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drated powder (e.g. lyophilised) or immobilised on some

One of the main problems of many biosensors is sort of support, such as a biosensor surface.

their intrinsic stability. In some notable cases SHELF-STABILITY may be defined as the enhancement
izis?ﬁscgr?}n?:f:?au?sgtriﬁﬂ?c;h g(')'g‘é‘”gi% stgﬁszfg' or improvement of activity retention of an enzyme, protein,
world-wide. However, the majority of enzymes diagnostic or device V\{hen stored urjder_ specified conditions
used in biosensors are labile and require stabi- a_fte_r m_anufactur_e. This parameter is vital for the commer-
lisation to produce viable devices. cialisation of labile materials that degrade over time. One of
the most common examples of shelf-stability is in the food
industry, where foodstuffs have a sell-by date stamped on
the packaging. The same type of system is found on phar-
maceuticals and often enzyme suppliers have a use-by or
expiry date on their protein products. The stability of the
labile biomaterial in biosensor devices is often one of the
deciding factors as to the commercial viability of that par-

The stabilisation of enzymes and other proteins is of grefifular sensor device.

interest in a number of application areas where shelf life and OPERATIONAL STABILITY may be defined as the
stability during operation are required. In particular, appl|-retention of activity of a protein or enzyme when in use.

cations which use very pure, high value proteins such is is often the most quoted parameter in biosensor publi-

antibodies, analytical enzymes and the like, need t0 emplQy,iong and it relates to the operating lifetime and reusabil-
effective stabilisation technology primarily due to cost con-

; : e . ity of a device. In many cases the lifetime of use of a sen-
siderations and the availability of the proteins used. Lowelo, can be important, usually in an environment where
cost, less pure proteins such as enzymes used in dewrgﬁﬂ)tnitoring of an analyte is required or when an analytical
applications can be used at higher levels to allow for so

q dation duri ¢ d but i i evice incorporates a reusable sensor in the measuring
egraaation during storagé and use, but In praclicé evefl,qqq e.g. the Yellow Springs Instrument glucose analyser
these bulk applications employ methods for stabilisatio 1]
The principle application of stabilisation systems in the pro="
duction of sensors is the focus of this chapter, with a lean- Both shelf-stability and operating stability are important
ing towards the commercialisation aspects of biosens@arameters, but in some cases the operational stability is
devices. The definition of stability and several of the mechirrelevant, whereas shelf-stability is crucial, such as in the
anisms of inactivation are included. Clearly the subject ofmanufacture of single use, disposable biosensors for glucose
biosensors is so diverse and so many different types haj@&. In some cases, notably with multi-use carbon paste
been described, a full review of how to stabilise all types ibiosensors both types of stability can be needed. The bulk
far outside the scope of this chapter. To give a rougbf the paste not in contact with the analyte solution requir-
overview, several examples of reported stability of some cuing shelf-stability and the tip of the device where the mea-
rent biosensor formats have been included under the madnrement occurs being in need of operational stability, if the
heading of Biosensor Types. In addition, some specifidevice is to be used several times. These types of sensors
experimental data of analytical enzyme stabilisation irare being developed and marketed by Gwent Sensors Ltd
biosensor formats carried out in our laboratories will also beGSL) based in South Wales, UK.
given, with a brief discussion on the likely factors influenc-
ing stability of proteins in biosensors.

Introduction

Mechanisms of Inactivation of Enzymes

Definition of Stabilit
y The mechanisms of inactivation of proteins and enzymes are

extremely varied. Figure 1 gives an overview of the differ-
It is of prime importance to define the different types of staent types of inactivation mechanisms that have been
bility at the very outset. Enzymes can be stabilised tdescribed for a number of proteins [3]. It can be seen that
improve shelf-stability or operational stability, and this maysimple unfolding of the structure is only a small proportion
be done where enzymes are present in solution, as a dely-the methods by which enzymes and proteins inactivate.
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Unfolding (denaturation)

Loss of Co-Factor (FAD: Haem: PQQ)
Protein Aggregation

Poisoning - Irreversable Inhibition
Proteolosis

Substrates for Microorganisms
Chemistry of Protein Changing

Hydrolysis (Ser / Thr / -ve groups Asp / Glu)
Deglycosylation

— Imide Formation (Asparagine / Glutamine)
—— Cyclisation (Diketopiperizine formation)
—— Deamidation (Asparagine / Glutamine)

—— Recemisation

—— Oxidation (Tryp / Met/ Cys / Tyr / Cys-Cys)
. Photooxidation

—— Make and Reform Disulphide Bridges

Figure 1. Methods of Inactivation of Enzymes.

