collected at the distal end of
the optical waveguide, as shown in Figure 5.

The use of capillaries284,285for optical immunosensing is
very attractive because a capillary can not only guide fluid
but also light in its wall (see Figure 6). Usually, the excitation
light is introduced at the end of the capillary and propagates
on the inner surface as an evanescent wave. When the
evanescent excitation generates a signal from an antigen-
antibody-fluorophore complex, the emitted light is coupled
into and propagates along the capillary. At the distal end, a
grating can be used to couple the light out of the waveguide
into a photodetector. When the active surface area is
increased inside the capillaries, the fluorescence signal
integrates over their length, but the electronic background
noise remains constant. Sensitivity of the sensor, thus, is
significantly improved.

The group of Seeger71 has designed an immunosensor that
exploits changes in the supercritical angle of the fluorescence
(SAF) of molecules bound to a glass surface. Because the
detection volume in the aqueous sample is significantly
reduced in this technique, bulk (i.e., background) fluores-
cence from solution is strongly suppressed. The SAF signal
can be captured by a parabolic glass lens, thus leading to
high spatial collection efficiency and detection sensitivity.
As little as 2 pM concentrations of labeled rabbit IgG could
be detected in a direct immunoassay format. The sensitivity
could be further improved by using tight focusing and smaller
excitation spots. In this case, however, rapid photobleaching
is a serious limitation. On the other side, spot diameters of
60 µm allow for up to 200 measurements with photodegra-
dation not exceeding 1%. This is more than adequate to
obtain a smooth response plot. The group also reported on
a confocal reader for biochip screening and fluorescence
microscopy.286

4.4. Immobilization of Antibodies on Sensor
Surfaces, and Nonspecific Protein Binding

There are several widely used methods for immobilization
of large proteins such as antibodies on solid support. One is

Figure 5. Principle of the total internal reflection fluorescence in
an optical fiber waveguide. On reflection at dielectric interface,
light penetrates into the second phase that has a lower refractive
index than that of the core. Intensity decreases exponentially over
the penetration depthdp (which typically is about as long as the
wavelength of the light employed). Any labeled antibodies located
in the declad zone withindp are excited to produce fluorescence,
while those located outside this distance will not. Figure 6. Capillary flow sensor. The capillary acts (a) as a sample

compartment (or flow-through cell); (b) as an optical waveguide;
and (c) as the solid support for immobilized antibodies. Light is
coupled into and out of the capillary through grating couplers.
Antibodies are deposited on the inner surface of the capillary. The
fluorescence of labeled antibodies or antigens is interrogated by
the evanescent wave mode. Reprinted with permission from Weigl,
B. H.; Wolfbeis, O. S.Anal. Chem.1994, 66, 332. Copyright 1994
American Chemical Society.
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based on the creation of a covalent linkage between the
support and the protein, often via a spacer group. The surface
of a support is rendered reactive with groups such as
-COOH, maleinimide,-NH2, or, less often, iodoacetamide
groups, isothiocyanate groups, or boronic acid. These can
be reacted with amino groups, thiol groups, carboxy groups,
or saccharide groups of antibodies to form covalent chemical
bonds. Glass surfaces and metal oxide nanoparticles are often
derivatized using silyl reagents (aminopropyltrimethoxysilane
being a typical example), while gold surfaces are derivatized
with thiolated reagents of the type HS-(CH2)n-X, where
X is one of the reactive groups given before. Such thiols
readily bind to gold to form self-assembled monolayers on
its surface. Quantum dots based on metal (Zn, Cd) sulfides
and selenides also are surface-modified first by making use
of an appropriate thiol chemistry. Plastic materials are more
difficult to derivatize unless they contain intrinsic chemical
groups such as in the poly(acrylonitrile-co-acrylic acid)
copolymers.287

Another important method is based on the strong affinity
of biotin to (strept)avidin.67, 68, 246, 270,288Neutravidin also has
been used recently.289-291 They all have four binding sites
for biotin. Typically, the surface of a biosensor is modified
(as described in the previous paragraph) by introducing biotin
groups, in the overwhelming majority by using di- or tri-
(ethylene glycol)-modified biotin of the chemical structure

(wheren ) 2 or 3). Any protein that has been modified with
(strept)avidin will strongly bind to such a surface. The
affinity (binding) constants of the resulting noncovalently
linked conjugates are in the order of 1012 to 1014 depending
on the protein and the surface (or particle) used. One may
wonder why the rather affordable avidin (a glycoprotein) is
used so much less often than the rather expensive streptavidin
(not a glycoprotein). On the other side, streptavidin has an
isoelectric point (pI) of 5 and is less prone to nonspecific
binding as compared to avidin with its pI of 10.5.

Proteins also can be immobilized via a polyhistidine tag.
The method is based on an amino acid motif in proteins that
consists of at least six histidine (His) residues. It also is
known as hexahistidine tagging, or 6xHis-tag, or by the
tradename His-tag. The polyhistidine tag can be used for
the immobilization of proteins on a nickel- or cobalt-coated
microtiter plate, on glass, or on another protein. The most
simple way to add a poly-His unit to a protein is to insert a
protein DNA in a vector encoding a His-tag so that it will
be automatically attached to one of its ends. The other
technique is to perform a PCR with primers that have
repetitive histidine codons next to the start or stop codon in
addition to several (16 or more) bases encoding specifically
to the protein to be tagged.

Another widely used method (with particular applicability
to the immobilization of antibodies) is based on the use of
protein A. This is a 40-60 kD surface protein that strongly
binds to immunoglobulins from many mammalian species.
Specifically, it binds to the Fc region through interaction
with the heavy chain and, thus, does not strongly compromise
its affinity to the respective antibody.

Shriver-Lake et al.292 investigated different heterobifunc-
tional cross-linkers for covalent attachment of antibodies
through thiol-terminated silanes onto glass, silica, silicone,
and other surfaces. A variety of cross-linkers were found to
be suitable for effective immobilization of antibodies. The

use of carbohydrate-reactive cross-linkers resulted in im-
mobilized antibodies having higher activities than when using
reactive succinimide residue but required a more complex
procedure, which implied the risk of denaturation of some
antibodies.

Preininger et al.293 have investigated three different types
of polymer supports used for immobilization of antigens and
antibodies with respect to specific binding and nonspecific
binding (NSB, better referred to as nonspecific adsorption)
and regeneration of the sensor. Interaction of rhodamine-
labeled anti-human IgG with immobilized human IgG was
used in a direct assay format for investigation of specific
binding. The degree of NSB was determined using anti-
human IgG and was found to be quite high (∼80% of the
level of specific binding) for human IgG immobilized onto
a sol-gel support. Carboxylated poly(vinyl chloride) (PVC)
support showed∼50% of nonspecific absorption, while the
NSB to polystyrene was negligible. However, only 35% of
initial signal was regenerated when polystyrene support was
used, while the regeneration level of 50% was possible for
carboxy-modified PVC.

Liu et al.294 have shown that, when using polystyrene
fibers, the extent of NSB can be significantly reduced by
introducing a spacer between the polystyrene surface and
the photoimmobilized antibody. Poly(ethylene glycol) cross-
linkers with five ethylene glycol units decrease the degree
of NSB dramatically, and additional treatment of the surface
with BSA eliminates it completely. The authors also showed
that the “stepwise” protocol of sandwich assay formats
resulted in a much higher sensitivity than when using the
more convenient “premix” protocol.

NSB also can be significantly reduced by using a dextrane
linker.295 Carboxymethylated dextrane was attached to the
surface of a fiber-optic waveguide whose surface was treated
with aminopropyltriethoxysilane; this was followed by car-
boxamide formation using activation with EDC and forma-
tion of a reactive NHS ester.

The same method was applied to covalently immobilize
an antibody to dextrane. The amount of NSB was shown to
be only 2% of the level obtained for the untreated glass chip.
Different immobilization techniques for glass fibers were
investigated by Tedeschi et al.296 Immobilization of antibod-
ies via glycidyloxypropyl-trimethoxysilane-dextrane re-
sulted in the highest density of active sites.

The Langmuir-Blodgett (LB) technique represents an
alternative for immobilization of antibodies.255 Protein A has
a specific affinity for a specific section of IgG and can be
prepared as a stable monolayer by the LB film technique.
Such a monolayer was immobilized on an alkylsilanized
hydrophobic synthetic quartz plate. Anti-human IgG antibody
was self-assembled on the protein A film. Rabbit IgG labeled
with fluorescein isothiocyanate was used in a competitive
assay for determination of human IgG over the analytical
range from 10-4 to 10-1 g/L. Anderson et al.297 showed that
the sensitivity of fluorescent immunoassays for determination
of antigens was similar when the antibody was covalently
attached to the support or via protein A.

4.5. Specific Examples of Immunosensors
4.5.1. Biosensors for Proteins and Antibodies

Barnard and Walt251 developed a kind of reversible
immunosensor for continuous measurements of IgG over a
prolonged period of time using a controlled-release system.
The fluorescein-labeled antibody and the Texas Red-labeled

biotin-CONH-(CH2-CH2-O)n-CH2-CH2-NH2
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antigen were separately incorporated into an poly(ethylene-
co-vinyl acetate) matrix, allowing for controlled release of
the components. The analyzed IgG from the media and the
two released biocomponents diffuse into the reaction cham-
ber, where the competitive immunoreaction occurs. FRET
is observed in the absence of IgG but is suppressed once
the complex between fluorescein-labeled antibody and
unlabeled IgG has been formed. Fluorescence intensity is
monitored with the help of an optical fiber located above
the reaction chamber. The steady-state rate of release is
achieved after 2 days, allowing continuous monitoring of
0-500 mg/L of IgG over a period of 1 month. The approach,
thus, can be applied to situations where continuous monitor-
ing of analyte is required over prolonged periods of time
and where rapid response (limited here by the diffusion of
the analyte from the bulk solution or the release rate) is not
an issue.

Lepesheva et al.248 developed a FRET assay for hemo-
proteins in the analytical range from 10 nM to 10µM. In
the direct biosensor, fluorescein-labeled anti-hemoprotein IgG
was absorbed onto a LB monolayer contained on a quartz
support. Fluorescence intensity decreased in the presence of
hemoprotein as the result of the quenching of the fluores-
cence of the label by heme.

Luminescent quantum dots are viable optical markers44

and have been used in a direct assay for IgG. Protein A was
labeled with CdSe/Zn Q-dots with a fluorescenceλmax of 655
nm and then was immobilized at the tip of an optical fiber.
Once the immunoreaction with IgG occurs, a decrease in
fluorescence intensity is observed as a result of FRET from
the Q-dot to the bound protein.

Enzyme-linked immunosorbent assays employ enzymes
as labels. Several attempts were made to design biosensors
based on the use of enzyme labels. Papkovsky et al.60

demonstrated the feasibility of an enzyme-linked biosensor
with the IgG-anti-IgG model system. Mouse IgG antigen
was absorbed onto a surface of a glass fiber membrane
combined with an optical oxygen transducer (a phosphores-
cent metalloporphyrin contained in polystyrene). Mouse IgG
was detected in a sandwich ELISA using anti-mouse IgG
antibodies labeled with glucose oxidase (GOx) as the
secondary antibody. The amount of the antigen was quanti-
fied by measurement of the consumption of oxygen that
results from the enzymatic reaction in the presence of
glucose. The (rather long) luminescence decay time of the
oxygen probe was monitored. This is in contrast to immu-
nosensors based on the measurement of fluorescence inten-
sity. A glass cover was used to limit oxygen access, and
this significantly improved sensitivity, the LOD being 0.5
µg/L. Lactate dehydrogenase (LDH) was detected analo-
gously using anti-LDH antibodies labeled with GOx. As little
as 2.5µg/L ()10 pM) of LDH could be sensed. The assay
time was 1 h.

Kim et al.298 made use of microbeads (made from a
modified acrylamide) of∼1 µm diameter that were as-
sembled onto an amino-functionalized glass surface. A
network of biotin and anti-biotin couples was attached to
the beads (that also act as microlenses) via photopolymer-
ization with aminobenzophenone. In the absence of the
analyte, the immobilized antigens and antibodies interact with
each other, which results in microspheres that are in the “on”-
state (Figure 7). The interactions between the attached
antigens and antibodies are disrupted when a sample contain-
ing antigen (biocytin) is introduced. The microlenses are
transformed from the “on”-state to the “off”-state as a result

of gel swelling once the concentration of the analyte exceeds
a certain critical value. The changes can be monitored
microscopically.

The sensitivity can be tuned by changing the concentration
of the antibody used in the photochemical cross-linking stage.
When the hydrogel microlenses are prepared with an excess
of binding pairs above the critical point, they swell only after
a suitably large number of displacement events have oc-
curred. However, if the number of cross-linked units is just
slightly above this critical point, only a few displacement
events will result in gel swelling. The system was demon-
strated to be fully reversible as the microlenses return to the
initial “on” state when the antigen is removed by washing
the sensor with phosphate-buffered saline.

