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A-8010 Graz, Austria

2) Institute of Organic Chemistry, Karl-Franzens-University, Heinrichstr. 28,
A-8010 Graz, Austria

SUMMARY

Enzymes,ion carriers, and optically active receptors are shownto be useful for specific

recognition and sensing of biologically important species including enzymesubstrates,
metabolites, and drugs. In enzyme-based sensors, optical assays for substrates (such as

glucose, lactate or cholesterol)have bee designed andare fairly established. The specificity

of such sensorsis usually very high. However, quite a numberof assays cannot be performed

with enzymes, and use has to be madeofion carriers and other recognition elements. A

quite different situation is found in such cases. In contrast to enzymes which "digest" their

substrates, receptors do not metabolize their substrates. They therefore offer an promising

alternative for enzymatic recognition of substrates. However, mostexisting receptors lack

the tremendousspecificity of enzymes. Neutral on carriers which may be considered as a

kind of ion receptors, are a notable exception. If the receptoris enantio-selective(i.e.
preferably binds one speciesoutofa pairof optical isomers)a fairly specific recognition of

enantiomers of biogenic amines (such as some drugs and biogenic amines) becomes

possible. In contrast to enzyme-based sensing where steady-state responseis a result of

kinetic equilibration, this type of substrate binding results in thermodynamicequilibration.

Specific examples are given for new types sensors and sensors based on recognition by

enzymes, neutralion carriers, charge-transfer interaction, and hydrogen bonding. Their

respective merits and limitations are discussed.
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1. INTRODUCTION

It is the firm believe of the authors that present day limitations in the performance of

sensors are not due to the lack of transduction methods(such as electrochemical or optical

sensing), but rather due to insufficient selectivity of recognition processes along with the

poor longevity of sensing materials. As a result, we have focused ourreserach in the past ten
years on improving the quality of tranduction materials rather than improving the
transduction process which, of course, can be improvedas well. Our main focusin the

design of such materials was on pH, oxygen, CO,, ammonia and ammonium ion,, clinically

important substrates such as glucose, and on drugs and biogenic amines[1-4].

As chemical sensors becameavailable to us on a routine basis, it became quite obvious
to couple them to enzymatic reactions during which one of the above species is consumed or

producedso to obtain biosensors. Inhibition of the enzyme by blocking the receptorsite, on

the other hand, can result in the design of sensors for enzymeinhibitors. Receptors other
than enzymesinclude antigens (not treated here) and ion receptors that are known to

specifically interact with other species through hydrogen bondingandspatialfitting [5]. Such

processesare of utmost importance in physiology and have been implementedin new kinds

recognition schemeswhichwill be descibed later and also has resulted in whatis called the

enantio-selective optode (ESO). This review is intended to demonstrate the wealth of

analytical information than can obtained by coupling receptor-based recognition of analytes

to (fiber) optic transduction.

2. DETERMINATION OF ENZYME SUBSTRATESVIA CHEMICAL TRANSDUCERS

The enzymatic action upon enzymesubstrates usually is accompanied by the
consumption of low-molecular species such as oxygen, and the formation of other low-

molecular species such as carbon dioxide, ammonia, hydrogen peroxide,or protons.

Therefore, by measuring oneof these species with a suitable optical transducer(e.g., an
oxygen sensor), continuous monitoring of enzymesubstrates has becomepossible. A

numberof enzymesubstrates has been assayed this way in the past years.

Morerecently, we have focused our interest on biogenic and clinically important
aminessuch as ureaandcreatinine. Fig. 1 shows the typical response ofan creatinine sensor
with an ammoniumoptrodeasthe transducer.A layerof creatinine iminohydrolase
immobilized on a Biodyne membranewasplaced on of an ammonium-sensitive film

composedofpvc,plasticizer, potassium tetraphenylborate, a pH-sensitive dye (lipophilized

nile blue), and nonactin (acting as the ammoniumcarrier). The fluorescence ofthis layer

was monitoredas a functionofthe creatinine solution passing the membrane.