The mechanisms of deactivation of enzymes are extremely varied
and are summarised in the figure above. Enzymes can deactivate in
a number of different ways depending on the conditions and it is
entirely feasible that several deactivation mechanisms may occur
simultaneously at any one time. In general dehydrated enzymes are
more stable than dilute solutions and immobilised enzymes tend to
exhibit better stability than native enzymes.

Physical Entrapment

Chemical Modification - graft polymers
Crosslinking - bifunctional reagents
Immobilisation on supports - electrodes
Protein Engineering

Additives / Media Engineering

—— Salts - including buffers

—— Metal ions - magnesium, calcium

— Polymers - neutral / charged

___ Solvents

— Water modifiers

t sugars (trehalose, sucrose)
polyhydric alcohols (glycerol,

sorbitol, lactitol)

Figure 2. Summary of Methods of Enzyme Stabilisation.

There are literally hundreds of specific techniques that have been
used to stabilise enzymes. The summary shown is a synopsis of the
generic features of the methods used, rather than an exhaustive
overview. Reviews of enzyme stabilisation techniques [4-6] give
detailed descriptions of the specific methods used for a nhumber of
different enzymes.
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Methods of Stabilising Enzymes

There are many different types of methods to influence the
stability of an enzyme. Figure 2 contains a summary of the
different methods that have been described. Some specific
examples for the different types of stabilisation techniques

will be given under the different headings included after this

section. In general, stabilisation of the enzyme component is
usually due to a combination of the different methods which

effectively prevent the degradation route of the particular

enzyme being used. The literature is full of examples of

routes to the stabilisation of enzymes and it is not possible
to detail them all here, however several good reviews are
available in the literature [4-6].

Biosensor Types

In biosensor production, the enzyme or protein used is
almost invariably immobilised, entrapped or crosslinked in
some way so as to produce an intimate connection or com-
munication between the enzyme and the transducer. The
classical definition of a biosensor states: “A biosensor may
be defined as a biological molecule that is intimately asso-
ciated to or part of a transducer” [7]. Around this definition
there are myriad’s of system and format variations, with
transducers varying from optical, electrochemical, piezo-
electric and calorimetric. The main point focused on here is
the need to stabilise the biomolecule used to provide the
specificity of the response. Most successful biosensors in the
commercial market that are used to detect and quantify sub-
stances employ enzymes as the biomolecule, with some sort
of electrochemical measuring system as the transduction
method. Glucose biosensors almost invariably use glucose
oxidase as the enzyme, which has a very high specificity for
B-D-glucose and is a protein having a high level of glyco-
sylation on the surface of the molecule. The 3D structure
has been published [8]. This enzyme is remarkably stable in
a dry form, with the dry crystalline enzyme withstanding
temperatures over 100°C for several minutes (personal com-
munication from Dr J R Woodward). In biosensors the
enzyme is also very stable in the dry state, thus allowing the
manufacture and storage of devices without activity loss.
However, the enzyme is not as stable in solution or during
long term operation, as the flavin active site is reported to
be gradually inactivated chemically by the hydrogen perox-
ide that is produced [9]. Immobilisation, membrane deposi-
tion and crosslinking all contribute to elevated operational
stability of glucose biosensors, but in the main, single use,
disposable glucose sensors have all but commandeered the
marketplace. This is also sound marketing practice, as dis-
posable means more sales of the sensor devices themselves.

Based on the figures displayed on the web site of
Cranfield University Biotechnology Centre,
(http://www.cranfield.ac.uk/biotech/), glucose biosensors
hold around 90% of the world market share. The remainder
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of the biosensor market, where different enzymes are usTable I. Alcohol Oxidase Based Membrane Biosensor
consists of 1) other medical analytes such as lactate, urea &Stability.

creatinine, 2) environmental analytes such as BOD (biolog
cal oxygen demand), pesticides and heavy metals and
others, consisting of fermentation monitoring, (e.g. alcohol
glutamate, glutamine, lactate) and instruments used to ma
itor direct molecular interactions (e.g. BiaCore, 1Asys). Thes