4.5.2. Biosensors for Toxins
In the integrating capillary biosensor described by the

group of Ligler et al.,271 antibodies (anti-mouse IgG or sheep
anti-staphylococcal enterotoxin B (SEB) were coated onto
the entire inner surface of the capillary. Immunosensing of
mouse IgG and SEB was accomplished in a sandwich format
using antibodies labeled with Cy-5. Compared to conven-
tional fiber-optic biosensors and planar waveguide-based
about∼2 orders of magnitude (40 and 30 ng/L for IgG and
SEB, respectively). The analytical range of the sensor is from
40 to 300 and from 30 to 400 ng/L of IgG and SEB,
respectively. Moreover, multianalyte detection can be at-
tained by passing the sample through multiple capillaries,
each coated with a different antibody, either sequentially or
in parallel, depending on the amount of sample available.

An ELISA type of biosensor for antibodies against cholera
toxin B (CTB) was developed by Konry et al.299 An
electroconductive surface was created on a fiber-optic
waveguide by coating it with indium tin oxide to allow
surface electropolymerization of biotin-pyrrole monomers.
Biotin-conjugated CTB was attached to the surface using
avidin. Anti-CTB was quantified via a competitive assay
format in which the sensor was incubated first with the
analyzed antibodies and then with goat anti-rabbit IgG
labeled with horseradish peroxidase. Fibers were then
immersed into a solution of luminol and oxidizing agent (a
standard kit), and chemiluminescence was monitored. The

Figure 7. Microscope images of a microlens-based optical
immunosensor array. Its sensitivity can be tuned by changing the
concentration of the antibody used in the cross-linking stage. The
concentrations of antibiotin were (a) 6.7µM, (b) 2 µM, (c) 1 µM,
and (d) 0.6µM. With decreasing concentrations of antibiotin, the
microlenses are inversed at lower concentration of biocytin.
Reprinted with permission from Kim, J.; Singh, N.; Lyon, L. A.
Angew. Chem., Int. Ed.2006, 45, 1446. Copyright 2006 Wiley.
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LOD of the sensor is said to be 1× 106 “titers”. The total
assay time was 65 min. In another biosensor for anti-CTB,
the antigen was attached to the surface of the optical fiber
via a photoreactive benzophenone derivative,300 and the same
LOD was achieved. An analogous system was developed
for detection of antibodies against anti-West Nile virus
IgG,301 and the LOD was similar. A 2-fold increase in sensi-
tivity was observed compared to a chemiluminescent ELISA,
presumably because light emission occurs near the optical
fiber, which enhances the efficiency of light collection.

4.5.3. Biosensors for Drugs
A capillary displacement-type immunosensor for the drug

paclitaxel was designed by Sheikh and Mulchandani.273 The
anti-paclitaxel antibodies were attached via protein A to the
silanized inner walls of a glass capillary, and the binding
sites were saturated with rhodamine-labeled paclitaxel.
Although fluorescence intensity of the displaced labeled
antibodies was monitored in another chamber, thus taking
no advantage of the light-guiding properties of the capillary
itself, the sensor still proved to be very sensitive. In fact,
the detection limits were 1 and 4 ng/mL at flow rates 0.1
and 1 mL/min, respectively. The assay time ranged from 2
min at 1 mL/min to 8 min at 0.1 mL/min. Moreover, the
regeneration of the capillary column was possible without
affecting the performance of the biosensor.

Anderson and Miller41 developed a homogeneous immu-
noassay for the anticonvulsant drug phenytoin where B-
phycoerythrin-labeled phenytoin and Texas Red-labeled
antibody were contained in a 200µm cellulose dialysis tube
connected to the distal end of an optical fiber (see Figure
8). The two species form a complex in which fluorescence
resonance energy transfer (FRET) occurs from phycoerythrin
to Texas Red. The interaction thus results in the quenching
of the fluorescence of phycoerythrin. Phenytoin is small
enough to diffuse through the dialysis membrane, where it
displaces some of the phycoerythrin-phenytoin conjugates
in the complex. The increase in the fluorescence of phyco-
erythrin is, thus, proportional to the concentration of pheny-
toin. This biosensor, notably operating in a fully reversible
way(!), was suitable for determination of phenytoin with an
LOD of 5 µM and a measurement time of 15 min. Later,
the system was optimized to detect phenytoin in concentra-
tions as low as 1µM.49 A similar system was used for
determination of theophylline.42 This biosensor design is of
wider interest because full reversibility is achieved. However,
the system is applicable only to antibodies having high
reverse rate constants, which is not usually the case (see
Figure 8).

4.5.4. Biosensors for Bacteria Cells

Ko and Grant developed a FRET-based immunosensor for
determination ofSalmonella typhimurium.43 S. typhimurium
antibody was labeled with a donor dye, while protein G was
labeled with an acceptor. Both were immobilized on the
surface of an optical fiber. In the absence of the antigen,
very little fluorescence is observed from the acceptor. FRET
occurs as a result of conformational changes when the antigen
binds to the antibody. The ratio of the fluorescences of donor
and acceptor serves as the analytical information. Concentra-
tions of the bacterium as low as 1× 105 cfu/L can be
detected in 5 min.

Antimicrobial peptides (AMPs) were recently shown to
be suitable as recognition elements for microbial cells. AMPs
are produced by many organisms for protection against
invasion of harmful microbes. AMPs recognize microbes by
interacting with their membranes, which then are destroyed.
Several immunosensors reported recently302,303 rely on this
recognition ability of AMPs. A direct immunosensor302 for
Escherichia coliandSalmonella typhimuriumwas demon-
strated to work with the AMP magainin I, which was either
covalently attached to the patterned microscope slide surface
or immobilized via biotin-avidin chemistry. Cy-5-labeled
cells could be detected with detection limits comparable to
analogous antibody-based assays. The LODs forE. coli and
S. typhimuriumwere 1.6× 105 and 6.5× 104 cfu/mL,
respectively, in the case of covalently immobilized magainin,
and 6.8× 105 and 5.6× 105 cfu/mL, respectively, for the
AMP immobilized via biotin-avidin. The assay time was
70 min.

AMPs also were applied in the more-practical sandwich
types of assays.303 Here, the immobilized AMPs were used
to capture the unlabeled targets, while detection of bound
cells was accomplished using fluorescently labeled antibod-
ies. A significant degree of nonspecific binding was found
in the case of tracer antibodies labeled with Cy-5 and Alexa
Fluor 647 dyes. Replacement of the marker to Cy-3 was
found to significantly reduce the amount of nonspecific
binding. It was also found that high peptide density was
necessary for optimal results. Limits of detection forE. coli
and S. typhimuriumwere 5 × 104 and 1 × 105 cfu/mL,
respectively, when magainin I was used, and 2-10-fold
higher with other peptides.

Martinez et al.304 reported on a biosensor for the protective
antigen (PA) and for cellular components ofBacillus
anthracisusing SiONx waveguides. The sensor can detect
83µg/L (i.e., 1 picomolar concentrations) of PA in a complex
fluid within 10 min when operated in a sandwich assay
format, but it possibly can become even more sensitive if
interferences by background fluorescence and nonspecific
binding can be further reduced.

When whole cells are monitored immunologically by
optical methods, the use of ultrasonic standing waves
significantly improves the sensitivity of a biosensor. Zourob
et al.72 showed that ultrasonication for 3 min enhanced
sensitivity of detection ofBacillus subtiliscells by 2 orders
of magnitude because the diffusion-limited capture rate is
replaced by much faster cell movement. Rabbit anti-B.
subtilis antibodies were immobilized on the surface of a
metal-clad leaky waveguide. Evanescent light-induced scat-
tering was detected by a CCD camera. Obviously, fluorescent
labeling was not required, and the analytical range of the
sensor operated in the direct assay format was from 1× 106

to 1 × 1012 cfu/L.

Figure 8. Schematic representation of the reversible competitive
immunosensor for phenytoin. Phenytoin and the phycoerythrin-
phenytoin conjugates competitively bind to the antiphenytoin-TR
complex. Redrawn with permission from Anderson, F. P.; Miller,
W. G. Clin. Chem.1988, 34, 1417. Copyright 1988 American
Association for Clinical Chemistry.
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4.5.5. Biosensors for Pesticides
A biosensor for the pesticide atrazine made use of

polystyrene nanobeads dyed with a luminescent europium-
(III) chelate.278 Beads containing carboxy groups were
covalently coupled to atrazine antibodies, which, in turn,
were used in a binding inhibition assay format. An indium
tin oxide (ITO) waveguide was used for immobilization of
the capture analyte derivative to minimize nonspecific
binding of the beads. Particles with diameters of 107, 304,
and 396 nm were investigated in some detail. A decrease in
their size resulted in faster binding but did not increase the
assay sensitivity, which was comparable with the sensitivity
of a known ELISA for atrazine. The use of such labels
(having decay times of 0.1-1 ms) enables an almost
complete elimination of background fluorescence by applying
time-resolved measurements on the ITO waveguide.

4.5.6. Multianalyte Biosensors
Lately, significant effort was devoted to the development

of automatted biosensor devices capable of simultaneous
immunosensing of several analytes of importance in envi-
ronmental monitoring but, in particular, for the determination
of (bio)chemical warfare agents and explosives. A compact,
portable, multichannel fiber-optic instrument named MAN-
TIS (of 5.5 kg weight)270 was reported to be capable of
automatically transporting sample, buffer, and labeled anti-
bodies to fibers and to perform fluorescence measurements.
It enables four fluorescence immunoassays to be performed
simultaneously on the surface of miniaturized polystyrene
fiber-optic probes. The device was demonstrated to work for
determination of staphylococcal enterotoxin B (SEB). An-
tibodies to SEB were immobilized on the surface of a
polystyrene waveguide through avidin-biotin bridging. Cy-
5-labeled SEB antibodies were used in the sandwich assay
format. The analytical range of the biosensor was from 10
µg/L to 1 mg/L, and the time required was 10 min. The
improved version of the MANTIS device (termed RAPTOR)
was shown to be able to determine 105 cfu/mL of Bacillus
globigii, 107 cfu/mL of Erwinia herbicola, and 109 pfu/mL
of MS2 coli phages simultaneously.305 Analogously, the
RAPTOR system can determine staphylococcal enterotoxin
B, ricin, Francisella tularensis, andBacillus globigiisimul-
taneously.305

In other work,306 plastic capillaries with immobilized
antibodies were used for simultaneous determination of
hormones prolactin, follitropin, and human chorionic gona-
dotropin (hCG). Fluorescein-labeled antibodies were used
in a sandwich assay format. The detection limits were 1.3
µg/L, 2.3 IU/L, and 3.6 IU/L for prolactin, follitropin, and
hCG, respectively.

Feldstein and others at the Naval Research Laboratory307

developed an automatted array biosensor for determination
of biological warfare agents. The central element of the
sensor is a planar optical waveguide (Figure 9) used for direct
excitation of antibodies that are bound to the waveguide
surface within the penetration depth of the evanescent field.
A physically isolated patterning method has been developed
to manufacture an array of recognition elements (each∼1
mm2 in size). In this technique, the multichannel patterning
cell is placed on the prefunctionalized surface of the
waveguide. Then, the recognition species (e.g., antibodies)
are introduced into appropriate channels and are patterned
on the waveguide surface during incubation, after which the
cells are removed. The sensor is then used in a sandwich
format.

Simultaneous determination of the explosives 2,4,6-
trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) was performed by a system named “Analyte
2000” developed at the Naval Research Laboratory.259 Two
probes for determination of TNT were coupled with two
probes for RDX. Cy-5-labeled analyte derivatives were used
in a competitive immunoassay format to determine as low
as 5µg/L of TNT and 2.5µg/L of RDX. Only a minimal
cross-reactivity for the two haptens was observed in the
multianalyte immunosensor, which was, therefore, capable
of analyzing samples containing mixtures of the two
compounds.

The same array biosensor307 was used (a) for simultaneous
screening of human serum for antibodies against bacterial
and viral antigens includingStaphylococcus aureusentero-
toxin B, tetanus toxin, diphtheria toxin, and hepatitis B, with
detection limits from 0.2 to 3µg/mL and an LOD as low as
∼100 fg;308 (b) for the mycotoxin deoxynivalenol (LOD)
0.2 ng/mL in buffer);309 (c) for simultaneous determination
of large food pathogens such asCampylobacter jejuni(LOD
) 500 cfu/mL) and of small toxins such as aflatoxin B1 (LOD
) 0.3 ng/mL);310 (d) for staphylococcal enterotoxin B and
botulinum toxin A (with LODs of 0.1 and 20 ng/mL,
respectively);311 (e) for ochratoxin A in cereals and beverages
(LODs ranging from 4 to 100 ng/g);312 (f) for Salmonella
typhimurium(LOD ) 8 × 104 cfu/mL within 15 min and 8
× 104 cfu/mL within 1 h);313 (g) for the aggressiveEscheri-
chia coli species O157/H7 in food samples (with LOD of 5
× 103 cfu/mL in buffer and 1-5 × 104 cfu/mL in spiked
food matrixes, and an assay time of 30 min only);314 and (h)
for Campylobacterand Shigellaspecies in food (LOD)
9.7 × 102 and 4.9× 104 cfu/mL, respectively).315 These
articles reveal that the standard 6× 6 array sensor can be
used to analyze six samples for up to six different analytes.
Taitt et al. showed316 that the same format is suitable for
analyzing a single sample for 36 different analytes by using
complementary mixtures of capture and tracer antibodies.
Mixtures were optimized to allow detection of closely related
species without significant cross-sensitivity. The approach
was demonstrated to work when analyzing a sample for 9
targets with a simple 3× 3 array. The only limitation of the
approach is that the quantity of reagents needed increases
significantly.