Table 1 gives an overview onthevariety of other species that have been assayed
continuously using immobilized enzymesand suitable transducers. Analytical ranges are

between 0.05 to 100 mM,whichonly a few sensors having lowerdetection limits. We find
such sensorsto beparticularly useful in flow injection analysis.
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Fig. 1. Responsetime,relative signal change andreversibility of the creatinine biosensor membraneat pH 7.17
(Tris 0.2 M) with N-octadecyl nile blue as the optical indicator. The figures refer to mM ofcreatinine.

 

 

Table 1: Selection ofbiochemical analytes for which enzyme-based sensors have been described,
and respective transducers).

Analyte Enzyme Transduction via

glucose glucose oxidases pH, ©,

glucose dehydrogenase -b)
lactate lactate mono-oxygenase 0,, CO,

lactate oxygenase [6))
cholesterol cholesterol oxidase O2

ascorbate ascorbate oxidase Oz

bilirubin bilirubin oxidase Oz

ethanol ethanoloxidase O0,

alcohol dehydrogenase -b)
urea urease NH3 ,NH4*

creatinine creatinine iminohydrolase NH4*+

uric acid uricase O0,

penicillin penicillinase pH

glutamate glutamate decarboxylase CO,

glutamate oxidase Oz

oxalate oxalate decarboxylase CO,

 

2) Data from ref. [3] where the respective references may be found, with additional data from ref. [7,8] and
unpublished results of the author's group.

b) Through formation offluorescent NADH
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3. CARRIER BASED SENSORS

In addition to neutral ion carriers such as valinomycin which "recognize" their counter-

part mainly byits size, a variety of carriers for biological substances have been exploited for
sensing purposesin recent years which recognize their target analyte by both shape,size,
and through-spaceinteraction such as hydrogen bonding. Providedsuchinteractions can be
coupled to propertransduction mechanisms, they can offer a tremendous variety of sensing
schemes, particularly for biomolecules. These include biogenic amines, drugs, metabolites,

proteins and nucleic acids. We have exploited someofthe possibilities which will be
described in the following.

3.1. Formation of Hydrogen Bond Complexes Between Carriers and Analytes:

The Enantio-selective Optode

The well-known fact that hydrogen bonds are easily formed between the hydrogen

atomsof hydroxy or amino groups on oneside, and the oxygen atom ofthe carbonyl or the

nitrogen of an C=N group,respectively, has been exploited to design sensors for optically
active biogenic amines. We usedesters or amidesoflipophilic tatrates for this purpose.

Complex formation between biogenic amines and esters or amidesof tartaric acid has be
attributed to hydrogen bonds[5], although the real structure of this complexes have not

been determined since its monocrystal has not been prepared. We have coupledthis

recognition process to a transport of ammonium orotherions into lipophilic pve

membranesand the concomitantrelease of a proton from indicator dye.

The most obvious way to measure,via fiber optics, the concentration of an optically

active species (i.e., one that rotates linearly polarizedlight) is to use polarization-
maintaining fibers. This can be applied to monitor the concentrationof optically active

species including sucrose and can playa role in process control, provided one optically

active speciesis present only. Since the method is completely unspecific, and mostbiological
matrices contain a manifold of optically active components, other methods for specific

recognition had to be sought.

Wehave designed an enantio-selective optode (ESO) capable of determination of
enantiomeric excess of biogenic ammoniumions.It was first demonstrated for enantio-
selective recognition of the 8-blocker propranolol[9]. The function of the ESO is based on
the extraction of the 8-blocker (present as the positively charged ammonium ion at
physiological pHs) into a pyc membranecontaining, as a receptor, di-fert. -butyl tartrate. As

the positively charged propanololis transferred into the pve membrane,a protonis released

(for reasons of electro-neutrality) from a protonated dye, contained in the pvc membrane,
into the aqueous sample phase, thereby causing the indicator dye (a red phenol which
dissociates) to undergo a color changeto blue. The change in color (and fluorescence) is

fully reversible with varying concentrations of propranolol. The method has been extended

to sense other biogenic aminesas well [10].