Incubation time. No Stabilisers Cationic
Days at 37°C Added Polyelectrolyte
Stabilisers Added

latter are not really analytical instruments but tools to dete % Remaining Activity Measured
and quantify the extent of molecular interactions and as sut Relative to Mean Initial Activity
do not rely on enzymes for their sensor functionality. 0 100 100
Therefore the overall scope for stabilisation of enzyme 2 79 127.3
for use in biosensors is relatively large if the subject i 6 46.9 127
viewed from an academic standpoint, however in practic 9 57.1 88

the number of biosensors that are likely to be produced ai 13 28.1 87.3
used as ‘real’ commercial devices is very much less. As tF 20 21'9 45'5
field of biosensors is extremely large and diverse, some 1 ' '
the different types described with some specific examples .
biosensor stability will now be discussed under a serie' "¢ membranes were stored dry and assayed for enzyme activity
of distinct headings. In this wav it is hoped that the t eusmg the amperometric responses to 5pl injections of ethanol
™~ gs. Yy : p . yp_ (2.59.'Y) in a YSI model 27 glucose analyser. Electrode configura-
of stability protocols used for biosensor production willtion comprised a platinum working electrode vs a silver/silver chlo-
become more clear. ride reference electrode. Working potential +0.65V. The biosensors
were constructed with an upper membrane of nucleopore and a
lower membrane of cellulose acetate, molecular weight cut-off 100
daltons. The enzyme was sandwiched between the membranes

; ; ; using a commercial immobilisation protocol (YSI Inc.) for the control
The earliest type of biosensors to become available Corand with the cationic polyelectrolyte combinations added to the

mercially were of this type. Yellow Springs Instruments INCjmmopiiisation protocol for the stabilised membrane biosensors. The
pioneered the way, using a combination of cellulose acetapercentage activity retention was calculated by reference to an aver-

and microporous membranes fabricated as a sandwich age initial response of freshly made biosensors.

entrap a covalently crosslinked glucose oxidase enzyn

layer. The stability of such crosslinked layers is very high

the enzyme being resistant to deactivation and reasonat

compatible with glutaraldehyde, which is used as thi

crosslinker. A detailed treatise on amperometric membrar

electrodes and their relative stabilities has been publisheystems and can be scaled up to give commercial quantities
[10]. if required (along with associated problems of effective mix-

Alternative oxidase enzymes lend themselves to this tyg89: €tc.). There are several groups around the world who
of detection format, however their stability in a crosslinked’@ve concentrated on this approach, together with the asso-
format was found to be rather less than optimal. Using alc&iated method of using composites, generally based on some
hol oxidase as the enzyme, the activity all but disappeafgPe of material (e.g. epoxy resin, silicone resin), that is
during the crosslinking step and any residual activity left igured to give a solid matrix combined with carbon powder
destroyed rapidly on storage. Incompatibility with chemicagnd/or other conductive materials. The group of Prof. Lo
crosslinkers, such as the rather aggressive glutaraldehy@erton in Lund, Sweden has published a large number of
can be a significant drawback in the formation of membranexamples, with several stabilisers being added that seem to
biosensors. The stabilisation of alcohol oxidase in a dehymprove both the shelf-stability and the operational stability
drated state for long term storage was accomplished in oaof the biosensors [13-16]. Also carbon paste manufacture
laboratories in Leeds, UK using combinations of polyelechas been scaled up to commercial quantities by the group of
trolytes and polyalcohols added before the drying step, witRrof. Nabil EI Murr at the University of Nantes and has been
the work patented in 1989 [11, 12]. This technology wagised in the production of a specialised device having a
adapted and transferred to the manufacture of membrapgnewable surface [17]. The stability of the sensors produced
entrapped alcohol biosensors in 1990 during a collaboratitgas been shown to be very high, with full activity being
project between YSI Inc. and our group. The alcohol OXiretained for 1-2 years (personal communication). It is
dase bg;ed_ sensors are now manufactured usmg.th|s metlﬂ%lught that the hydrophobic environment of the carbon
of stabilisation of the enzyme structure and a typical exankagte reduces the relative water activity of the enzyme sur-
ple of stability is shown in table I. face, thus mimicking the stabilisation effects seen with
enzymes in organic solvents [18]. Khan and Wernet reported
the formation of a multilayer composite lactate sensor hav-
Carbon paste biosensors have the advantage of being e&wy a shelf-stability of over 2 years at —18°C and about a
to prepare, adaptable to a variety of different enzyme basgdar at room temperature [19].

