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FIBER OPTIC SENSORS: CURRENT STATUS

M.S. Abdel-Latif, A. Suleiman and G. G. Guilbault

ee of Chemistry, University of New Orleans, New Orleans, LA

SUMMARY

Biosensors are attracting the attention of manyinvestigatorsin the field of

biotechnology related research. A biosensoris a device that combinesthe specificity of a

biomaterial (enzymes, antibodies, receptors or even whole cells) with sensitive, well

established bioassays. Biosensors are of potential use in manyfields includingclinical and

biotechnology monitoring. An importantclass of enzymes, effecting H,O, generation or O7

depletion, can be monitored by following the enzymatic reaction, and thus determining the

substrate level. Other enzyme systems,like urease andpenicillinase,result in a pH change

which can be followed using a pH sensitive device. For the many advantagesoffiber optic

sensing, extensive research efforts have been devoted to the productionofreliable,self-

contained andsensitive fiber optic biosensors which are capable of in situ monitoring. An

overview ofthe possibilities and challenges associated with the construction of such sensors

are discussed.

INTRODUCTION

Spectrophotometric (UV, VIS) methods havebeenused to construct biosensors since 1966.

In pioneering experiments! a column packed with immobilized enzyme was prepared, and the

absorbanceof the product was measured. The real advantagesin the field came from the work of

Hornby, Horvath, Sunderman and Cambiaghi? who constructed nylon coils with immobilized enzymes

which be coupled directly to flow injection or air segmented (Technicon) analyzers. After two

decades ofintensive research, and many attempts at commercialization, the last of these coil
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analyzers, sold by Carlo Erba in Milan, has disappeared from the marketplace.

Effort then shifted to a miniaturization of the optical approach, to the immobilization

of the reagerit phase onthe endof a single optical fiber or fiber bundle. Interaction of the

componentbeing measured (i.e. the analyte) with the immobilized reagent phase causes a change

in the optical properties of the reagent phase whichis then measured through the optical

fiber. The first efforts in this field were those of Lubbers and Opitz? who developed pH,

carbon dioxide* and oxygen sensors‘. They named this type of sensor an optrode. Hirschfeld?

suggested the term optrode, which is now widely used, as is the term "optical sensor". Reviews

ofthis technology have beenprepared by Seitz® and Amold’.

There are many important advantages for optical biosensors including:

a. Optical biosensors are highly specific since an enzyme,antibodyor a receptoris an

integral part of the sensor.

b. Since fibers can have a very small cross section, miniaturization of the sensoris

possible.

c. Problemsassociated with the reference cells and liquid junction potentials in

potentiometric measurementare eliminated.

d. In situ measurements using optical fibers are possible. Thus analysis can be

performedin real time.

e. Inaccesible or dangerous samples can be analyzed, since remote sensing is possible

dueto he ability of fibers to transmit light for more than 1000 meterswith little loss of

signal.

f. An important direction in biosensorresearch is the development of biosensors for in

vivo measurements. Since the signal is optical, such biosensors offer an advantageofsafety.

Also, the optical nature of the signal eliminatesthe electrical interferences.

g. Another important feature which will be more and more established in the next decade

is the possibility of two or more wavelength detection. Hence, with one fiber more than one

analyte can be analyzed at the sametime.

h. Application to the fermentation industry where noise immunity is important. Self

calibration using multiwavelength determinationsis possible.

However,there are several disadvantages for the optical biosensor, for example:

a. The most severe problem is the stability of the sensor where, in mostcases, the
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indicator phase can be washed out or consumed. Also, the biologically active component might

lack long-term stability.

b. If the cell is not well designed, interferences from the ambientlight will take

place.

c. Indeveloping a sensor, it is necessary to immobilize as many reagents as possible

so that manipulations of the measurements can be simple. Lossesin the sensitivity of many

indicators are encountered whenthey are immobilized. This limits the use of many, otherwise

valuable, indicators.

d. Optical fibers that can be used to transmitlight in the UV,like quartz, are very

expensive.

Optical biosensors are expected to have the features of both the selectivity of the

biological system together with the advantagesof the spectroscopic method for the transducer.

They have been used to determine enzymeactivity, glucose, penicillin, urea, and many other

metabolites. Fluorescence immunoassay has been reported andactive researchis still underway

in all fields of optical bioassay.

Immobilizing all reagents onthetip of the fiber will result in the highest selectivity

possible because the species generated will alter the spectral properties of the attached

layer. The light transmitted through the fiber will hit this indicator layer and penetrate

into a distance (D) given by

Deeen

2702 sin? a - ny”) 1/2

where D is always less than X.