Fig. 2 shows the response of the ESOto the laevo- and dextro-rotary forms of the

drug. Thereis a slight difference in the twosignals, and obviously the specificity of the
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receptor (di-fert.-butyl tartate) needs to be improved. Onthe otherside, this offers a method

for determination of enantiomeric excess withoutusing polarized light and with selectivity

better than polarimetry. A similar sensing scheme for a ESO,but usingdifferent proton

carriers and receptors has been publishedrecently [11].
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Fig. 2. Response of the enantio-selective optode toward the (R)- and (S)-forms of the

ß-blocker propranolol. From ref. [9].

3.1.1. Sensor Materials Capable of Hydrogen Bonding: A Penicillin-sensitive Optode

Penicillin G (Fig. 3), like other penicillins, contains several hydrogen bondingsites.
Wehave designed a penicillin-sensitive membrane material that recognize penicillin with
high sensitivity over other drugs. The most inportant feature of such membranesis the
incorporation of hydroxylic plasticizers into such membranes. The plasticizer acts as
hydrogen-bondingcarrier.If plasticized by some non-hydroxylic plasticizers including the
commonly useddi-2-ethylhexyl sebacate (DOS), di-2-ethylhexyl phthalate (DOP), tri-2-
ethylhexyl phosphate (TOP)or 2-nitrophenyloctyl ether (NPOE), no response to penicillin
is observed. Addition ofplasticizers such as WM2 and WM3(Fig. 3) only makethe
membranesresponsiveto penicillin (Fig. 4). 1 mM penicillin can cause about 30% relative
signal change. This response may be due to formation of hydrogen bonds between penicillin
andplasticizers.

Wethink the responsein this case again to be due to co-extraction. The hydroxylic
plasticizer carries the penicillin anion into the pvc membrane.In order to maintain electro-
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neutrality, a proton is carried into the membraneas well, causing the dye (Nile Blue) to

becomeprotonated.As a result, the fluorescence of the dye increases with increasing

penicillin level. The sensor is quite sensitive, but not very selective. Major interferents
includenitrate, perchlorate, aspirin, and cinnamic acid. Almost nointerferences were
observed with biogenic amines, hydrophilic carboxylic acids, chloride, and phosphate.
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Fig. 3. Chemical structures of penicillin G and of the hydroxylic plasticizers used in this work.

lor

=
a
,

—
~
<
—
0
.
0
3
m
M

—
—

bu
ff

er

—
~
<
—
0
.
1
m
M

—
<
—
0
.
3
m
M

~
<
—
0
.
6
m
M

—
~
<
—
1
.
0
m
M

—
<
—
3
.
0
m
M

~
<
—
1
0
m
M

a

re
la
ti
ve

fl
uo
re
sc
en
ce

-

 

 1 i L i L L i L i

10 20 30 40 50 60 70 80

time / min

Fig. 4. Response of a sensing membrane composedofpoly(vinyl chloride), WM 3, and Nile Blue,

towards penicillin G at pH 5.50.
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3.2. Formation of Carrier/Analyte "Sandwich" Complexes: An Aspirin-sensitive Optode

It is common knowledge that electron-rich aromatic compoundsare capable of

forming sandwich-type charge transfer complexeswith electron-deficient compounds, the

formation of quinhydrone from quinone and hydroquinone, and the Meisenheimer
complexes probably being the best examples. We have preparedlipophilic dinitrobenzyl

substituted carriers which we expected to have a strongaffinity for electron-rich compounds

such as aspirin orsalicylic acid. In fact, this resulted in the fabrication of thefirst aspirin-

senstive optode. The chemical structure ofaspirin and the carrier are given in Figure5.

The transduction mechanismin this case is based on co-extraction. Aspirin is present

as the mono-anion at physiological pH. Whenthe aspirin anionis transported from the

aqueous sample into the pyc membrane, the process would soon cometo an end unless a

protonis co-extracted into the pve. This is facilitated by incorporating a basic dye
(lipophilized Nile Blue) into the membranewhich, uponprotonation, changesits color from
red to blue.

 

Fig. 5. Chemical structure of the aspirin carrier (DODD) used in this work.