Membrane Entrapped Biosensors

Carbon Paste or Composite Biosensors
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Screen Printed Biosensors electrochemistry between glucose oxidase and polypyrrole,
immobilisation of the enzyme onto a track etch mem-
ne [30]. Commercial trials of such a membrane system,
erating in flow injection mode have been done by an
ustrial laboratory, and have shown no loss of activity over

. . . )
The main commercial success of recent years is assomat.gé
with this type of biosensor. As previously mentioned th%
highest market share for biosensors is for screen print(?

electrodes for glucose. Such devices contain a number % months of continuous use (personal communication). A

different materials, designed to facilitate the process gl o\ of the technique of electropolymerisation can be
screen printing, cause satisfactory mechanical stability a und in Adeloju and Wallace [31]

adhesion and create a stable microenvironment for the

enzymes present. In the case of lactate oxidase, additives .

such as hydroxyethyl cellulose have been added to improf&hers Types of Biosensors
the rheology of the ink, with some general improvement i7d /mmobilisation Methods
stability when the charged polymer Gafquat 755N is also

incorporated [20]. However the formulations of inks for theElectronic Wiring

production of biosensors are usually closely guarded indus- , , i i
trial secrets and the additives that are being used by the vai?€ technique of producing molecular wires was pioneered

ious manufacturers are, in the main, unknown to the erigy Heller in the USA and involves the use of electron shut-
users. Where academic publications are concerned, the cd9 Polymers containing osmium redox centres, that allow
ductive inks used are often commercially formulated, witf£/ectrons to be conducted from the buried active sites of
the enzyme layer being added as a separate coat on t§pZYMes to the electroconductive surface of the transducer.
Examples include photopolymerisable entrapment of Ne technique utilises the formation of molecular complexes
enzymes [21, 22], which is commercially used by Trac®f polycationic polymers with co-ordination chemistry and
Biotech AG in their flow injection analysers and additions®S such direct electrostatic interaction of the enzyme struc-

of DEAE-dextran and polyalcohols, shown to be effective ifure With the polycation can be observed using an agarose
lactate biosensors [23]. IEF technique, [personal communication]. The operational

stability of glucose oxidase in the polymer matrix has been
reported to be sufficient for use in implantable devices over
a period of 3 days, with a suggested operational lifetime of
This technique has developed remarkably over the last fewdays [32].

years with a large number of papers being produced report-

ing the attachment of enzymes onto gold surfaces using SWyactrostatic Immobilisation

phur containing organics [24-26]. Secondary chemistry to

form covalent immobilisation between the surface and thgnmobilisation by attachment to a charged surface of an
enzyme structure is generally used as the basis for bioseslectrode has been reported by Stekeal. [33], where glu-

sor production. The commercially available systems procose oxidase was mixed with bovine serum albumin and
duced by BiaCore and similar companies utilise a numbeglectrochemically deposited onto the surface of a charged
of reaction chemistries to immobilise the biomolecules use@lectrode. The resulting film was then covalently crosslinked
A review of the formation and use of SAMS in sensors hagith glutaraldehyde to produce the working sensor, giving
been published [27]. an operational stability of over 70 days in use.

Biosensors Based on Self-Assembled Monolayers

The stability of the enzymes in the layers of SAMS can o o
be extremely high by choosing the correct microenviron/mmobilisation by Lipid Attachment
ment, however the actual sulphur — gold bond can b . .
destroyed at reducing potentials [28], thereby dictating thghough strictly not a biosensor paper, Kalletyal. reported

careful control of measuring system conditions when using very unusu_al meth_od of enzyme |mmob|l|sat|_on using
these devices erivatised lipid chemistry [34]. The remarkable thing about

the covalently attached urease used, was the observation that
the thermal stability was enhanced to the level of being fully
active after treatment at 100°C for 1 hour and also after 168
The technique of electropolymerisation of heterocyclichours at 25°C when stored in a dry state. Comparative stud-
monomers, such as pyrrole or thiophene has also developied with urease immobilised onto the same surface by glu-
rapidly over the last 10 years. One of the first papers incotaraldehyde activated aminopropylsilane gave 85% and 93%
porating an enzyme into a polypyrrole film was publishedactivity losses under the same conditions.