Several other array biosensors suitable for simultaneous
immunosensing were developed. The RIANA (river ana-
lyzer)280 array biosensor is based on a TIRF arrangement
that was combined with a flow injection technique for

Figure 9. Optical system of an array biosensor. Light from a diode
laser is coupled into the waveguide. Fluorescence from the
waveguide surface is focused by a graded index lens array (GRIN)
through optical filters onto a Peltier-cooled CCD imaging array.
Reprinted with permission from Feldstein, M. J.; Golden, J. P.;
Rowe, C. A.; MacCraith, B. D.; Ligler, F. S.J. Biomed. MicrodeV.
1999, 1, 139. Copyright 1999 Springer Science and Business Media.
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automated and reproducible fluid handling. Herbicides can
be detected by a heterogeneous binding inhibition immu-
noassay. Analyte derivatives were attached via an amino-
dextrane linkage to defined detection spots (L 3 mm) located
on a glass waveguide, with a 2.5 mm distance between the
spots. Analyte-specific antibodies labeled with a fluorescent
marker were preincubated with analyte present in the sample,
and the remaining (nonblocked) antibodies were then selec-
tively attached to the spots. Each test cycle includes
regeneration with hydrochloric acid of pH 1.9 and washing
with an acetonitrile/water/propionic acid (49/50/1) mixture
and is finished within 15 min. Because the glass surface
included three sensitive spots, simultaneous detection of three
analytes was possible. The following pesticides were de-
tected: atrazine, simazine, isoproturon, alachior, 2,4-dini-
trophenoxyacetic acid, and pentachlorophenol. The respective
LODs were 0.03, 0.03, 0.11, 0.07, 0.07, and 4.23 mg/L.

In related work,277 the pollutants atrazine and isoproturon
and the hormone and endocrine disruptor estrone were
determined simultaneously with LODs of 0.155, 0.046, and
0.084 µg/L using the binding inhibition assay format. No
interference in the analysis of target compounds was
observed upon simultaneous quantification. It was shown
later317 that much lower concentrations of the pollutants can
be detected by the RIANA biosensor. The highest standard
deviation observed at very low analyte concentration results
from the inaccuracy of the dilution procedures that require
up to 11 steps. Much lower standard deviations were
observed when stock solutions were used for each concentra-
tion. The errors resulting from dilutions can be compensated
for by using a statistical method. The LODs for atrazine,
estrone, and isoproturon were 0.002, 0.019, and 0.016
µg/L, which is ∼1 order of magnitude lower than if the
statistical method was not applied.

The RIANA array biosensor also was employed for
monitoring testosterone in water samples (LOD 0.2 ng/L),282

progesterone in water (LOD 0.37 ng/L318 and 0.2 ng/L319),
progesterone in milk (LOD 45 ng/L),319 the pesticide propanil
in aqueous samples (LOD 0.6 ng/L),320 and other antibiotics,
hormones, and endocrine-disrupting chemicals with similar
LODs.321

A completely different approach toward array immuno-
sensors was developed by Rissin and Walt.322 The underlying
scheme of this type of microsensor is similar to the one used
in DNA array sensors that were developed by the same
group. In a typical example, antibodies to lactoferrin and
IgA were covalently immobilized on the surface of 3µm
sized poly(methylstyrene) microspheres. These, in turn, were
positioned onto the array of∼50 000 individual optical fibers.
A luminescent europium(III) chelate in two different con-
centrations was applied for encoding purpose, i.e., to establish
the position of the two types of microbeads. Lactoferrin and
IgA were determined in a sandwich assay format, with the
secondary antibodies being labeled with Alexa Fluor 546.
IgA can be determined in concentrations between 700 pM
and 100 nM, while for lactoferrin the range is between 385
pM and 10 nM. While simultaneous determination of only
two analytes was demonstrated, the approach is likely to be
suitable for multianalyte sensing.

In conclusion, it can be stated that immunosensors (a) are
versatile because they enable the determination of highly
different species that range from haptens to viruses and cells;
(b) display excellent sensitivity and have very low limits of
detection; (c) are highly specific; (d) act irreversibly and,

therefore, are not suitable for continuous sensing in most
cases; (e) are less prone to poisoning than enzyme-based
biosensors; (f) are thermally labile and frost-sensitive in
aqueous solutions; and (g) can be multiplexed.

5. Biosensors Based on Ligand −Receptor
Interactions

This type of affinity biosensor makes use of specific
interactions between a biological receptor and an analyte.
Reports on receptor-based biosensors are less numerous than
those on immunosensors for the following reasons. This is
mainly due to the fact that working with receptors is limited
by the facts that (a) their isolation often is tedious ands
unlike the production of antibodiessrequires individual
protocols for each receptor; (b) they need the natural
(cellular) environment to function best; (c) they are not stable
over time; and (d) their molecular diversity requires an
individual labeling protocol for each single species.

5.1. Receptor-Based Biosensors for Saccharides
and Glycoproteins

The first optical receptor-based biosensors were developed
for sensing glucose and made use of its specific interaction
with the glucose-binding protein concanavalin A (ConA).323-325

The approach (see Figure 8 for a closely related scheme) is
similar to competitive immunoassays, with the notable
exception that it acts reversibly. ConA is immobilized on
the inner wall of a mm-sized hollow dialysis chamber via a
1,6-hexanediimine glutaraldehyde spacer. The chamber is
placed at the distal end of an optical fiber. Fluorescein-
labeled dextrane is contained in the solution filling the
chamber. In the absence of glucose, it binds to ConA. Unlike
the large ConA, glucose can freely diffuse through the
membrane and bind to ConA, and this results in the
displacement of dextrane. The released fluorescein-labeled
dextrane is distributed within the chamber and “seen” by
the fiber if located in the cone determined by the numerical
aperture. Because the walls of the chamber are located out
of the aperture of the fiber, no fluorescence is registered in
the absence of glucose. The sensor operates in the 0-50 mM
glucose range and has a response time of∼7 min.

A FRET sensor based on the same principle was designed
later.48 Here, the interaction of fluorescein-labeled dextrane
with rhodamine B-labeled ConA resulted in a decrease in
fluorescence intensity because of the more efficient FRET.
Aggregation of ConA is prevented by chemical modification
of the protein with succinic anhydride followed by labeling
with the rhodamine and results in more stable calibration
plots.326 Concentrations of glucose as high as 0.08 M could
be analyzed.

Russell et al.327 provided another solution for the FRET
system. Concanavalin A was labeled with the FRET acceptor
dye tetramethylrhodamine isothiocyanate (to give TRITC-
ConA) and covalently immobilized in photopolymerized
poly(ethylene glycol) hydrogel spheres with an average
diameter of ∼2 µm. The FRET donor dye fluorescein
isothiocyanate dextrane (FITC dextrane) was physically
entrapped in the hydrogel. It can bind TRITC-Con A in the
absence of glucose, while in its presence, FITC-dextrane is
liberated. An increase in its fluorescence is observed as a
result. The dynamic range of the sensor was from 0 to 44
mM of glucose, and the response time is 10 min for a glucose
concentration step from 0 to 11 mM.

Optical Biosensors Chemical Reviews, 2008, Vol. 108, No. 2 445



Ballerstadt and Schultz328 have further developed the
ConA-based system, thereby providing a most elegant
solution. The system is based on an inner filter effect. Highly
porous Sephadex beads were colored with two red dyes
(safranine andpara-rosaniline), which were selected to block
the excitation and emission spectra of the fluorescent Alexa
488-ConA conjugate (see Figure 10). The latter is bound to
dextrane inside the beads but is liberated when glucose is
present. Once located outside the beads, the conjugate is fully
exposed to the excitation light and fluorescence intensity,
therefore, increases. The sensor has a dynamic range from
0.2 to 30 mM of glucose, and the total signal change was
much higher than that for the FRET-based system.327

Moreover, faster response times were accomplished (4-5
min). In other work,329 the IR-dye Alexa-647 was conjugated
to ConA in order to make the sensor work in the IR, which
is less prone to spectral interferences by the intrinsic
fluorescence of serum samples. The authors also carefully
investigated the long-term stability of the biosensors by
monitoring their performance over a 4 month period. The
sensors displayed an initial increase in fluorescence over the
first 3-4 weeks, which later on gradually decreased with
an approximately linear drop of 25% per month. The decrease
in fluorescence was not due to denaturation of the ConA
but rather due to leakage of the fluorescently labeled ConA
through the interface between the outer sealant and the
membrane. If this problem can be coped with, the sensors
potentially are suitable for continuous usage for up to 1 year.

The main drawback of all sensors based on the use of
ConA is their poor selectivity because they also respond to
many other carbohydrates. For example, binding of fructose
is ∼3 times stronger than that of glucose. This is in distinct
contrast to the high specificity of enzymatic glucose sensors.
On the other side, they have lower limits of detection.

Other schemes for affinity sensing of glucose make use
of theE. coli glucose-binding protein (GBP) that can be gene
engineered. In contrast to ConA, GBP binds glucose with
very high selectivity. In fact, the affinity to other saccharides
is 100-1000-fold weaker than that for glucose or galactose.
These proteins are rather stable and can be stored several
months without degradation of activity.330 Since GBP

undergoes significant conformational changes upon binding
of glucose, a polarity-sensitive fluorescent indicator intro-
duced at specific positions can act as an optical transducer.
The proof of principle for the case of glucose was demon-
strated by Marvin and Hellinga,331 who used GBP labeled
with acrylodan. A homogeneous assay for glucose was
developed that operates in the micromolar concentration
range (0-2 µM). However, it was much earlier shown that
a similar scheme could be applicable to sensing of maltose
using a fluorescently labeled maltose-binding protein.332 A
60-180% increase of fluorescence intensity was observed
in the presence of maltose. Concentrations of maltose from
0 to 200µM could be determined.

Ge et al.330 showed that the sensitivity of such assays
strongly depends on the brightness (Bs) of the label used
(Bs ) ε‚QY). In fact, GBP labeled with the thiol label 2-(4′-
iodoacetamidoanilino)naphthalene-6-sulfonate resulted in a
working range from 0.3 to 10µM of glucose. For compari-
son, the assay based on the glutamine binding protein
(GlnBP) labeled with a much brighter acrylodan was
performed in the analytical range from 0.03 to 3.2µM. The
response of the proteins is very fast in solution (<1 min)
but, however, much slower in dialysis cassettes (5-12 min).
The recovery in the dialysis cassettes (which have a volume
of 1 mL) was unacceptably slow in taking several hours,
but this can be possibly accelerated by using smaller
volumes. A ratiometric assay also was reported333where GBP
was labeled with both an environmentally sensitive fluoro-
phore acrylodan and a reference luminophore, a ruthenium-
(II) polypyridyl complex. Sensing of glutamine using GlnBP
was also demonstrated by Dattelbaum and Lakowicz.63 The
E. coli GlnBP was covalently modified with acrylodan and
other environmentally sensitive probes and used in a
homogeneous assay format to detect glutamine from 0.05
to 6.4 mM. Time-resolved and polarization-based sensing
of glutamine also was demonstrated. No interference by
glutamate was demonstrated, which is a common drawback
of the enzymatic glutamine biosensors based on the enzyme
glutaminase.

Ye and Schultz53 engineered a novel glucose indicator
protein (GIP) that makes use of FRET from the donor (green
fluorescent protein, GFP) to the acceptor (yellow fluorescent
protein, YFP). In the absence of glucose, the two fluorescent
proteins are in close proximity so that FRET occurs. When
excited at 395 nm (corresponding to the absorbance maxi-
mum of GFP), the emission from the YFP (peaking at 527
nm) is observed. The spatial separation between the two
moieties increases when GIP binds glucose, and FRET is
reduced. In the biosensor, a solution of GIP was brought
into a hollow cellulose dialysis fiber (L 190µm), which was
placed into a microcuvette, and fluorescence intensity was
monitored at two wavelengths and the ratio was determined.
The sensor responded reversibly to glucose with response
and recovery times of∼100 s, although some drift in the
baseline occurred. Glucose could be determined in concen-
trations between 0 and 10µM.