Fig. 6 shows the responsecurve towards aspirin. The response function can be related
to the product of concentrations oftwo ions [12, 13]. The signal dependsonly ontheactivity
of the analyte (aspirin) if the pH value of the sample solution is kept constant. The sensoris
fully reversible, with response timein the order of 2 minforfull signal change to occurin
the forwarddirection, but only 1 min for the reverse response. The sensor respondsto
aspirin in the 0.1 mM to about 30 mM concentration range, which is about the range needed
for determination ofaspirin in blood serum.It mustbesaid atthis point that the plasticizer
plays an extremely important (and hardly understood) rolein all kinds of such sensors,
particularly with regardto the interaction between analyte and carrier.
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Fig. 6. Response curve of the aspirin sensor using DODDastheaspirin carrier

and di-(2-ethylhexyl) phthalate as the plasticizer; pH 6.00.

3.3. Formation of Cavity Complexes between Modified Cyclodextrins: Sensing Cholic Acids

Cyclodextrins (CDs) have been widely used in analytical domains for separation

purposes and quantitative assay, especially in combination with high performance liquid

chromatography. Although applications of CDs in preparation of optodes are at the very

beginning, both the selectivity and sensitivity of CD-based optical sensors hold great
potential. Uenoetal. [14] have tested CD-based sensor systems with respect to their

response to more than 40different compoundsincluding a numberofbiologically important

ones. Pyrene incorporated into CD forms dimers that display excimerfluorescence
emissions. Whencertain bicmolecules are added tothis system, the green dimer emissionis
suppressed, while the violet monomer emissionincreases in intensity. The ratio of the two
emissions is a parameter that can be used for monitoring any species that causes such a
spectral change.

This sensory system showed goodsensitivity and selectivity for many compounds,

espcially for some steroidal compoundsofthe cholic acid type. However, the selectivity and

sensitivity depend onpolarity, shape, and and bulkiness of the analyte. However,this
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system can not be employed to detect amines including somebiological important amines

due to their quenching effects.

3.4. An Outlook

Manyof the recognition processes described above maybeutilized for furtherrefining

the capability of such sensors to quantitate other species. As an example, when the above

amine-sensitive membranes are coupled to enzymesoutof the goup of amino acid

decarboxylases, they may be used for determination of aminoacids. Thus, a phenylalanine

sensoris obtained by immobilization of phenylalanine decarboxylase on the 2-

phenylethylamine-sensitive membrane. This paves the way for developing sensors for amino

acids with doubleselectivity: The first by the enzyme, the second by the aminecarrier.

Moreover,it is worth mentioning that many importantbiological preparations (antibiotic,

e.g. tetracycline) and metabolites (e,g. choline) can also be measuredoptically by use of

amines-sensitive membranen.

4. Current Problems in Receptor-Based Biosensors

Despite of the tremendouspotential of receptor-based optical biosensors, we face quite a

numbershortcomings that limit the performanceofthe respective sensors:
1) Enzyme-basedsensors are strongly affected by pH,ionic strength, temperature,

heavy metal ions, and organicinhibitors.

2) Whenever enzymesare beingused,the resulting biosensors are highly temperature-

sensitive andirreversibly loose activity at above 50 °C. There is an obviousneedfor
thermophiles.

3) The lack of a reliable andsensitive optical sensor for hydrogen peroxide is annoying

in view of the success of the amperometric hydrogen peroxide sensor. Approaches have

beenreported to sense hydrogen peroxide via chemiluminescence,but this requires

continuousor frequent addition of reagent. The resulting device is not considered as a

sensorbutratheras a single shot probe.

4) Sensors based ontheuse of oxidases require constant oxygen supply. The most

elegant wayof shuttling electrons directly from the active center of the enzyme onto an

electron acceptor(as is the electrode) has not been demonstrated sofar in caseofoptical

sensors: Also, a numberofelectron-accepting dyes is known, the problem of regeneration of

the dye remains unsolved.

5) Receptor-basedsensors still are not selective enough for most applications.

As a result it may be said that, while optical sensors providea variety of promising aspects,
receptor-basedbiosensors still suffer from severe limitations. With respect to enzyme-based

sensors, someoftheselimitations already have been overcomein electrochemical sensors.

Except for situations where the specific advantagesof fiber optic technology can be

exploited(e.g., in remote sensing), the high level of sophistication of electrochemical

biosensors is a considerable challenge for those working in the optical biosensorfield.
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