by Foulds and Lowe in 1986 [29]. The stability was reported

to be fairly low, with a useful shelf-life of 21 days when | angmuir-Blodgett Films

stored in buffer at 4°C. Since then there have been literally

hundreds of papers reporting enzyme electrodes with elethis technique of producing thin, reproducible films of
tropolymerised films incorporated into the structure in somenzymes entrapped in a bilayer of supporting amphiphilic
way or another. One in particular is worthy of note as thenolecules has been shown to give very stable, heat resistant
operational stability of the resulting electrode has beehiocatalysts [35]. Such fabrication methods are very well
found to be extremely high. Koopat al. reported direct defined and can be manipulated at the molecular dimension

Biosensors Based on Electropolymerised Films
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120 8 Immobilised enzyme on CPG.
100mM phosphate buffer, pH 6.0
100 -+ Immobilised enzyme with poly-
electrolyte in 100mM phosphate
buffer, pH 6.0
30 | B Immobilised enzyme complex.
100mM phosphate buffer, pH 6.0
g
'% B Immobilised enzyme with
< 60 1 polyelectrolyte + 40%w/v sorbose
Z in 100mM phosphate buffer, pH 6.0
£
E B Immobilised enzyme complex
& 40 +40% wiv sorbose in 100mM
X phosphate buffer, pH 6.0
20
0 n
70 80 90 100
Temperature °C

Figure 3. Stability of Immobilised Native Glucose Oxidase and Polycationic Enzyme Complexes.

Glucose oxidase or glucose oxidase-polyelectrolyte complex was immobilised on aminopropylsilane controlled pore glass after glutaraldehyde
activation. The immobilised enzyme preparations were weighed into 5mg portions and incubated individually for 20 minutes at the respective
temperatures shown, in 100mM phosphate buffer pH 6.0, sorbose (40% w/v) was included in the same buffer when used. The results show
that the enzyme is fairly stable at 70°C in all 5 preparations but as the temperature of incubation increases, the stability of the enzyme com-
plex in the presence of sorbose is clearly much higher than the rest. The immobilised enzyme complex itself is marginally more stable than
native immobilised enzyme to which a solution of polyelectrolyte is then added, possibly due to the formation of a more compatible microen-
vironment around the enzyme.

level, however large scale manufacture may be a drawbadihermostable Extremophile Enzymes
in this type of device. ] ) )
Jefferieset al. have produced a glutamate biosensor with an
Immobilisation of Electrostatic Complexes enzyme isolated from an extremophile, immobilised into a
carbon paste matrix [37]. The enzyme was found to be fully
This is a relatively new technique that has been adapted froactive at temperatures of 60°C and unlike some examples of
the type of stabilisation systems developed in our group iextremophile enzymes, the activity at lower temperatures
Leeds. Immobilisation of enzyme-polyelectrolyte complexesvas significantly high, allowing measurements to be carried
onto glass surfaces show distinct improvements in the theout using standard conditions. In many cases highly ther-
mal stability, when compared to native immobilised enzymenostable enzymes have very low activity at ambient tem-
[36]. This effect is further enhanced in the presence qgferatures, leading to incompatibilities with the analytical
polyalcohol solutions and also seem to allow the completeystems being used. Such enzymes may be remarkable sta-
dehydration of the solid phase immobilised enzyme with fulble, but analytically they give such low signals so as to ren-
activity retention. Some practical data is shown in figure 3ler them effectively useless for normal biosensor applica-
using glucose oxidase as the model enzyme. tions.

634 ANALUSIS, 1999, 27, N° 7
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Table II. Stabilisation of Different Enzyme Systems using Polyelectrolyte/Polyalcohol Combinations.

Enzyme. Type % Activity Days. (n) Temp.
Day 0 Day n

Pyruvate kinase Control. a7 8 29 37°C
+ Stabilisers 106 85 29 37°C

Hexokinase Control 57 4 29 37°C
+ Stabilisers 160 129 29 37°C

Glucose-6-phosphate dehydrogenase Control 80 31 29 37°C
+ Stabilisers 84 73 29 37°C

Fructose dehydrogenase Control 100 27 155 4°C
+ Stabilisers 100 99 155 4°C

Control 100 9 155 25°C

+ Stabilisers 100 76 155 25°C

Lactate dehydrogenase Control 100 49 190 25°C
+ Stabilisers 100 110 190 25°C

Glucose dehydrogenase Control 100 81 13 37°C
+ Stabilisers 108 112 13 37°C

Malate dehydrogenase Control 14 2 20 37°C
+ Stabilisers 114 96 20 37°C

B-Hydroxybutyrate dehydrogenase Control 59.5 38.3 36 37°C
+ Stabilisers 105 91.3 36 37°C