Hence,the signal obtained is the characteristic of the reaction takingplaceat the tip

and is independentof the bulk solution.

In research at the University of New Orleanseffort has concentrated on new chromogenic

and fluorimetric monitoring systemsfor use in optrode sensors, and on the use of surfactants

to greatly increase the sensitivity and selectivity of the assay.

Hydrogen peroxide has greatsignificancein the analysis of a wide variety of biological

samples. For example, many enzyme reactionsresult in the generation of hydrogen peroxide in

amounts proportional to the substrate concentration. Thus, a biosensor based on the detection
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of hydrogen peroxide will have manyapplications.

Spectroscopic method for hydrogen peroxide determination are numerous. These include

spectrophotometry,fluorescence, and chemiluminescence (CL). However, several problems that

limit the use of manyof these methods for biosensor developmentexist.

Forinstance,to the best of ourknowledge, there is no suitable substance that can be

usedfor reversible spectrophotometric determination of H05. This is because the oxidized

colored substance can not be reversibly converted into the original form without the use of

some other methods which involve redox chemistry. This problem necessitatesthat the dye

should be in the soluble form, otherwise, the sensor can only be used for a single measurement.

In case of fluorescence detection of hydrogen peroxide, another problem is encountered

8,9 involve the production of a fluorescent dimer. Forwhere the best fluorimetric procedures

example, p-hydroxyphenylacetic acid is one ofthe best fluorimetric reagents for the detection

of hydrogen peroxide. When this compoundis immobilized on thetip of the fiber optic, the

dimer formed, in the presence of hydrogen peroxide and peroxidase,will also be in the

immobilized state whichresults in a very long fluorescencelife time. Also, reagent

consumption limits reproduceability. Thus, the fluorimetric substance should be included in

the reagent phase.

Self-contained optrodes based onthe fluorescence measurements can be successful if they

are constructed to respondto fluorescence quenching by oxygenor other quenchers. Quenching

of the fluorophore doesnotresult in structural change and regeneration ofthe fluorophore is

possible after removing the quencherby simple rinsing. Encouragingresults were obtained

using this approach (Fig. 1). However, this configuration does noteliminate interferences

from other quenchers presentin the sample to be analyzed. Thelast possibility which will be

discussedhere is the chemiluminescence (CL) detection of hydrogen peroxide. CL is known to be

one of the mostsensitive techniques, with very minimal instrumentation requirements (Fig.2).

There are several CL methods for the determination of hydrogen peroxide. The most important of

these are the luminoland the peroxyoxalate reactions (Table 1 summarizesthe results obtained

for the hydrogen peroxide determination).
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Figure 1. Representation of O, sensor.

Table 1: Comparison Results of the Luminol and Peroxyoxalate CL Systems for Hydrogen Peroxide

 

Determination*

Method Linear Range, M Rel. Std. Dev.

Luminol® 1.2*104 - 2.4*10°8 2.6

Peroxyoxalate® 8.0*10°4 - 8.0*10°9 3.0

 

4Using cetyltrimethylammonium bromide surfactant.

b.Cstudies were conducted at pH 7.2.

From the simplicity point of view, the peroxyoxalate system is preferred over the luminol

reaction becauseof these three main reasons. First, there is no pH mismatch between the

enzymatic and the peroxyoxalate reactions. Second, the need of a cooxidant(e.g., peroxidase)

is eliminated. The third reasonis the insolubility of the peroxyoxalate and the fluorophore

in aqueous medium whichallows successful incorporation of these substances in some matrices.

In addition to these advantages,it is well knownthat the peroxyoxalate reactionis at least

25 times moreefficient than the luminolreaction.

For these reasons, it seem reasonable to conduct somefurther studies on the system so

that a real self-contained peroxide probe can be developed. However,considerable reagent

consumption,at high substrate concentration, wouldcertainly result in a reduced signal as the

probeis used. Studies based on this approach are underway.
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Figure 2. Experimental setup of CL based biosensor.

Cationic surfactants were found to enhance the CL signal of the luminolreaction (Table

2) and overcome the pH mismatch between the enzymatic and the CL reaction 10, Also, the

solubility of the peroxyoxalate was enhanced in the presence of cationic surfactants microe-

mulsion!!, However, it should be pointed out that Tween surfactants always give a positive

reaction with both systems as well as many H,O, based system. This is, probably, dueto the

presence of an appreciable peroxide content in these surfactants. Thus,this type of sur-

factants should be excluded from any proceduresthat involve the direct or indirect

determination of hydrogen peroxide.

