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Figure 5.5 Determination of oestradiol-178 via an antibody-modified iodide elect
(a) mechanism of the reaction; (b) the corresponding calibration graph of potenti

a function of concentration. From Hall, E. A. H., Biosensors, Copyright 1990. ©
Wiley & Sons Ltd. Reproduced with permission.

5.3 Amperometric Sensors

5.3.1 Direct Electrolytic Methods

On their own, voltammetric (amperometric) sensors do have some selecti
in that the reduction (oxidation) potential is characteristic of the species be
analysed. As one sweeps the potential in the negative direction, the electro ",

a hdngmg mercury- drop electrode for a mixture of six cations in 1 M H
shown in Figure 5.6. '

Note that this method is not strictly a sensor technique — further details €
be obtained from the AnTS text by Paul Monk, Fundamentals of Electroanall
cal Chemistry (see the Bibliography). The selectivity is fairly limited, howe?
unless one uses modified electrodes (with extra selectivity ‘incorporated
them’). Such applications were discussed briefly above in Chapter 3, and ¢

considered in more detail below in Chapter 8, with application to a specif
example.

pemical Sensors and Biosensors 139
{ro¢
Pb(n)
]
-0.2
. Ti()
!
T 01
A Cu(n)
0 T T T T T T T T T T T
0 -05 -1.0

E(V)

Figure 5.6 Differential pulse polarogram obtained for a mixture of six cations (Cu(m),
Pb(u), TI(11), In(m), Cd(u) and Zn(m)).

5.3.2 The Three Generations of Biosensors

Sometimes, the three modes of oxidation reactions that occur in biosensors are
referred to as first-, second- and third-generation, as follows:

® First generation — oxygen electrode-based sensors
* Second generation — mediator-based sensors
* Third generation — directly coupled enzyme electrodes

However, there is some evidence that the mode of action of conducting-salt
electrodes is really the same as that of a mediator, so that the third-generation
description may not be strictly accurate.

SAQ 5.5
What is a mediator?
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Jev* some examples of oxidases which are used in biosensors. From Hall, E. A. H.,
0

5.3.3 First Generation - The Oxygen Electrode ble 3 3‘ Copyright 1990. © John Wiley & Sons Ltd. Reproduced with permission
nsors

The original glucose enzyme electrode used molecular OXxygen as the gx

" pinse i min Stabl]l[y (dayS)

agent, as follows: [ . yte Bozyme s ;me Py ~30

GOD [ e Glucose oxida§e x 7

glucose + O, — gluconic acid + H,0, - Glucos® I Cholesterol oxidase 14

olestefi‘l:eS Monoamine oxidase j 60

The reaction is followed by measuring the decrease in oxygen concentrat MO;Z?:] Oxalate oxidase o -

a Clark oxygen electrode. This type of electrode was first developed S:Cm[e Lastar:e d(;x:)i?fifase = —

and uses the voltammetric principle of electrochemically reducing the ' Fonnaldeh)’de :}ccfhz [ oxidise - =

with the cell current being directly proportional to the OXygen concentr: Ethanol Glveollate oxiduss — -

The glucose oxidase is immobilized in polyacrylamide gel on a gas- Glycollate N ,ZDH oxidase — A5
membrane covering the electrode, where the latter consists of a platinum ca ‘ EA’D_L

and a silver anode. Figure 5.7 shows a typical glucose sensor of this typ
a system, in addition to being of great practical importance in the medic;
is also a useful model system on which many other biosensors designs ¢
based. |
Several other biosensors have been developed which use oxidases and ¢ X)
A selection of some of these is given in Table 5.3, -
Although these types of devices worked quite well, their operation ra
number of problems. First, the ambient leve] of OXygen needed to be cop
and constant — otherwise the electrode response to the decrease in oxyge
centration would not be proportional to the decrease in glucose concentra

Another problem was that at the fairly high reduction potentials needed to reduce
no
oxygen (—=0.7 V):

Og 4 7' === 0y7

materials might interfere. L. ]
Oﬂﬁe first way around this was to measure the oxidation of the hydrogen per

oxide product:

H,0, — 2HY 4+2e + 0,

This was achieved by setting the electrode poten;ilal to +gi.6§e\(l).f ;I;llllsrf 1esresntél€1:
i igh i i the problem cou
fairly high in the opposite sense, and now : . .
fromy ascgorbic acid, which is oxidized at this potential and is commonly present
in biological samples.
A nurgnber of :ttempts have been made to regulate the oxygen level.nZSonrilee
of these were based on the fact that in the presence of the comm(;gnc(:) wz. ;
Catalase, hydrogen peroxide is decomposed to water and oxygen, as ¢

catalase

H202 —> H;,0+ 0,

However, only half the required oxygen is produced in this case, and btl;e; :r::ll); éf
all of the hydrogen peroxide is recycled — in fact, only about 50% t(t:lan Ode.y :
An alternative approach is to re-oxidize the water to oxygen at the anode:

H,0 — 2~ —> 2H " + 0,

Again, the standard electrode potential for thlS is very hlgh at +li.r21t3e r\f/e,r:;csl
the application of such a potential would be hke?ly to 9x1dlze any erienes
that might be present. Some success has beep obt.ametd 'thh an oxygelrll-d gy
electrode in which a separate oxygen generation circuit is used, controlle; g

Figure 5.7 Schematic of the Clark-type glucose electrode, which uses two membran
Ag anode: b, Pt cathode; ¢ and d, rubber rings; e, electrolyte gel; f, “Teflon’ membrai
glucose oxidase on nylon net; h, cellophane membrane. From Hall, E. A. H., Biosensor:
Copyright 1990. © John Wiley & Sons Ltd. Reproduced with permission.
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Figure 5.8 Schematic of the generation circuit used to obtain a constant oxy,
centration in an oxygen electrode: 1, immobilized enzymes; 2, platinum net; 3
membrane of oxygen electrode; 4, reference voltage; 5, differential amplifier;
controller which regulates the current through the electrolysis circuit to maint:
differential voltage (V) at zero; 7, voltage source of electrolysis circuit; 8, pl
coil around electrode; 9, microammeter. Reprinted from Biosensors: Fundam
Applications edited by A. P. F. Turner, I. Karube and G. S. Wilson (1987), by p
of Oxford University Press.

a feedback amplifier from the analysing oxygen electrode. Such a system is s
in Figure 5.8. L

The operational amplifier compares the measured current due to the |
of the oxygen with a standard potential. This is then fed back to control |
trolysis potential of the oxygen-generating circuit. The glucose oxidase |
with catalase and is embedded in a platinum-gauze electrode which
the anode of the generating circuit. !

Another approach is to control the oxygen level by the rate at which an 0X.
containing buffer is pumped through the cell. )

SAQ 5.6
Why is oxygen not a good mediator?

5.3.4 Second Generation — Mediators

An idea was developed to replace oxygen with other oxidizing agents
transfer agents — which were reversible, had appropriate oxidation poten
whose concentrations could be controlled. Transition-metal cations
complexes were generally used for this purpose. Such materials are usu
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Figure 5.9 The strqcture of ferrocene. From Eggins, B. R., Biosensors: An
jntroduction, Copyright 1996. © John Wiley & Sons Limited. Reproduced
with permission.

mediators. Many mediators are based on iron, either as ions or its complexes:
Fe(m) + e~ — Fe(n)

Free iror}(['u) i.ons do not make good mediators as they are subject to hydrolysis
and precipitation as iron(m) hydroxide (Fe(OH)s).

A common complex, which is sometimes used, is hexac

it : 5 yanoferrate(im),

[Fe(FjN)f,]3 , formerly known as ferricyanide. However, the most successful
,medxat'ors have bee_n ferrocene (Fc) complexes, whose structures consist of a
ic,:.mdwu;hgof the cation between two cyclopentadienyl (Cp) anions, as shown in

igure 5.9.

The following reactions apply for the various systems referred to above:

Felty+e~ == Fe?*,, (E"=+053V) (5.2a)

leo JHZO

Fe(OH); + 3H* Fe(OH), + 2H" (hydrolysis)
[Fe(CN)e P 4 e~ 's [Fe"(CN)6*~  (E° = +0.45 V) (5.2b)
[Fe"(Cp)o]* + e~ == Fell(Cp), (E® = 40.165 V; (5.2¢)
ferrocene Ey(Ox) = +0.193 V;

Ey(R) = +0.137 V)
Taking t

as follows:he example of glucose, the operation of a ferrocene-type mediator is

glucose + GODgy, — gluconolactone + GODg + 2H*
GODg + 2Fc* — GODgy + 2Fc
2Fc — 2e~ — 2Fc*
acCtug] oxidati < .
Micleoig, (;fgt)l(::r:) of the glucose is carried out by the flavin-adenine

2 Th . mpqngnt of the glucose oxidase, which is converted into
¢ latter is re-oxidised to the FAD by the Fc* (mediator), followed by
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Figure 5.10 Mechanism of operation of a ferrocene-mediated biosensor for glu it
ferrocene; GOD, glucose oxidase. From Eggins, B. R., Biosensors: An Introduction, C
right 1996. © John Wiley & Sons Limited. Reproduced with permission.

the re-oxidation of Fc to Fc* directly at an electrode, with the current flo
through the latter being an amperometric measure of the glucose concentr.
This is illustrated in the cyclic reaction scheme shown in Figure 5.10.

DQ 5.3
What factors make good mediators?

Answer

The properties of a good mediator are as follows:

(i) It should react rapidly with the enzyme.