Alcohol oxidase Control 100 18 11 37°C
+ Stabilisers 100 102 162 37°C

Lactate oxidase Control 100 28 300 37°C
+ Stabilisers 100 102 300 37°C

Control 100 17 300 50°C

+ Stabilisers 100 64 300 50°C

Galactose oxidase Control 117 38 16 37°C
+ Stabilisers 125 117 16 37°C

Cholesterol oxidase Control 100 38 17 37°C
+ Stabilisers 100 93 17 37°C

Glycerol-3-phosphate oxidase Control 110 60 15 37°C
+ Stabilisers 98 111 15 37°C

Choline oxidase Control 63 4 15 37°C
+ Stabilisers 98 81 15 37°C

Uricase Control 82 26 15 37°C
+ Stabilisers 91 100 10 37°C

Catalase Control 85 65 22 37°C
+ Stabilisers 94 98 22 37°C

Horseradish peroxidase Control 100 40 50 37°C
+ Stabilisers 100 102 50 37°C

Acetylcholinesterase Control 100 10 43 37°C
+ Stabilisers 100 92 43 37°C

Immobilised using Carbodiimide Control 100 54.5 76 37°C
+ Stabilisers 100 115.4 76 37°C

B-Galactosidase Control 100 0 65 25°C
+ Stabilisers 100 90 65 25°C

Serine Protease Control 100 22 56 50°C
+ Stabilisers 100 73 56 50°C

Activity is expressed in percentage relative to the initial activity,which in most cases has been taken as the 100% value of a freshly prepared
dry enzyme sample. Where values other than 100% are recorded in the day O column, the zero time activity is related to the amount of
activity of the solution of enzyme before dehydration. This gives a useful measurement of the amount of activity lost in the drying step. In
all cases the stabilisers used were combinations of polyelectrolytes with polyalcohols taken from the patented process of Applied Enzyme
Technology Ltd.
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. e enzymes which are already more stable than their native
__Analytical Enzyme Stabilisation counterparts (unpublished data) and stability increases of
in Biosensor Formats, Practical Examples several types of biosensors have been demonstrated [41-46].
The engineering of the media or the matrix surrounding the

The prinary method of enzyme staiisaion used in ofF VTS P2 e STl of procucing e siered microen:
group is the manipulation of the environment of the nativ . - P ; )
enzyme by additives, generally polyelectrolytes combine he!‘ the previous senes'of examples Of. blosenlsor types are
with polyalcohols and immobilisation using the chemistry ofcogséﬂir?gég ;)Se]icg'r%ggg'?suigga(t:rtharlnggg?vi'rzongneogi Oaf"
the surface groups. Initially it was demonstrated that thE,h 1¥h i 9 t oh d. hvdroohobi hvdrophili
shelf-stability of dehydrated alcohol oxidase isolated fronf@S€S: The creation of charged, nydrophobic or hydrophilic
the methylotrophic yeasHansenula polymorphawas environments all have significant influences on the stability
markedly enhanced using these type of stabilisers [38-4 f the fma_l device producc_ed. Where oxidation of the enzyme
The system has been tested with a number of enzym gucture is one of the primary reasons for deactivation, the
including alkaline phosphatase, lactate oxidase, horseradiSfation of ret,\)qlgcmg mwroenwronmenrt]s mayé_be an optlort;to
peroxidase, glucose oxidase, galactose oxidase, lactate deffjProve stability [47]. However such conditions may be
drogenase, malate dehydrogenase, hexokinase and acdfigempatible with enzyme systems that produce oxidising
cholinesterase and in all cases shelf-stability was observ@§Pducts, €.g. oxidases that produce hydrogen peroxide. The
to be elevated, often significantly so, table Ii. effect of the type of immobilisation method used is shown
clearly in the case of pesticide biosensors made using acetyl-
Using these methods we have found it is also possible tholinesterase as the active biocomponent. When glu-
further enhance the stability of recombinant, engineerethraldehyde is used as the immobilisation agent the result-

1200 -
120 3
100 4
1000 80
60 3
40 2
800 20 .
ot——m
é o 1 3 7 10 16 27 42 76
L
£ 600
g B 1) Glutaraldehyde Immobilisation
[ No Stabilisers Added
400 2) Glutaraldehyde Immobilisation
Lactitol Added.
B 3) Carbodiimide Immobilisation
200 No Stabilisers Added.
B 4) Carbodiimide Immobilisation
o Lactitol Added.
0 1 3 7 10 16 27 42 76 B8 5) Carbodiimide Immobilisation
. Polyelectrolyte Combination
Days Incubation 37°C

Figure 4. Immobilisation Matrix Effect on Biosensors Based on Acetylcholinesterase.