Chinnayelka and McShane54 have used an inactive form
of glucose oxidase as a selective glucose-binding protein.
The apoenzyme labeled with tetramethylrhodamine isothio-
cyanate was placed inside nanoengineered polymeric mi-
crocapsules together with fluorescein-labeled dextrane. The
FRET that was observed in the absence of glucose was
reduced when glucose diffused into the microcapsules and
replaced labeled dextrane in a competitive way. The ratio
of fluorescence intensities of the two labels was used as the

Figure 10. Schematic of an affinity glucose sensor (redrawn with
permission from Ballerstadt, R.; Schultz, J. S.Anal. Chem.2000,
72, 4185; Copyright 2000 American Chemical Society). (Left) The
Alexa-488-ConA conjugate is bound to dextrane and, therefore,
confined in the porous microbeads, which do not allow the
excitation light to penetrate. (Right) As glucose diffuses through
the dialysis membrane, it liberates Alexa-488-ConA conjugate so
that fluorescence is enhanced a result of better exposure to the
exciting light beam and because fluorescence emission is no longer
screened off.
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analytical information. The sensor reversibly responded to
glucose concentrations in the range from 0 to 40 mM, was
fast (1-2 min), and was rather selective (a 5-10-fold higher
sensitivity for glucose compared to other saccharides). The
sensitivity of the system can be easily tuned by varying the
concentration of the GOx-dextrane complex.

Ogasawa et al.334 designed an affinity sensor for the
riboflavin-binding protein (RBP). It exploits the intrinsic
green fluorescence of riboflavin. Hydrophobic 3-octylribo-
flavin is adsorbed on an optical fiber whose surface was made
lipophilic by modification with octadecyl groups. On expo-
sure to a solution of RBP, it binds to the surface-immobilized
octylriboflavine. The sensor can be renewed with good
reproducibility by removing the RBP-riboflavine complex
and loading the surface again with octylriboflavine. In fact,
15 individual sensors for RBP were prepared on a single
optical fiber, which varied in performance by<5%. When
RBP binds to the immobilized riboflavin, quenching of
fluorescence is observed. As little as 0.73µM of the RBP
can be detected in 5 min.

Medintz et al.55 prepared two kinds of biosensors for
maltose, which make use of quantum dots (QDs) and a
maltose-binding protein (MBP) fromE. coli. The first type
of the sugar-sensing nanoassemblies consisted of 560-nm
donor QDs conjugated to 10 molecules of MBP (in average).
The displaceable dextrane was labeled with a fluorescent
acceptor dye. No FRET was observed when maltose replaced
dextrane in the sugar-binding site. The second maltose
biosensor consists of 530-nm donor QDs loaded with 10
cyanine-labeled MBP molecules. The protein-bound label
served as a bridging acceptor/donor for ultimate energy trans-
fer to maltose-displaceable labeled dextrane. Both sensors
respond to maltose concentrations from 10 nM to 1 mM.

Another nanobiosensor for maltose56 was reported that is
based on the use of thiolhexanoate-capped CdSe nanopar-
ticles (L 3.0-3.5 nm) conjugated to the MBP, which was
labeled with a luminescent ruthenium(II) complex. Little
fluorescence is detectable in the absence of maltose because
of the electron transfer from the ruthenium complex to the
nanobead. Fluorescence is enhanced as a result of confor-
mational changes that occur upon binding of maltose.
Glucose and lactose were shown not to interfere, while
maltose could be sensed from 10 nM to 10µM.

An unusual approach toward receptor-based sensing of
glucose in blood was proposed by Sanz et al.335 It is based
on the fact that oxidation of hemoglobin (Hb, contained in
the sample) by H2O2 (generated after addition of glucose
oxidase GOx according to eq 1) results in distinct changes
in the absorption spectrum of Hb. To make the assay
operative, blood samples prepared without pretreatment and
reactions of H2O2 with other blood components such as
catalase need to be blocked (which is achieved by addition
of azide). The activity of GOx should be high enough for
the “chemistry” to work, given the fact that the activity of
GOx is inhibited by azide by∼30%, and low enough to avoid
its interaction with hemoglobin. The linear response range
of the system was from 0.1 to 30 mM of glucose.

5.2. Receptor-Based Biosensors for Inorganic
Ions

Biosensors for cations exploit the need of enzymes for
certain ions in order to function. This results in two kinds
of sensing schemes. The first is the effect of the catalytic
ion on theactiVity of the enzyme (which is treated in section

3). The second is the effect of the catalytic ion on the
conformationof the enzyme (regardless of its activity).
Respective sensors are treated in this section. In such sensors,
an enzyme serves as a kind of chelator for certain metal ions,
but with much higher selectivity than classical chelators such
as EDTA. The ions usually are required as enzyme cofactors.
For example, Thompson and Jones336 reported a highly
sensitive zinc(II) biosensor, which makes use of the enzyme
carbonic anhydrase (CA). The Zn2+ ion is its natural cofactor
and is bound by CA with excellent selectivity. The apoen-
zyme prepared by dialysis was contained in a chamber
together with the fluorescent probe dansylamide. The ion-
permeable chamber was attached to an optical fiber. The
probe does not bind to the apoenzyme and, thus, remains
weakly fluorescent in water. However, when (practically
irreversibly) bound to CA in the presence of Zn2+, the
fluorescence intensity increases significantly. The analytical
range of the sensor was from 40 to 1000 nM. The main
drawback of the system is its moderate brightness and the
limited applicability to real samples because UV excitation
is required at∼330 nm where background fluorescence of
most samples is very strong.

A more flexible system for detection of Zn2+ is based on
fluorescence quenching.52 In the presence of the metal cation,
the active site of CA labeled with the fluorescent donor
fluorescein permits binding of the colored quencher azosul-
famide. The fluorescence decay time (measured by phase
fluorometry) was shown to decrease with increasing con-
centrations of zinc cation, which could be determined in the
concentration range from 1 to 100µM.

A cobalt biosensor was reported51 that is based on the
finding that the d-d absorption of Co2+ coordinated to CA
labeled with a cyanine dye promoted radiationless FRET
since the absorption of the Co2+ ion overlaps the emission
of the label. The labeled apoenzyme was entrapped in a
polyacrylamide gel positioned at the distal end of an optical
fiber. The sensor was capable of sensing Co2+ in the
concentration range from 0 to 20µM with response times
of a few minutes.

The fact that certain variants of CA exhibit different
selectivity to metal ions was used by Zeng et al.57 to design
a sensor for Cu2+. Two variants of human CA II were labeled
(with Oregon Green and Alexa Fluor 660, respectively) and
immobilized at the distal end of an optical fiber. An∼85%
drop in fluorescence intensity and decay time (as measured
by phase fluorometry) was observed upon binding of Cu2+.
The analytical range of the system was from 0.1 to 100 pM.
Ions such as Co2+ and Ni2+, and even Zn2+, were shown to
interfere only if present in much higher concentration,
because the affinity of the CAs to these ions is much lower
than that for Cu2+. It was demonstrated that the sensor was
suitable for real-time analysis of Cu2+ in seawater.

The phosphate-binding protein isolated fromEscherichia
coli and labeled with the fluorophore acrylodan is potentially
suitable for biosensing purposes337 by showing a 50%
increase of fluorescence intensity in the presence of micro-
molar concentrations of phosphate. In another detection
scheme for phosphate,338 two cysteine mutations were
introduced into the phosphate-binding protein, allowing it
to be labeled with two rhodamine fluorophores. When close
to each other (in the absence of phosphate), the rhodamine
molecules form a noncovalent and nonfluorescent dimer. A
linear correlation between fluorescence intensity and the
concentration of phosphate was observed in the range from
0 to 6 µM of the analyte. At saturation (concentrations of
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phosphate of 6µM or higher), an 18-fold increase (at
average) in fluorescence intensity was observed for the
mutants investigated.

A homogeneous assay for sulfate was reported that is based
on fluorescently labeled sulfate binding protein.339 The
fluorescence of the labels was quenched upon binding sulfate.
The LODs varied from 30 to 200 nM depending on the label
used.

Sumner et al.340 have discovered that the wild form of red
fluorescent protein (RFP) can reversibly bind Cu+ and Cu2+

ions with high selectivity and sensitivity. In fact, the quench-
ing of fluorescence of the RFP by the heavy metal ions
occurred even at 10 nM concentrations of the analytes. The
RFP was found to be∼107-fold more selective for copper
over Mg2+ and Ca2+, with its fluorescence being virtually
unaffected even by high concentrations of those. Fluores-
cence was recovered on addition of EDTA, albeit not to the
initial level. A nanobiosensor for Cu2+ also was designed
on the basis of RFP.341 The protein was immobilized in 80-
nm polyacrylamide nanobeads together with an inert ref-
erence dye. The ratio of the intensities under 488-nm excita-
tion served as the analytical parameter. The signal change
caused by Cu2+ returned to 95% of its original value within
3 min when EDTA was added, thus showing an almost com-
plete reversibility of the sensor. As in the case of the homo-
geneous assay in solution, no interference by other metal ions
was observed. The sensitivity to Cu2+ was independent of
pH in the range from 6 to 8.5. However, the nanobiosensor
was found to be much less responsive to Cu2+ at low pH.
The analytical range for Cu2+ is from 0.2 to 50µM, but
sensitivity can be fine-tuned by varying the concentration
of the nanobeads, thus generating a larger signal change per
nanoparticle at the same concentration of the analyte.

5.3. Receptor-Based Biosensors for Gaseous
Species

A number of optical affinity biosensors make use of heme
proteins, natural compounds that can weakly bind gases such
as oxygen and carbon dioxide, and much more strongly bind
carbon monoxide and nitrogen monoxide. Blyth et al.342

showed that the heme proteins cytochromec, myoglobin,
and hemoglobin (Hb) enable semiquantitative detection of
CO and NO in aqueous medium. The heme proteins immobi-
lized into a sol-gel matrix exhibited a distinct change of
their absorption spectra upon coordination of NO and CO.
Although the effect was reversible, desorption of gases took
up to 2 h. However, fast regeneration was accomplished by
using other reagents. For example, cytochromec could be
regenerated from its complex with NO by reduction with
sodium dithionite, washing with buffer, and addition of potas-
sium ferricyanide. Cytochromec embedded in a sol-gel was
demonstrated to sense NO in a gas phase, with a response
time of 200 s and full recovery within 300 s.343 The sensor
operated in the dynamic range from 1 to 25 ppm of NO.

Reversible and fast micro- and nanosensors for NO were
developed by Barker et al.344 Cytochromec′ was immobilized
on gold nanobeads (L 50 nm). Two ways of optical
interrogation were reported. The first is to measure the
intrinsic fluorescence of cytochrome c′, which changes in
the presence of NO. The second is to measure the increase
in the efficiency of FRET from the label (Oregon Green) to
cytochrome (which is enhanced when the latter binds NO
because of better spectral overlap between the emission
spectrum of Oregon Green and the excitation spectrum of
cytochrome). The response to NO is linear in the concentra-

tion range from 20µM to 1 mM. The sensors operate in a
fully reversible way and have response and recovery times
of <1 s. Although the LOD of the sensor was relatively high
(20 µM), the limits of quantification are very low because
only small volumes are required. Cytochromec′ also was
entrapped in polyacrylamide; however, binding of NO was
found to be irreversible.

The performance of such microsensors was further im-
proved by using a reference fluorescent indicator and em-
ploying ratiometric measurements.345 The microsensor in-
corporated labeled with Oregon Green cytochromec′ along
with polystyrene nanobeads (L 40 nm) labeled with a
fluorescent reference dye whose red emission (λmax ) 685
nm) allowed for ratiometric (two-wavelength) measurements.
Compared to the previous work,344 the LOD of the sensor
was improved to as low as 8µM. Immobilization of the
reference spheres was, however, not reproducible, and the
ratio of fluorescence intensities and calibration plots, there-
fore, varied from sensor to sensor. The ratiometric sensors
were employed to measure extracellular NO released by
macrophages.

Blyth et al.346 observed that cytochromec′, when im-
mobilized into a sol-gel, undergoes irreversible conforma-
tional changes (in 2-4 days), which lowers binding affinity
of the metalloprotein. However, after these changes have
occurred, the protein remains selective for NO and the
calibration plots are well-reproducible.

Analogous biosensors were prepared with the heme
domain of soluble guanylate cyclase, the only protein
receptor known for signal transduction involving in vivo
produced NO and having many similarities to cytochrome
c′, including a very low affinity for oxygen and a high affinity
for nitric oxide.347 The LOD of the sensor was 1µM.

