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1. INTRODUCTION

The developement of sensors for monitoring bioanalytical parameters
has attracted much attention in medical, biotechnological and
environmental applications. Although there are several different
detection principles available now there is still enough innovation
potential for developing alternative supports as immobilization matrices
for biologically active component(s). Aside from the well established
carriers such as synthetic polymer matrices, carbon, gold or platinum
electrodes crystalline bacterial surface layers (S-layers) are an
important alternative since they have shown an unsurpassed high and
accurate binding capacity for a broad spectrum of enzymes (1).

2. WHAT ARE BACTERIAL SURFACE LAYERS (S-LAYERS) ?

Two dimensional crystalline surface layers, termed S-layers have been
observed as the outermost cell envelope component in many strains of
walled eubacteria and represent an almost universal feature of archae-
bacterial cell envelopes (for review see (2,3)). Most of the presently
known S-layers are composed of a single (glyco)protein species with
molecular weights ranging from 40.000 to 200.000. S-layers completely
cover the bacterial cell and are organised in the form of crystalline
lattices exhibiting oblique (p2), square (p4) or hexagonal (p6) symmetry
(Fig.la). Most techniques for isolation and purification of S-layers
involve the mechanical disruption of cells and subsegent differential
centrifugation to seperate the cell wall fragments. A complete
desintegration of S-layer fragments into their constituent subunits can
be achievded with high concentrations of chaotropic agents. Isolated
S-layer subunits have the inherent ability to self assemble into two-
dimensional arrays or to recrystallize on solid phases. All the
information required for generating two-dimensional crystalline arrays
is entirely contained in the individual protomeric units. Considering
S-layers as isoporous crystalline arrays covering the cell surface
completely they have the potential to function as protective coats,

molecular sieves and/or as a framework which determines and maintains
cell shape.
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Fig.1 a) Computer image reconstruction of a hexagonal S-layer
lattice.

b) Macromolecules are bound at well defined locations with
a high packing density.

3 PORE SIZE, PERMEABILITY PROPERTIES AND S-LAYER ULTRAFILTRATION
MEMBRANES

S-layers are commonly organized as a protein meshwork made of larger
protein domains connected by fine bridges. Due to the regular arrangement
of the constituent subunits pores in the S-layer lattice exhibit
identical size and morphology (3). Depending on the selected strain or
organism, the scale of pore sizes ranges from 2 to 12 nm. For example,
pore sizes of 2 to 3 nm permit the passage for molecules with molecular
weights of up to 15.000 while pores with 4.0 nm diameter show a cutoff
at 40.000. The geometric porosity of S-layers as revealed from computer
image reconstructions is in the range of 30%-70%. A completely new type
of ultrafiltration membrane was developed since S-layers function as
isoporous molecular sieves. For this purpose S-layer fragments are
deposited on commercially available microfiltration membranes and
stabilised by crosslinking (1).

4. S-LAYERS AS SUPPORTS FOR COVALENT ATTACHMENT OF MACROMOLECULES

Since S-layers as two-dimensional crystals are formed by periodic
repetition of identical subunits it is evident that functional groups
such as carboxyl, amino, or hydroxyl groups on the polypeptide chains
and/or carbohydrate moities must be present on each protomer in an
identical position and orientation. Chemical modification studies on
S-layers confirmed that carboxyl groups originating from acidic amino
acids in the S-layer protein on the outer surface are neutralized by
surface located free amino groups (1). Crosslinking experiments with
glutaraldehyd involve free amino groups leading to a net negative charged
surface due to the remaining carboxyl groups. These carboxyl groups can
be activated (e.g. with carbodiimide) and subsequently react with free
amino groups of macromolecules (e.g. enzymes) (1). Depending on the shape
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and molecular weight of the molecules, a defined number can be bound per
morphological unit. With ferritin (MW 440.000) one molecule, with
invertase (MW 270.000) two to three and with glucose oxidase (MW 160.000)
four molecules are bound per unit cell (Fig.lb). Immobilized GOD and
invertase retained 50% and 70% of their original activity, respectively.
With S-layers composed of glycoprotein subunits in addition to the
protein the carbohydrate chain can be used as matrix for immobilizing
molecules. This allows an immobilization not only in the plane but also
in the third dimension. The regular arrangement of larger molecules
(e.g.ferritin) on the S-layer lattice can be visualized by high
resolution electron microscopical procedures.