The stability of the acetylcholinesterase based biosensors is shown to depend very much on the type of immobilisation used in the manu-
facturing step. When glutaraldehyde is used as a crosslinker the enzyme activity is low, indicated by the very low amperometric response.
Adding lactitol to the enzyme before crosslinking improved the stability, but still the responses were below 200nA. Using carbodiimide cou-
pling the activity improved to around 250nA and adding lactitol increased the activity 2%/, times, indicating a higher enzyme survival rate. A
further improvement occurs when an anionic polyelectrolyte is incorporated into the manufacturing process, giving an approximate 4 fold cur-
rent increase over unstabilised carbodiimide immobilised sensors. The insert shows the data plotted as a percentage survival rate over time
at 37°C. The stability trend is the same, however it can be seen that the data could be easily misinterpreted as it is not clear form the per-
centage graph the level of amperometric response observed.
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ing catalytic currents are low and the stability is poorincluded without specific rational design, as the stability of
Carbodiimide immobilisation of the enzyme onto the carbomiosensors often seems more of a secondary consideration,
matrix improves the stability dramatically and also increaseelative to the electrochemistry and the analytical character-
the currents significantly, figure 4. A fuller discussion ofistics of the devices produced. In the commercial world,
these effects is given in Rippegh al. [48] and Gibson and many techniques have to be introduced to overcome manu-
Steele [49]. facturing problems associated with scale-up. The product
produced has to be guaranteed to work analytically and has
to be stable before and in use. Here is the real challenge, to
introduce rational stabilisation design as part of the devel-
opment protocol towards manufacture of viable, commer-
cially available biosensors. To facilitate this process a uni-
versity spin-off company, Applied Enzyme Technology Ltd,
ts ecialising in enzyme stabilisation was created in 1994. The
I?étented technology coming from our academic group is
Gwned by the company and there is now a route to directly
Mtroduce commercially viable protocols into the biosensor

stability is the control of theelative water activity at the 4, sty “hased on rational design of enzyme structure at the
enzyme surface, whether the enzyme is dissolved, imma- . strial level

bilised or (in the case of organic solvents) suspended. This
factor is likely to bethe single most important parameter in
promotion of structural stability of enzymes. In adding poly-
hydric alcohols to aqueous solutions, the bulk and surface
water activity is modified relative to the absolute concen-
tration of the additive and it is well known that stabilisation ]
effects observed are dependant on the concentration bfvould like to acknowledge Dr Ben Appleton, Dr John
polyalcohol present [50-51]. Also enzyme activity in organidRippeth and Mr John Hulbert, who have done the majority
solvents where the water activity is carefully controlled ig?f the work in biosensor stabilisation at Leeds and all the
nothing short of remarkable in many cases [52] When usé%hD students who have prowded stabilisation de_lta TOI’ dllf-
in combination with additives promoting electrostatic inter-ferent enzymes. Dr John Woodward for communicating his
actions (polyelectrolytes) or surface chemical interactiongesults on glucose oxidase and Prof. Nabil EI Murr for the
leading to immobilisation or crosslinking, the efficacy ofinformation on the carbon paste electrodes. In addition, Dr
polyalcohols is usually enhanced significantly, indicatingloanis Katakis for discussions on polyelectrolyte binding to
synergy of action at the surface of the protein structurglucose oxidase and Dr Dominic Steele for help in display-
thereby stabilising the enzyme overall. The solvation chaig the molecular graphics of the enzymes being stabilised.
acteristics of an enzyme are likely to be changed signifi-
cantly when associated into an enzyme-polyelectrolyte com-
plex and as such will interact differently with polyalcohol
solutions leading to elevated stability. This also indicates
that the electrostatic microenvironment may be very impor-
tant as well as the water content. This is supported by obsef
vations on glucose biosensors, where glucose oxidase was

Likely Factors of Enzyme and Protein
Stabilisation

Based on the many examples from the literature and
experiences of the research carried out at Leeds it is s
gested that one of the major contributory factors of enzy
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