Reversible binding of oxygen to hemoglobin (Hb) was
exploited by Zhujun and Seitz348 to design an oxygen
biosensor. They showed that Hb immobilized on a Sephadex
ion-exchange resin can sense oxygen in the dynamic range
from 0 to 160 Torr. The shelf life of this reflectance-based
biosensor is very short due to fast irreversible degradation
of the immobilized Hb (within 2 days at room temperature
or within 7 days at 4°C). The sensor is, thus, hardly an
alternative to conventional optical oxygen sensors, which are
based on stable quenchable luminescent indicators.

5.4. Receptor-Based Biosensors for Toxins
An evanescent-wave biosensor forR-bungarotoxin was

designed by immobilizing the nicotinic acetylcholine receptor
on an optical fiber.349 Fluorescein-labeledR-bungarotoxin
was used in the competitive assay format. As little as 1 nM
of the toxin could be detected within 5 min. Although the
nonspecific binding was totally eliminated by addition of
bovine serum albumin, the sensor was inhibited by agonists
such as acetylcholine, nicotine, and carbamylcholine and by
antagonists such as pancuronium andD-tubocurarine. No
regeneration of the biosensor was possible.

Song and Swanson50 developed biosensors for cholera
toxin (CT). The bioreceptor ganglioside GM1 was incorpo-
rated into a biomimetic membrane surface (composed, e.g.,
of 9-octadecenoyl phosphatidylcholine), which, in turn, was
spread onto glass microbeads. The labeled receptor molecules
are homogeneously distributed in the lipid bilayer but
aggregate in the presence of CT, which has five binding sites
for GM1. As a result, fluorescence self-quenching is
observed. Alternatively, the receptor molecules are labeled
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with a fluorescent donor, and a fluorescent acceptor dye,
FRET, is observed in the presence of CT. Generally, the
sensors respond to the concentration of toxin from 0 to 10
nM. Sensitivity and dynamic range can be tuned by varying
the total concentration of the labeled GM1 in the membrane.
Limits of detection as low as 0.05 nM and small dynamic
range are associated with samples having low concentration
of the receptor, while lower sensitivity and large dynamic
range are found for samples with high concentration of the
receptor. Boradipyrroles also were found to be viable labels
in both types of the biosensor. No interference by albumin
was observed in this case, whereas a significant nonspecific
drop in fluorescence was observed for GM1 labeled with
fluorescein.

Many bacterial toxins, viruses, and bacteria target carbo-
hydrate moieties on the surface of a cell so as to attach and
gain entry into the cell. Ngundi et al.350 designed a monosac-
charide-based array biosensor for detection of protein toxins.
Arrays of N-acetyl galactosamine (GalNAc) andN-acetyl-
neuraminic acid (Neu5Ac) derivatives were immobilized on
the surface of a planar waveguide (similar to ref 307) and
were used as receptors for protein toxins. These arrays were
probed with fluorescently labeled bacterial cells and protein
toxins. WhileSalmonella typhimurium, Listeria monocyto-
genes, Escherichia coli, and staphylococcal enterotoxin B
did not bind to either of the monosaccharides, both cholera
toxin and tetanus toxin bound to GalNAc and Neu5Ac and
could be detected at concentrations down to 100 ng/mL.

In conclusion, it can be stated that biosensors based on
ligand-receptor interactions are (a) often highly specific;
(b) sensitive in giving rather low limits of detection; (c)
characterized by virtually irreversible response; (d) sensitive
to environmental effects; (e) prone to poisoning; and (f)
tedious to fabricate, in particular in terms of genetic
modification and isolation of proteinic receptors.

6. Nucleic Acid Biosensors
Such sensors (also referred to as DNA biosensors)

represent an attractive alternative approach to immunological
sensing of species such as bacteria. They take advantage of
the exceptional long-term stability of nucleic acids and the
high selectivity of the interaction of complementary chains
of polynucleotides. Nucleotides and their polymers also can
be synthesized easily. Typical examples of DNA biosensors
are described in the following (see Figure 11).

6.1. Single DNA Sensors on Solid Supports and on
Fiber-Optics

The feasibility of optical nucleic acid biosensing was
demonstrated by Graham et al.351 16- and 20-base oligo-
nucleotides, but also long (204-base) oligonucleotide chains,
were attached to the surface of an optical fiber as shown
schematically in Figure 11a. Fluorescein-labeled comple-
mentary chains were shown to interact with complementary
chains within∼1 min as determined by TIRF spectroscopy
(see section 4.3.2). Regeneration of the biosensor was
accomplished by raising the temperature from 65 to 80°C,
resulting in complete dissociation of the bound duplex within
10-15 min. The analytical range of the sensor was from 0
to 200 nM of nucleotides.

Piunno et al.352,353 immobilized a DNA sequence on an
optical fiber by first activating the surface with a long-chain
aliphatic spacer arm terminated with a nucleoside to which
a longer chain was attached through automated step-by-step
DNA synthesis. Detection of hybridized DNA at the fiber
surface was achieved by treating it with a solution of the
intercalator ethidium bromide. The sensor was regenerated
by exposing it to a 85°C hybridization buffer for 5 min.
Total analysis time was<1 h, and the LOD was 86 ng/mL.
The sensor showed reproducible results within 3 months of
storage.

Watts et al.354 immobilized biotinylated oligonucleotide
sequences on a solid surface via streptavidin and used a
resonant mirror technique (see section 4.3.2) for direct and
rapid detection of hybridization. The lowest detectable
concentration of the target 40-base nucleotide was 9.2 nM.
Hybridization at the sensor surface was followed for 15 min,
although a positive response was obvious within 30-60 s.

Abel et al.355 compared the performances of DNA bio-
sensors operating in the direct and competitive assay formats,
respectively. A biotinylated capture probe was immobilized
on a glass surface via avidin or streptavidin. A complemen-
tary fluorescein-labeled 16-base oligonucleotide could then
be determined with an LOD of 0.2 pM. A competitive assay
(using labeled and unlabeled nucleotides) resulted in a much
higher LOD (1.1 nM). The use of poly(acrylic acid) sodium
salt and Tween 20 reduced the nonspecific binding to 1-2%
of the amount of specific binding. The signal loss during
long-time measurements, i.e., after consecutive hybridization
assays, can be described by a single-exponential function
and, thus, compensated for. After 200 cycles, the net signal
had decreased by 50%, corresponding to a signal variation
of only 2.4% after correction for this signal loss. By using
a 50% (w/w) aqueous urea solution for regeneration of the
biosensor, the duration of an assay cycle was reduced to 3
min.

Pilevar et al.356 used a near-IR cyanine dye (λexc ) 787
nm,λem ) 807 nm) as a label for an oligonucleotide sequence
in order to make measurements outside the background
fluorescence from natural compounds, which is substantial
when using fluorescein labels. The feasibility of detecting
bacterial cells using rRNA as the target was demonstrated
in a solid-phase sandwich-type of assay whereHelicobacter
pylori rRNA was used along with IR dye-labeled detector
oligonucleotide probe. The result indicates that this biosensor
is capable of detectingH. pylori RNA at picomolar concen-
trations.

A biosensor for detection of L-adenosine was developed
by Kleinjung et al.357 An L-adenosine specific RNA was
attached to an optical fiber via an avidin-biotin link.

Figure 11. Two fundamental forms of nucleic acid-based sen-
sors: (a) conventional DNA sensor using a fluorescently labeled
counter strand or a fluorogenic intercalator; (b) molecular beacon
DNA sensor.
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Fluorescein-labeled L-adenosine was used in a competitive
assay format. The sensor responds to concentrations from 1
nM to 100µM.

Bagby et al.358 found that an intercalating thiazole orange
derivative (TOMEHE) gives a 10-fold larger signal change
over the commonly used ethidium bromide, thus providing
higher sensitivity for hybridization events. TOMEHE, how-
ever, also showed a significant response to single-strained
DNA and concentration-dependent phenomena at high load-
ing with the dye. This limits the dynamic range over which
TOMEHE can be used.

A capillary sensor (see section 4.3.2.) for DNA also was
reported.359 A capture DNA was attached to the inner walls
of a capillary via biotin-streptavidin chemistry. The com-
plimentary DNA sequence labeled with Alexa Fluor 532 can
be sensed with a detection limit of 30 pg/mL.

6.2. DNA Arrays
Ferguson et al.360 created a fiber array biosensor capable

of simultaneous measurements of 7 DNA sequences. The
optical fibers (each 200µm in L) carrying the immobilized
oligonucleotide probes were bundled to form a multiplex
DNA sensor. The fluorescence intensity of all the fibers was
imaged with a CCD camera. Up to 7 DNA sequences could
be detected within 10 min with an LOD of 10 nM. As in the
case of individual sensors, the array can be stored for
prolonged periods (months) without loss of activity.

Walt and co-workers demonstrated later361 that the actual
detection limits of the array microsensor can be much smaller
if microspheres are being used. Small sample volumes (10
µL for a 500µm array) and higher local concentrations of
the DNA enable further amplification. Fewer sensor numbers
in the array also increase the signal because more target
molecules hybridize per microsphere. By examining multiple
identical sensors simultaneously, the signal-to-noise ratio can
be improved by allowing incoherent noise to be signal
averaged. The authors demonstrated that as few as 600 target
DNA molecules (10-21 mol) can be detected. Although DNA
at higher concentration can be assayed within 10-30 min,
17 h were necessary to complete hybridization and to achieve
the lowest detection limits.

The same group developed a method for encoding a set
of randomly ordered functionalized microbeads (each bearing
alkaline phospatase, avidin, or biotin) using luminescent
dyes.362 This method formed the basis for a smart array
system suitable for simultaneous detection of numerous DNA
sequences.363 Polymer microbeads (L 3.1 µm) were dyed
with various fluorophores such as Cy-5 and europium(III)
complexes and functionalized with different oligonucleotide
probes. Because microbeads with different concentrations of
a single fluorophore are optically distinguishable, a total of
100 different beads could be prepared. A mixture of the beads
was distributed over a distal end of a fiber bundle (L 500
µm, 6 000 individual fibers) so that each microbead occupied
a single well (Figure 12). The position of the recognition
elements was decoded by imaging with a CCD chip because
each type of the beads has a characteristic emission
wavelength and luminescence intensity. The signal was
monitored after hybridization to fluorescein-labeled comple-
mentary oligonucleotides. Only 10 min are needed to
determine 100 pM of oligonucleotides, but up to 17 h are
needed for the lowest concentration (10 fM).

In continuation of this methodology, Walt and co-workers
have designed array biosensors for simultaneous determi-

nation of Bacillus anthracis, Yersinia pestis, Francisella
tularensis, Brucella melitensis, Clostridium botulinum, Vac-
cinia virus, and a biological warfare agent simulant named
Bacillus thuringiensis kurstaki.364 The replacement of the 20-
mer probes by 50-mer probes allowed for a high specificity
of the array. The authors report LODs of “10 fM” (10
femtomolar concentrations) forB. anthracis, Y. pestis,
Vacciniavirus, andB. thuringiensis kurstaki, and of 100 fM
for B. mellitensisand C. botulinum. This is difficult to
interpret since a bacillus does not have a molecular weight.
It was also found that overlapping target sequences are
partially complementary to the probe sequences. This can
result in a nonspecific response, unfortunately. The use of
multiple probes (at least two for each analyte) minimizes
the potential possibility of false identification. The assay time
was 30 min.

The above DNA optical fiber array subsequently was
coupled to a microfluidic system365 operated at a flow rate
of 1 µL/min. This resulted in faster hybridization (15 min,
compared to 30 min required for static measurements) and
in ∼100-fold lower LODs (10 aM, compared to 1 pM as
achieved in static measurements), which makes this approach
highly advantageous. The systems described in refs 360-
367 are quite successful in commercial terms.

The target rRNA of an algal bloom species can be
determined with a microarray biosensor operating in a kind
of “sandwich” assay format.366 The RNA to be analyzed
interacts with a long capture probe, and the labeled tracer
oligonucleotides then interacts with the residual free end.
Fluorescently labeled oligonucleotides (acting as tracers that
can capture nucleotide sequences) were coupled to the
surface of microbeads positioned in the wells at the tips of
optical fibers in an array. As few as 5 cells could be detected
within 45 min, and the LOD of the rRNA is 4× 104

molecules. In similar work,367 the microarray biosensor was
used for detection of differentSalmonellastrains with LODs
of 103-104 cfu/mL in pure samples and of 104-105 cfu/mL
in the presence of interfering organisms. All investigated
Salmonellastrains were detectable, albeit with different
sensitivities. Other common food pathogens were shown not
to interfere at concentrations of 108 cfu/mL. The assay time
was 1 h.

Another approach of addressing and specifically depositing
DNA was demonstrated by Swanson et al.,368 who designed
a semiconductor biochip containing a microelectrode array.
In order to immobilize a specific capture DNA probe at a

Figure 12. Overview of a fiber-optic array system. The function-
alized beads occupy the micrometer-sized wells (1 bead/well)
located on the tip of the optical fiber. The position of the beads is
decoded by imaging its color. When immersed into a sample
solution containing labeled DNA, a signal is observed only on the
beads bearing the DNA probe complementary to the target in
solution. Reproduced with permission from Ferguson, J. A.;
Steemers, F. J.; Walt, D. R.Anal. Chem.2000, 72, 5618. Copyright
2000 American Chemical Society.