Table 2. Effect of Surfactants on the CL Intensity of the Luminol Reaction

 

 

Surfactant Average CL intensity (n=5)*

Cetyltrimethylammonium bromide 100

Mpyristyltrimethylammonium bromide 62

Lauryltrimethylammonium bromide 17,

Cetylpyridinium chloride 19

Brijß-35 19

Nosurfactant 15

 

Relative CLintensity in arbitrary units normalized to 100
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A ratherinteresting behavior of the peroxyoxalate CL system is that, in the presence of

Tween surfactants, the reaction occurs in the absence of hydrogen peroxide and the fluorophore.

This meansthat, if the Tween surfactants are pure as claimed, the change in the viscosity of

the solventeliminates the energy transfer step and direct CL is observed.

An exampleofthis type of biosensors is urea which, in the presence ofurease,is

converted into ammonium andbicarbonate according to the following equation:

m Urease i 2
ae Oh +Hy0+H?> 2NH4 + HCO;

The production of ammonium ions changes the pH of the reagent phase resulting in a

change in the spectralProperties of a pH indicator.

<—_—_ Optical fiber

+————_ Bromothymolblue

and urease coimmobilized on

an Immunodyne membrane

Figure 3. A schematic of the urea biosensor.

Urease,as well as bromothymolblue were successfully immobilized on a preactivated

Immunodyne membrane. This sensoris very simple (Fig. 3) where only a membrane with

coimmobilized urease and indicator is required.

This approach can be adapted to other reactions that involve a pH change(e.g., the

penicillin/penicillinase reaction). However, major problem was encountered where the

immobilized indicator was not very sensitive towards minor pH changes. Thesensitivity loss of

manyindicators and substances, when immobilized, is a real problem which faces optrode

development. This handicap can be overcomebyuse ofcertain immobilization media that can
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dissolve the substrate of interest. This approachis underinvestigation.

Oneof the mostsensitive and popular spectrophotometric methods, a modification of the

Berthelot method, depends on the formationof a blue color of indophenol ion, molar

adsorptivity is about 4.5 x 10? Lem! moll, from the reaction of ammonia with a hypochlorite-

alkaline phenolsolution in the presenceofa catalyst like nitroprusside, divalent manganese

ion or pentacyanonitrosylate. Beside the relatively complex reagents which are used in the

indophenol method,recent studies show that a large number of compounds severelyinterfere with

the ammonia determination. The problem maybe,asleastin part, due to the high pH of

alkaline phenol-hypochlorite solution.

Ammoniahas been determined by fluorimetry using the reaction discovered by Roth. the

procedure involves the reaction of o-phthalaldehyde (OPA), mercaptoethanol (ME) and ammonia, at

high pH. However,the selectivity is a problem becausethe reaction has also been used to

determine aminoacids andthiols.

Hence, we have developed a new colorimetric method for the selective determination of

ammonia in aqueoussolution. O-phthalaldehyde reacts with ammonia and 2-thiazoline-2-thiolat

neutral to slightly alkaline pH’s, then a deep purple color develops whenthe pHis then

brought back to even highly alkaline pH. The spectrum of the adsorbing species shows two

maximaat 438 nm and 535 nm. Thereaction is very selective for ammonia over 18 amino acids

tested as well as urea as shown. Thestructure of the absorbing species was not

determined but a molar absorptivity of about 2.3 x 104 L cm"! mor!has been calculated.

Results indicate that the method is very sensitive (detection limit is about 1 n mole/ml) and

the calibration curve was linear for ammonia in the concentration range 2.7 x 10° M to 5.5x

10° M (the highest concentration tested) with a relative standard deviation of less than 1%.

CONCLUSION

The optical sensor or optrode is one biosensorthat will in our opinion achieve great

popularity in the next decade,and will strongly compete with the electrode biosensor. The

tremendouspotential of bio- and chemiluminescencewill be utilized in construction ofvery

sensitive and reliable bioprobes. Enzyme sensors for glucose,urea, creatinine, and other

importantspecies, will be constructed based on adsorption as well as emission techniques.

Finally, the fast pace of developments in opto-electronic chips, etc., portend a future where

not only the sensor is minimized, but the measuring system as well. Molecular biology and
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protein engineering will makeit possible to design bio-receptors with the desired

characteristics for specific use in biosensors. This should result in a new generation of

highly selective, miniature, portable, stable optrode biosensors useful in a wide field of

applications.
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