52 S-LAYERS AS IMMOBILIZATION MATRIX IN BIOSENSOR DEVELOPEMENT

The first biosensor we developed on the basis of S-layer technology
was a conventional glucose sensor using glucose oxidase (GOD) as
bioactive component and the oxidation of hydrogenperoxide (H,0;) as
detection principle. The working electrode consists of an S-layer
ultrafiltration membrane (microfilter coated with crosslinked S-layer
fragments) as immobilization matrix (Fig.2a). GOD molecules are bound to
the activated carboxyl groups and coated with a thin metal layer of
platinum or gold. The high degree of preservation of enzyme activity,
high packing density and short diffusion distances for H,0, yields high
signal levels (100nA/mm /mmol), a wide linearity range (0 - 20 mmol) and
fast response times (30 seconds).
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Fig.2 a) Schematic drawing of a single enzyme S-layer biosensor:

Enzyme molecules are bound to the S-layer fragments of an
S-layer ultrafiltration membrane (SUM).

b) Multi enzyme S-layer biosensor: S-layer fragments are
loaded with enzyme species individually and deposited on
the microfilter seguentially.
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Nevertheless, for the construction of multienzyme sensors a different
construction principle was developed because the simultaneous
immobilization of several different enzyme species leads to an
uncontrollable competition for the available binding sites. In this
second generation of S-layer biosensors enzymes are immobilized to
S-layer fragments in suspension which are deposited and fixed on the
microfilter afterwards (Fig.2b). In this way immobilization parameters
can be optimized individually for every processing step and the ratio of
the amounts of enzyme controlled. This method leads to a well structured
sandwich of enzyme layers where protective layers can easily be
integrated. On the basis of this technique a saccharose sensor with three
enzymes species (invertase-mutarotase-glucose oxidase) was developed.
Invertase converts saccharose to a-D-glucose which has to be changed to
B-D-glucose in order to be able to react with glucose oxidase. This
conversion is done by mutarotase. In a similar way an ascorbic acid
independent glucose sensor was developed by covering the glucose sensor
with a protective layer of S-layer fragments loaded with ascorbate
oxidase at the front end of the working electrode. Thus ascorbic acid is
eliminated by this protective layer and cannot disturb the monitoring of
glucose. The construction of a thin multifunctional layered biosensor is
only possible by using a composite multi S-layer assembly as signal
transducer. Based on this new technique several more sensors (alcohol
sensor, xanthine sensor, etc.) were developed until now.

Aside from the electrochemical biosensors we are working on the
usability of S-layers as interface between optical fibers or waveguides
and bioactive molecules (e.g. enzymes, fluorescent markers). For this
type of biosensor developement we do not use S-layer fragments but
S-layer protein monolayers which have recrystallized on the transparent
supports. Currently we are developing a glucose sensor using GOD and a
pH-dependent fluorescent marker. The detection principle is based on the
change in pH-value in the vicinity of the enzyme due to the production
of gluconic acid in the course of the enzyme reaction.

6. CONCLUSION

Summarizing the results about our biosensor developements we have
shown that S-layers can be used as a novel type of immobilization matrix
in the developement of bioanalytical sensors. It is particularly their
crystallinity and enormous binding potential which make them to an
appealing alternative to the well established supports. S-layer
biosensors yield high signal-to-noise ratios, short response times and
good storage stability. Currently we are studying the physicochemical
properties of S-layer based biosensors and force the developement of
further multifunctional devices.
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