450 Chemical Reviews, 2008, Vol. 108, No. 2 Borisov and Wolfbeis



certain location, an electric field was applied that causes the
attraction of DNA fragments and their deposition at prede-
termined electrodes. The target DNA may be guided to the
specific locations as well. The assay is performed in a
sandwich format by exposing the array to the tracer DNA
bearing a fluorescent label. If coupled to an integrated fluidic
system, the following steps of the DNA analysis ofE. coli
can be automatically performed:369 (a) di-electrophoretic
collection of bacteria; (b) DNA amplification and electronic
DNA hybridization; and (c) fluorescence readout with the
help of a CCD camera. The whole assay can be performed
in 2.5 h.

Rissin and Walt have demonstrated recently370 that the
sensitivity of array biosensors can be significantly improved
by employing an enzymatic amplification step similar to that
known from ELISAs. To prove its feasibility, a biotinylated
femtoliter array was incubated with a solution of streptavi-
din-â-galactosidase (SâG) conjugate, and then with a
solution of the enzyme substrate, which generated fluorescent
resorufin upon hydrolysis. Since the volume of the wells is
very small, the limit of quantification for SâG was found to
be 2.6 amol. No signal was measured in control experiments,
in which the enzyme was bearing no streptavidin, or,
alternatively, the surface of the fiber was not biotinylated.

6.3. Molecular Beacons in DNA Sensors
Described first by Tyagi and Kramer,45 molecular beacons

(MBs) have become an important tool for studies in genetics,
disease mechanisms, and molecular interactions. MBs re-
present single-stranded types of oligonucleotide probes that
possess a stem-and-loop structure (see Figure 11b). The stem
is formed by the two ends of an MB containing complimen-
tary nucleotides. A fluorophore attached to one end of the
stem and a quencher attached to the other are in close
proximity, and little or no fluorescence is observed. The loop
portion of the molecule is responsible for reporting the
specific complimentary oligonucleotide. Hybridization of a
matching oligonucleotide to the loop portion results in
conformational reorganization that brings the stem apart so
that fluorescence is enhanced. This smart technique has the
advantage that no labeling of other species is required
(compared to, e.g., the competitive assay format).

Following the work of Tyagi and Kramer,45 who used MBs
in homogeneous solution, Fang et al.46 immobilized an MB
onto the surface of a silica plate via avidin linkage to design
a solid-state biosensor. A biotinylated MB was prepared that
had a total of 28 bases, including 18 bases complementary
to the sequence of interest and 5 base pairs for the stem.
Tetramethyl rhodamine was selected as a fluorophore, and
a modified azobenzene Dabcyl was selected as a quencher.
A significant increase in fluorescence was observed upon
addition of the complementary DNA both for the MB
contained in homogeneous solution and in the immobilized
form. In the control experiment, no effect was observed on
addition of the noncomplementary DNA. The results indi-
cated that the immobilized MB could be used to detect target
DNA molecules in the subnanomolar range.

Liu and Tan47 have investigated DNA sensing in more
detail using a similar MB (also labeled with TMR and
Dabcyl). The biotinylated MB was immobilized onto the
surface of an optical fiber via a streptavidin bridge. A spacer
group between the MB and the fiber substantially reduces
steric hindrance and increases its mobility. A strong increase
in fluorescence intensity was observed only upon hybridiza-

tion with a complementary DNA, while the increase was
much lower for the oligonucleotide strand having a single
mismatch. The MB could be regenerated by immersing it
into 90% formamide plus 10% tris/EDTA buffer mixture for
1 min. While a single regeneration cycle completely recov-
ered the sensing properties of the MB, a few repeated
regeneration cycles resulted in a significant drift. A 50%
aqueous urea solution can be used for regeneration of DNA
sensors as well.371 The authors also showed that higher ionic
strength (IS) favored hybridization by decreasing electrostatic
repulsion between the loop chain of an MB and the target
DNA. Moreover, the initial reaction rate in the presence of
divalent cations was∼20 times higher than in the presence
of monovalent ones at the same IS. The best results were
obtained by using a high IS created by the divalent cation
Mg(II). Under these conditions, 1-100 nM of DNA could
be sensed in 10 min.

Ueberfeld and Walt40 have designed an MB capable of
virtually reversible binding of the target nucleotide. This can
be achieved if the free energy of the duplex formation is of
the same magnitude as the free energy of the stem formation.
To do so, 6 oligonucleotides in the fully complementary 20-
mer loop were replaced by adenine moieties. The reversibility
was indeed achieved, but only when working at a carefully
adjusted temperature (38.8°C), while working at 34°C
resulted in irreversible binding, and working at 43.8°C
resulted in the melting of the loop-target hybrid. In order to
measure the efficiency of FRET, the stem of the MB was
labeled with a fluorescent donor, while the acceptor dye was
positioned between the stem and the loop sequence where it
neither hinders stem formation nor inhibits target-loop
hybridization. A two-wavelength ratiometric approach was
made use of. This has the advantage that the ratio of the
fluorescence intensities of the donor and the acceptor,
respectively, is independent of the concentration of the labels.

Du et al.372,373attached a fluorescently labeled oligonucleo-
tide to a thin gold surface to create an MB that requires no
quencher on the second stem. In the absence of a comple-
mentary DNA, the label is in close proximity to the gold
surface and its fluorescence is quenched. The intensity
increased about 100-fold upon hybridization with a comple-
mentary DNA, which was detectable at concentrations from
0.2 to 3µM. An 8-fold lower sensitivity was observed for a
singly mismatched target. The sensor was, however, not
suitable for multiple measurements in showing an∼40%
degradation of fluorescence intensity after each regeneration
cycle.

6.4. Liposome-Based DNA Assays
Some biosensors for nucleic acids make use of liposomes

containing thousands of dye molecules and thus generating
strong signal for even low nucleic acid concentrations so
that quantitative reflectance (or even qualitative visual)
measurements are possible. A typical biosensor of this type
includes a capture oligonucleotide attached to the surface of
a liposome. Biotin-streptavidin binding is employed to
attach a reporter oligonucleotide to a liposome loaded with
sulforhodamine B. In the presence of the target sequence, a
sandwich is formed and the detection zone becomes colored.
RNA from B. anthracisspores in concentrations from 0.1
pg/L to 1 ng/L could be detected in 90 min.374 As little as
oneB. anthracisspore is detected in 12 h.

Bäumner et al.375 used a similar system for detection of
RNA sequences fromB. anthracis, C. parVum, andE. coli,
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but with the difference that the fluorescein-labeled capture
oligonucleotides were immobilized on a polyethersulfone
membrane via anti-fluorescein antibodies. Quantification of
the RNA was possible between 10 nM and 1µM by
simultaneously incubating the RNA with streptavidin-labeled
liposomes, biotinylated capture oligonucleotide, and the
membrane containing a target sequence. The assay time was
20-30 min. An analogous RNA biosensor was used for
detection of Dengue virus in blood samples.376

6.5. Aptamer-Based DNA Sensing
Aptamers are nucleic acid species that have been evolu-

tionary engineered through in vitro selection to bind various
molecular targets such as haptens, proteins, nucleic acids,
and even cells, tissues, and organisms. Lee and Walt377 have
designed an aptamer biosensor for thrombin. The aptamer
was immobilized onto nanoporous silica beads that were
placed on the distal end of a fiber array. Fluorescein-labeled
thrombin was used in a competitive assay format. Although
fluorescence signals from the individual aptamer beads
showed significant variability, the average signals of 100
beads provided much more precise values. The fiber-optic
microarray system had a detection limit of 1 nM for
nonlabeled thrombin, and each test could be performed in
∼15 min including the regeneration time.

Rupcich et al.378 reported on the immobilization of an
aptamer-based system in a sol-gel matrix. Fluorescein was
covalently attached to the aptamer, and the quencher (dabcyl)
was attached to the complementary oligonucleotide and, thus,
was in close proximity of the fluorescein upon hybridization.
Binding of the target molecule (ATP) to the aptamer results
in a conformational change in the aptamer and formation of
a stem-and-loop structure. The quencher-labeled oligonucleo-
tide (QDNA) strand is displaced, and a large increase in
fluorescence is observed. A tripartite aptamer complex also
was prepared, where the fluorophore was attached to an
oligonucleotide sequence complimentary to the stem part of
the aptamer. The aptamer was attached to streptavidin to
provide a lager molecular mass so to reduce leaching from
the sol-gel matrix. Aminopropyltriethoxysilane was added
to the sol-gel to promote electrostatic retention of the DNA
because it introduces amino groups into the sol-gel, which
are positively charged at pH’s below 8. The leaching rate
was ∼12%/h. The authors also showed that a QDNA
composed of 11 nucleotides is the best compromise between
sensitivity and response time. The analytical range of the
sensor was from 0.01 to 3 mM ATP. The sensor retained
full signaling capability for 1 month but showed no response
after a 3 month storage in buffer solution, presumably
because of irreversible aging of the sol-gel matrix.

To summarize this chapter, one can state that DNA sensors
(a) have exceptional stability; (b) possess very low limits of
detection; (c) are highly specific; (d) can be easily produced
using automated procedures; (e) are self-contained in case
of using molecular beacon; (f) are relatively tolerant to heat
and frost; (g) are rather sensitive to effects of ionic strength;
and (h) have very wide applicability and large potential in
the case of aptamer DNA or DNAzyme sensors, thus
allowing sensing even of haptens and proteins.

7. Whole-Cell Biosensors
This type of biosensor makes use of living cells such as

individual microorganisms or tissue, rather than relying on

using specific biomolecules such as enzymes, proteins, or
DNA. Whole-cell biosensors generally exhibit longer shelf
lifetimes compared to, e.g., enzymatic biosensors because
the active components are contained and produced in the
“natural” environment and not in a polymer matrix on the
surface of a sensor, which has limited biocompatibility.
Whole-cell biosensors often are less costly than the corre-
sponding enzymatic biosensors because some microorgan-
isms can be cultivated and isolated rather easily, which is
not the case for many enzymes. On the other side, they often
lack specificity for the respective analytes. Whole-cell
biosensors mostly are self-contained, do not require the
addition of cofactors, and are the biorecognition elements
of choice when the total amount of hazardous substances or
pollutants is to be determined. Biosensors for determination
of biological oxygen demand (BOD) represent a typical
example. In contrast to such biosensors, those making use
of genetically modified microorganisms can be highly
specific. Another disadvantage of whole-cell biosensors is
the relatively slow response (tens of minutes to hours)
because the analytes need to diffuse through a cell membrane.
Such response times are, however, adequate in certain cases.
The standard BOD5 test, for example, requires 5 days.

7.1. Catalytic Whole-Cell Biosensors
Biosensors for determination of biochemical oxygen

demand (BOD) make use of oxygen transducers. As in the
case of many enzymatic biosensors, the consumption of
oxygen is monitored optically over time or at the endpoint.
Trichosporon cutaneum379 and Bacillus subtilis380 bacteria
were immobilized into poly(vinyl alcohol) (PVA) and sol-
gel PVA-PVP [(poly(4-vinylpyridine)] networks. A com-
bination of Bacillus licheniformiswith Dietzia marisand
Marinobacter marinuscontained in a sol-gel-PVA matrix381

was used to obtain even lower selectivity and, thus, monitor
much more possible pollutants. Compared to the sensor that
makes use ofB. Licheniformisonly, a decrease in LOD from
0.9 to 0.2 mg/L and in response time from 30 to 3.2 min
was observed for the multibacteria sensor. In all BOD
sensors, the microorganism layer was placed on an oxygen-
sensitive layer of various layouts and materials. These include
a quenchable ruthenium(II) complex contained in plasticized
PVC,379 in ormosil,381 or in silicone.380 Analytical ranges of
the sensors were reported to be from 0 to 110,379 0 to 25,380

and 0.2 to 40 mg/L,381 respectively (expressed as equivalents
of a glucose/glutamate BOD standard solution). The first
sensor379 possessed moderate stability, and a 30% drop in
sensor response was observed after 1 month of storage. The
shelf life of the sensors reported later was much higher (a
12% decrease in activity in 1 month for theB. subtilis
biosensor380 and only a 5% decrease in 6 months for the
multibacteria sensor).381

A biosensor for the organophosphorous pesticide methyl
parathion382 was prepared by analogy to the enzyme-type
biosensors that made use of organophosphorous hydrolase
(OPH). Whole cells ofFlaVobacterium sp.containing OPH
were immobilized on a glass fiber filter. Hydrolysis of methyl
parathion (catalyzed by OHP) results in the formation of
p-nitrophenol, which is readily detected by absorbance. The
LOD (0.3 µM) and analytical range (4-80 µM) are
comparable to the properties of OPH-based enzymatic
biosensors.

RecombinantE. coli cells immobilized in agarose were
placed on a nylon membrane and used for determination of
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organophosphorous pesticides.383 These cells are capable of
expressing OPH directly on the cell surface, which improves
response times because of the low resistance to mass
transport of the analytes and products across the cell
membrane. The sensor detected as little as 3µM of paraoxon
and 5 µM of coumaphos and could be stored>1 month
without a decrease in activity. Evidently, the main advantage
of the whole-cell biosensors for pesticides over the enzymatic
ones is that no isolation of the enzyme OPH is necessary.
This reduces the costs significantly and improves the long-
term stability.

Arain et al.410 have studied the inhibitory effect of toxic
metal ions on the cellular activity ofE. coli andP. putida.
Microtiter plates were prepared with integrated, fluorescence-
based sensors for pH and oxygen, and bacterial respiratorial
activity was monitored via the decrease in oxygen partial
pressure of the closed system and also via the decrease in
pH value. Other applications of such biosensors include
respirometry and general toxicity assays.

7.2. External Stimuli-Based Cellular Biosensors

Whole-cell biosensors were developed for the determina-
tion of various toxicants. For example, Bains384 immobilized
Escherichia coliinto an agarose membrane and monitored
its UV absorbance at the unusual wavelength of 200 nm. In
the presence of toxicants (e.g., sodium azide), the cells were
stressed so that their metabolism was reduced and a drop in
optical density was observed within 15 s. The sensitivity of
the system was, however, poor with respect to the require-
ments of environmental monitoring.

Frense et al.385used algae cells (Scenesdesmus subspicatus)
for the determination of environmentally harmful impurities
in water. These chlorophyll-containing cells were im-
mobilized on a filter paper that was covered with a thin
alginate layer. Pollutants such as atrazine, endrine, and many
other pesticides inhibit the electron-transport occurring during
photosynthesis. This results in the increase of fluorescence
of chlorophyll. The increase of fluorescence is well-related
to the concentration of the pesticides, which can be measured
at levels of several parts/billion (ppb). The sensor showed
comparatively fast response (∼10 min) and good long-term
stability in that storage at 4°C within 6 months did not alter
the sensor properties significantly.

A similar approach was used by Naessens et al.386 who
used algal cells fromChlorella Vulgaris (immobilized on a
glass microfiber) for determination of atrazine, simazine,
diuron, and other pesticides with high sensitivity (e.g., as
little as 5 nM of atrazine when using the sensor in a flow
mode). The biosensor showed good storage stability only
for a limited period of time (7 days), and significant loss of
activity was observed during longer storage. Different
bacteria and mutants were found to respond to different
pesticide classes387 because they can selectively modify the
activity of photosystem II. The microorganisms were im-
mobilized in a BSA-glutaraldehyde network deposited on
a porous septum filter that was placed in a flow-through cell.
Several flow-through cells were combined as an array to
enable simultaneous sensing of several pesticides. The
selectivity of the individual sensors, however, remained low
enough, because each type of bacteria was sensitive to several
classes of pesticides. The long-term stability of the biosensor
was rather poor (half-life from 12 to 54 h).

7.3. Genetically Engineered Whole-Cell
Biosensors

Progress in genetic engineering made possible the creation
of a new type of microbial biosensor. It relies on the ability
of a cell to respond to an environmentally harmful toxin by
expressing specific genes. As a result, the toxin is transported
out of the cell. To monitor the process, a reporter gene is
fused to the induced gene. In the presence of the toxin, both
genes are activated and expressed. A reporter gene usually
is responsible for production of species that could be
monitored optically, e.g., the green fluorescent protein. In a
certain sense, all genetically engineered biosensors are
external stimuli biosensors.

A variety of biosensors makes use of thelux gene coding
for the enzyme luciferase. In contrast to enzymatic biolu-
minescent sensors, the whole-cell biosensors often are self-
contained because luciferase and other reagents such as the
cofactor, flavine mononucleotide, and substrate (a long-chain
aldehyde) are produced in vivo. Typical examples of such
biosensors are described below.

Virta et al.388 developed a mercury biosensor that makes
use ofEscherichia colicontaining thelux gene fused to the
mer operon. The latter encodes for resistance to mercury,
which is a nonessential and toxic metal for bacteria. The
bioluminescence was triggered in the presence of Hg2+.
Concentrations as low as 0.1 fM are detectable. A linear
dependence is observed up to 0.1µM of Hg2+. At higher
concentrations, the luminescence rapidly drops to zero
because of the toxicity of Hg2+ ions. The assay exhibits high
selectivity, and no interference by other metals ions (except
Cd2+) is observed. Sensitivity to Cd2+ is, however,∼107-
fold lower than that to Hg2+ and, therefore, does not really
compromise the performance of the assay.

Another metal ion biosensor389 makes use ofEscherichia
coli containing theznt A gene fused to the reporterlac
Z gene. While the first is responsible for transporting
heavy metal ions out of the cell, the second produces the
enzyme â-galactosidase, which cleaves the added sub-
strate fluorescein di-â-D-galactopyranoside. Hence, fluores-
cence is increased in the presence of heavy metal ions.
Individual cells ofE. coli were immobilized on an array of
50 000 fibers (L of 2.5 µm) so that each bacterium occu-
pied one individual fiber. Averaging the response from
multiple identical sensors improved the signal-to-noise ratio.
The LOD for Hg2+ was 100 nM. Unfortunately, no informa-
tion is given about conceivable interferences by other heavy
metal ions.

Leth et al.390 have developed a biosensor for copper(II)
ion based on a genetically engineered strain ofAlcaligenes
eutrophusinto which was inserted alux operon fromVibrio
fischeriunder the control of a copper-induced promoter. As
a result, copper ions induce bioluminescence whose intensity
is proportional to the concentration of the triggering ion. The
cells were immobilized into calcium alginate and agarose
gels, which were positioned in a home-made flow-cell, and
luminescence intensity was monitored by means of a
photodetector. The biosensors based on the two gels showed
similar performance, which was highly influenced by the
growth medium used. In fact, the analytical range of the
sensor for both alginate and agarose was from 0 to 250µM
of Cu2+ when using the Luria-Broth (LODs of 50 and 25
µM, respectively). The use of a modified mineral reconstruc-
tion medium resulted in an LOD of 1µM and an analytical
range from 0 to 25µM for alginate. The authors also showed
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that the performance of the biosensor is influenced by the
concentration of riboflavin, suggesting the necessity of using
a standard composition of nutrient medium. Unfortunately,
the activity of the immobilized species was shown to decrease
dramatically with time. In fact, a 2 week storage resulted in
the complete loss of the activity of the bacteria for both
alginate and agarose biogels. After the first 6 days of storage,
the activity was, however, almost unchanged for alginate,
while it dropped by 7-fold in agarose.

Aromatic hydrocarbons are widespread and harmful pol-
lutants that can be successfully detected by whole-cell
biosensors. Here, the content of individual hydrocarbons is
of less significance than the determination of overall toxicity.
For example, Heitzer et al.391 usedPseudomonas fluorescens,
which carried thenah Ggene fused to alux reporter gene to
design a naphthalene biosensor. The bacteria were physically
immobilized in alginate gel that was hardened at elevated
temperature in the presence of SrCl2. Exposure of this sensor
layer to both naphthalene and its degradation intermediate,
salicylate, results in an increase of gene expression and,
consequently, an enhancement of bioluminescence. The
sensor demonstrated complete reversibility for at least 20 h,
but the lowest detectable concentration of naphthalene was
0.12 mM, which is rather high.

Ikariyama et al.392 usedPseudomonas putidabearing axyl
R gene (which recognizes benzene and its derivates) fused
to the reporterlux gene fromfirefly. Because firefly luciferase
catalyzes a different bioluminescent reaction than bacterial
luciferase, addition of the substrate luciferin was necessary.
The luminescent signal had a good linear relationship to the
concentration of xylenes, which ranged from 0.05 to 1 mM.
The response of the biosensor (whereP. putida was
immobilized onto a polycarbonate membrane) was shown
to be much slower than the respective assay in solution and
required hours of incubation time to achieve an adequate
intensity of bioluminescence.

In contrast to the sensors described above, biosensors for
toxic chemicals are based on measurement of the reduction
of intensity of the bioluminescent reaction when cells
experience toxic or lethal conditions. Gil et al.393 immobilized
a recombinantE. coli species bearing alux reporter gene in
a solid agar gel located in proximity of the distal end of an
optical fiber. The biosensor was used for detection of toxic
gases and vapors. As little as 48 ppm of benzene vapor could
be detected. The sensor had a response time of∼10 min
and could be stored up to 20 days without degradation of
activity. The sensitivity can be improved by increasing the
surface that is exposed to vapors and by enhancing the
diffusion of vapors, which can be accomplished by addition
of glass beads.394 The sensitivity of other strains of bacteria
bearing alux reporter gene also was investigated.395

Shetty et al.396 developed a bioassay for determination of
L-arabinose. The binding of the monosaccharide to theara
C regulatory protein was linked to the production of green
fluorescent protein (GFP) by the reporter gene in anE. coli
strain. The amount of GFP expressed is, thus, directly related
to the concentration of L-arabinose. The dynamic range of
the assay is from 0.5µM to 5 mM. The sensitivity to other
monosaccharides was∼10 times lower than to arabinose. A
biosensor also was developed where the bacteria were
entrapped behind a membrane at the tip of a bifurcated fiber
bundle. Although operated similarly to the bioassay, an∼10-
fold increase in the LOD was reported.

Recently, several bioassays were developed for detection
of endocrine-disrupting chemicals (EDCs), compounds that
affect human health by irregularly modulating endocrine
functions. Michelini et al.397 used recombinantSaccharo-
myces cereVisiae cells that were modified to express the
human androgen receptor together withPhotinus pyralis
luciferase. The assay responds to testosterone in the con-
centration range from 50 pM to 1µM. Luciferin needs to be
added to the assay solution. Compared to other available
methods, the assay is rather fast (150 min of incubation
needed for optimal performance against 24 h for other
methods). A biosensor also was developed for estrogenic
EDCs.398 Genetically modifiedSaccharomyces cereVisiae
cells containing the estrogen receptor were entrapped in
hydrogel matrices based on calcium alginate or poly(vinyl
alcohol). The LODs for the two EDCs investigated were 0.08
and 0.64µg/L. The immobilized cells retained their activity
for 1 month, however only if stored at-80 °C.

A lactate biosensor was reported399 that utilizes a bacterial
cytoplasmic membrane isolated fromE. coli, which was
genetically modified to express its lactate-oxidizing activity.
The sensor properties can be tuned by varying the conditions
of cultivation. The cytoplasmic membranes were adsorbed
on a cellulose disk placed above an oxygen transducersa
ruthenium(II)-derived luminescent probe in a silicone matrix.
The sensing scheme is based on the consumption of oxygen
during oxidation of lactate and is the same as that used in
the enzyme based on the use of lactate oxidase. The analytical
range of the biosensor is from 0.05 to 5 mM of lactate.

In some optical biosensors, even whole tissues have been
used as recognition elements. For example, Lundstro¨m et
al.400 used fish scales fromLabrus ossifaguscontaining
melanophores. Their cells contain pigment granules that are
either dispersed or aggregated. Aggregation of the granules
is promoted by noradrenaline, which can be monitored
optically via the increase in the transmittance of the scale.
Addition of the noradrenaline antagonist yohimbine recovers
the initial signal. Nanomol quantities of noradrenaline could
be measured, and the response time of the sensor was∼10
min.

In summary, it can be stated that cellular biosensors (a)
are relatively easy to manufacture; (b) are rather unspecific
in the case of catalytic biosensors but fairly specific in the
case of external-stimuli biosensors and gene-modified bio-
sensors; (c) possess rather slow response; (d) are self-
contained; (e) are more stable, in general, than enzymatic
biosensors but are sensitive to heat and, less so, to frost;
and (f) vary over a wide range in terms of sensitivity.

8. Solid Supports for Use in Optical Biosensors,
and Other Methods of Immobilization

The success of (bio)sensor research and development
dependssmore often than anticipatedson the availability of
adequate materials. One may differentiate between materials
for mechanical sensor supports and materials for use as
matrices or membranes that contain the biologically active
species, or indicators in the case of catalytic biosensors.
These shall be discussed here briefly in addition to the
specific examples of immobilization given in section 4.4.
There are three kinds of “supports” for optical biosensors.

The first one is of the completely inert type. Its only
purpose is to serve as a mechanical support to facilitate the
handling of planar sensors. The second is of the optical
waveguide type and, thus, can serve as an essential compo-
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nent in the process of optical interrogation of the sensor
material. The third (and most recent) group of supports are
the “active” supports such as fluorescent nanoparticles (Q-
dots), metal films, beads of noble metals, or inorganic or
organic micro- and nanoparticles. These can act as micro-
light sources or quenchers, for example, and thus can actively
take part in the spectroscopic scheme. Any of these supports
can be preactivated (i.e., made bioreactive) form to enable
covalent immobilization of the biocomponent or of other
species.

Inert supports come in various forms and include films of
poly(ethylene terephthalate), which is readily available at low
costs and also easy to handle. Other supports include poly-
(methyl methacrylates) and polycarbonates, with their excel-
lent optical transparency, and polystyrene, which is widely
used in microtiterplates (MTPs). In most cases, the chemi-
cally responsive material (the sensor “cocktail”) is deposited,
or printed, or stamped on such a support, in a groove of this
material, or in the wells of a (plastic) MTP. The material,
after having been deposited as a thin film on the support, is
punched into sensor spots, and these are being placed in
disposable sensor devices. The sensor layer is then inter-
rogated by guiding the light beam onto the sensor layer, and
reflectivity or fluorescence is measured or interference is
measured. It is obvious that the mechanical supports are
expected to create no background signal.

The support also may act as a waveguide material. Planar
waveguides, fiber-optics, and, less often, capillaries have
been applied. There are two ways to guide the exciting light
to the sensor material. The first is by direct illumination and
by collecting luminescence via the waveguide. The second
is to use the waveguide for both the exciting beam and for
collection of emitted luminescence. Both geometries have
their merits (see section 4.3). Waveguide-based sensors are
most elegant and, therefore, have found widespread applica-
tion.

Among the third kind of supports, the nanobeads exploit
the fact that, because of their intrinsic luminescence, they
can act as a donor in FRET assays.55 Metal particles and
films, in turn, can act as quenchers or enhancers of
luminescence (depending inter alia on the spatial distance
between metal and fluorophore and on the kind of metal).

A most interesting class of micro- and nanoparticles is
represented by the so-called upconverting phosphors (UCPs).
They are capable of converting near-infrared light (from low-
cost diode lasers) into visible light with fair to high
efficiency. Upconversion is not related to 2-photon excitation,
which occurs at strong light intensities only. UCPs (mostly
oxides, sulfides, andspreferablysfluorides of trivalent lan-
thanide ions) enable complete elimination of autofluores-
cence, which commonly impairs the performance of fluo-
rescence-based assays. UCPs are ideal donors for fluorescence
resonance energy transfer (FRET)-based assays. UCP-based
FRETs have been applied in immunoassays401,402 and in
nucleic acid hybridization assays.403,404 Arguably, these
methods are at the borderline between solid-phase-based
biosensors of the conventional type and of classical solution
assays.

With respect to materials for use as a bulk matrix for
sensors, it is important to remind that the design of such
sensors depends on the size of the analyte. Enzyme-based
sensors usually digest or metabolize substrates of low or
medium molecular weight. Hydrogel matrices, for example,
are useful in the case of low-molecular-weight analytes only,

since these can penetrate the bulk matrix, where, in the case
of enzyme sensors or whole-cell sensors, metabolism can
occur. Immunosensors almost never are designed as bulk
sensors even though they could be, at least for small analytes
such as atrazine. Immunosensors for large analytes require
the antibody to be immobilized on the surface of a support,
usually as a nanometer thick coating or film. The situation
is similar for DNA sensors where the size and diffusion of
the analyte is critical. Whole-cell biosensors (in the majority
of cases) have been used for low-molecular-weight analytes
and, therefore, have been incorporated into analyte-permeable
gels such as from alginates.

The surface of a biosensor layer is either covered with a
polymer/enzyme matrix (like in most enzymatic biosensors)
or directly with biorecognition elements such as antibodies
or oligonucleotides. In this case, the surface needs to be made
reactive first in order to allow immobilization of a biomol-
ecule. Covalent attachment of a biomolecule to a support is
much more commonly used than physical absorption.
Numerous cross-linkers and spacers can be used.20,292,296

Proteins such as bovine serum albumin often are also
deposited on the surface, so to saturate remaining binding
sites.

Immobilization of antibodies and oligonucleotides via the
(noncovalent) biotin-avidin46,67,68,246,288,299or biotin-strepta-
vidin47,354,355,371,374couple is widespread. A support modified
with (strept)avidin can be used, in principle, for immobiliza-
tion of any biotinylated molecule. Alternatively, biotinylated
recognition elements can be immobilized via streptavidin
onto a surface modified with biotin. Enzymes are often co-
valently immobilized onto preactivated transparent polyamide
or poly(vinylidenedifluoride) membrane supports such as
Immunodyne,73,90,140,163,227,228,230,232-234 Biodyne,177,191,225and
Immobilon.164,194,195Less common supports include eggshell
membranes86,154 and swim-bladder membranes88 and were
reported to be highly biocompatible.

Hydrophilic polymer matrixes are widely used for im-
mobilization of biocomponents (such as enzymes and biore-
ceptors) and of optical indicators. Sol-gels (whose polarity
can vary over a wide range by introducing organic groups
to end up with ormosils)401,402 have been often used for
immobilization of enzymes,44,84,87,120,131,134,135,380,206,216biore-
ceptors,343 and even whole cells.380,381One major reason for
the popularity of sol-gels results from the fact that the
activity of biocomponents is retained over a long time.
Hydrogels have also become popular36,80,102,118,147,150,212,398

because they do not require a modification of the biological
component. Enzymes sometimes are cross-linked with glu-
taraldehyde and BSA to form a polymer network located on
a support or directly in a hydrophilic polymer (e.g., PVA)
layer.75,175,176,188,215,217,387

Koncki et al.97 have designed optical biosensors based on
the use of thin films of Prussian Blue incorporated into
polypyrrole. Other semiconducting organic materials may be
used as well. The composite film is deposited on a
nonconducting support and used as an optical transducer for
flow-through biosensors based on hydrolases and oxidases.
Immobilization of glucose oxidase resulted in a glucose
biosensor where the film responds to both pH and hydrogen
peroxide by a change in its color. Millimolar concentrations
can be determined. The biosensor is said to be quite stable
owing to the presence of a poly(pyrrolylbenzoic acid)
network in the composite material. This organic polymer
plays a dual role as a binding agent for inorganic material
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and as a functionalized support for strong covalent im-
mobilization of enzyme molecules.

Polymer matrixes also can act as a support for the
immobilization of indicators used in cellular or enzymatic
sensors. Ruthenium(II) polypyridyl complexes are common
when oxygen transducers are used (see Table 2). To achieve
the desired oxygen sensitivity, they can be adsorbed onto
silica beads that are dispersed in a layer of a highly oxygen-
permeable silicone layer. Absorption-based and fluorescent
pH indicators were employed in enzymatic biosensors using
pH and NH3 transducers. Permeability to protons is manda-
tory in these cases, and the indicators, therefore, often are
contained in hydrogels. To prevent leaching of indicators to
the sample media, they are sometimes absorbed onto the
surface of microbeads.103,194

Dialysis (ultrafiltration) membranes are used in certain
sensor types.41,42,48,49,221,222,224They allow small analytes to
diffuse freely in and out of a chamber and interact there with
a biorecognition element. The latter is either large enough
itself or is conjugated with a large molecule in order to not
leach out of the chamber.

In contrast to indicators, labels do not respond to substrates
or reaction products but render a biomolecule detectable.
Fluorescent labels are the most common ones. Fluoresceins,
rhodamines, cyanine dyes, and numerous others are com-
mercially available403 and widely used (see Table 3). Ideally,
a label should absorb in visible light to reduce background
fluorescence, be bright, and be inert. Brightness (defined as
the product of molar absorbance and quantum yield) is
particularly significant and should exceed 30 000 M-1‚cm-1).
Since fluoresceins are viable pH indicators, thorough control
of pH is essential for these labels. Luminescent colloidal
semiconductor nanocrystals (quantum dots, QDs) also rep-
resent viable labels,44,55,56 despite their cell toxicity and
difficult surface chemistry, and can largely expand the range
of useful fluorophores for biosensors.

The group of Seeger have found404 that biotin-function-
alized cellulose monolayers can act as a new kind of support
and have used it for the fluorescent detection of single
molecules via laser-induced confocal single-molecule spec-
troscopy in glass-bottom microplates. Gold nanobeads can
be used to increase the brightness of fluorescent biosen-
sors.37,272,345,405

9. Outlook
Optical biosensing has experienced a substantial growth

despite the usual critical comments of certain “experts” that
expect new technologies to make a breakthrough (mainly in
commercial terms) within a few years and despite the
overoptimistic presentations of certain researchers, which
often does more harm to a new technology than supporting
it. Optical biosensor technology is not a matter of spectros-
copy only, or of material sciences, or any other single
discipline, but rather requires various kinds of scientists to
cooperate in order to end up with a viable biosensor scheme
and, ideally, commercial products. Optical biosensors have
numerous applications, and not each scheme will be ap-
plicable to any given analyte. Moreover, methods that may
work for a specific analyte in a certain matrix may not even
work for the same analyte in another matrix. This fact is but
one of the reasons why biosensors, in a commercial sense,
are not as successful as was expected initially.

The trend toward multianalyte sensing and toward bio-
sensor arrays is obvious, even though certain single sensor

spots in an array may not be needed in any conceivable
application. DNA arrays are technically the most advanced,
not the least because DNA is built from 4 nucleotides only,
which makes synthetic and surface chemistry comparably
more simply than in the case of protein arrays. Enzyme arrays
are rather established and have found application in clinical
analyzers for glucose, urea, cholesterol, and lactate. Protein
arrays are most versatile but also can be most complex, and
this has hampered their technical realization. Proteins not
only come in a variety of sequences (of 20 different amino
acids!) but also in a variety of tertiary and quaternary
structures, which makes labeling and immobilization an
experience in each single case. Unfortunately, the current
terror hype has directed research in protein arrays away from
health and environment into other areas, which implies a
massive redirection of tax money and appears not to really
represent a useful long-term investment.

10. List of Abbreviations and Acronyms
Abs. absorption
AChE acetylcholine esterase
ADH alcohol dehydrogenase
AOx alcohol oxidase
AMPT 2-(2-acetoxy-5-methylphenylazo)-N-methyl-1,3-

thiazolium methosulfate
ASF African swine fever
BL bioluminescence
BSA bovine serum albumine
BTB bromothymol blue
BTP benzo[a]pyrene tetraol
b. luciferase bacterial luciferase
CCA chlorendic capronic acid
ChOx choline oxidase
CLum. chemiluminescence
CF 5(and 6)-carboxyfluorescein
CFU colony-forming units
CDNB 1-chloro-2,4-dinitrobenzene
Cy-5 carboxymethylindocyanine succunimidyl ester
2,4-D 2,4-dinitrophenoxyacetic acid
DDAO 7-hydroxy-9H-1,3-dichloro-9,9-dimeth-

ylacridin-2-one
DFP diisopropyl phosphorofluoridate
f. luciferase firefly luciferase
EDC ethyl-3-[1-dimethylaminopropyl]carbodiimide
ELum. electroluminescence
EuTc europium(III) tetracycline
FITC fluorescein isothiocyanate
FRET fluorescence resonance energy transfer
GAH glutaminase
GDH glucose dehydrogenase
GFOR glucose-fructose oxidoreductase
GLOx glutamate oxidase
GlDH glutamate dehydrogenase
GOx glucose oxidase
GPT glutamic-pyruvic transmitase
GSH glutathione
GST glutathione-S-transferase
hCG chorionic gonadotrophin
HPOx horseradish peroxidase
HPTS 8-hydroxypyrene-1,3,6-trisulfonate
IgG immunoglobulin
I. intensity
LDH lactate dehydrogenase
LOx lactate oxidase
Lum. luminescence
LyOx lysine oxidase
NHS N-hydroxysuccinimide
OPH organophosphate hydrolase
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OR oxidoreductase
ORP organophosphorous pesticides
PEG poly(ethylene glycol)
PMMA polymethylmethacrylate
POx peroxidase
PSA prostate-specific antigen
PtOEP platinum(II) octaethylporphyrin
RDX hexaxydro-1,3,5-trinitro-1,3,5-triazine
Refl. reflectance
Ru-bipy ruthenium(II) trisbipyridyl
Ru-phen ruthenium(II) tris(1,10-phenanthroline)
Ru-dpp ruthenium(II) tris(4,7-diphenyl-1,10-phenan-

throline)
SEB staphylococcal Enterotoxin B
SNARF seminaphthofluorescein
TCPB 2,4,6-trichlorophenoxybutyrate
Ti(IV) reagent titanium(IV) + 24(5-bromopyridyi)azo)5-(N-

propyl-N-sulfopropylamino)phenol
TMR tetramethylrhodamine
TNB trinitrobenzene
TNT trinitrotoluene
TRITC tetramethylrhodamine-5-isothiocyanate
triazine derivative4-chloro-6-(isopropylamine)-1,3,5-triazine-2-(6-

aminohexane carboxylic acid)
TSH thyroid stimulating hormone
XOx xanthine oxidase
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