(ii) It should show reversible (i.e. fast) electron-transfer kinetics.
(iii) It should have a low over-potential for regeneration.

(iv) It should be independent of the pH.

(v) It should be stable in both its oxidized and reduced forms.
(vi) It should not react with oxygen.
(vii) It should be non-toxic.

Ferrocenes fit all of these criteria.

SAQ 5.7
Why is ferric sulfate a poor mediator?

As observed previously, an oxygen electrode is operated at —0.6 V, at ¥
potential it is also likely to reduce ascorbic acid, which is normally prese
large amounts in most enzyme or cell preparations.
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ple 5.4 Redox potentials of some important reactions (at pH 7). From Eggins, B. R.,
[0senSors: An Introduction, Copyright 1996. © John Wiley & Sons Ltd. Reproduced

with permission

Reaclio“ E (V)* Reaction E (V)
ctate—acetaldehyde —0.60 Oxaloacetate—1-malate -0.17
" {one—propan-2-ol —0.43 Ubiquinone—reduced ubiquinone 0.00
Aie,H, —0.42 Fumarate —succinate +0.03
Hanthi;w—hypoxanthine —0.37 Dehydroascorbate—ascorbate +0.06
N AD+_NADH —0.32 Ferrocene—reduced ferrocene +0.165
oxidized—reduced glutathione  —0.23 0,-H,/0, , +0.31
Cysline_cysteine -0.22 [Fe (CN)s]*~/[Fe(CN)g]*~ +0.45
Acetaldehyde—ethanol —020  Fe'*-Fe** +0.53
pyruvate— L-malate —0.19 0,-H, +0.82

m standard hydrogen electrode (SHE).

Table 5.5 Redox potentials of some substituted ferrocenes and the corre-
sponding electron-transfer rate constants when used as mediators in oxida-
tion reactions involving glucose oxidase. From Eggins, B. R., Biosensors:
An Introduction, Copyright 1996. John Wiley & Sons Ltd. Reproduced with

permission

Derivative E (V) k (105 dm*® mol~! s7!)
1,1’-Dimethyl 0.100 0.8
Acetic acid 0.142 —
Ferrocene® 0.165 0.3
Amidopentylamidopyrrole 0.200 2.07
Aminopropylpyrrole 0.215 0.75
Vinyl 0.253 0.3
Monocarboxylic acid 0.275 2.0
I,1"-Dicarboxylic acid 0.290 0.3
Methyltrimethylamino 0.387 53
Polyvinyl 0.435 e

"'Vcrsus the saturated-calomel electrode (SCE).
"Parent (unsubstituted) material.

Table 5.4 presents the redox potentials of some important reactions (at
PH 7) _ some of these will be discussed in the following sections.
€ ring(s) of the cyclopentadienyl group may have various substituent groups
_hed- The presence of these groups affects the properties of the ferrocene,
pal'tlcularly the redox potential, and also the rate constant for electron transfer to
S ®1Zyme. Some examples are shown in Table 5.5.
Thzhe Solubility is also affected, which is important in formulating the biosensor.
a4 I1'-dimethylferrocene is insoluble in water and has an E° of +0.1 V and
Constant for reaction with glucose oxidase of 0.8 x 10~> dm® mol~' 57,
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Table 5.6 ‘Natural’ and ‘artificial’ mediators and their redox potentials at pH 7.
From Eggins, B. R., Biosensors: An Introduction, Copyright 1996. © John Wiley

& Sons Ltd. Reproduced with permission

E (V)e

Natural E (V)* Artificial

Cytochrome a3 +0.29 Hexacyanoferrate(i) +0.45
Cytochrome c;3 +0.24 2,6-Dichlorophenol +0.24
Ubiquinone +0.10 Indophenol +0.24
Cytochrome b +0.08 Ferrocene +0.17
Vitamin K, -0.03 Phenazine methosulfate +0.07
Rubredoxin —0.05 Methylene Blue +0.04
Flavoproteins —0.4 to +0.2 Phthalocyanine —0.0255.
FAD/FADH, —0.23 Phenosafranine —-0.23
FMN/FMNH, —0.23 Benzylviologen —0.36
NAD*/NADH —0.32 Methylviologen —046
NADP*/NADPH —032 y
Ferridoxin —-0.43

“Versus the standard hydrogen electrode (SHE).

whereas ferrocene monocarboxylic acid is fairly soluble in water and has
of 4+0.275 V and a rate constant of 2.0 x 1075 dm? mol~" s~.

Many other suitable mediator materials are available, and can be classifif
‘natural’ and ‘artificial’ electron mediators. The former type includes mol
such as the cytochromes, ubiquinone, flavoproteins and ferridoxins, while
cial mediators include many dyestuffs, such as Methylene Blue, phthalocyan
and viologens. Table 5.6 presents a comparison of the redox potentials of a
tion of these mediators, with the structures of some of them being shov
Figure 5.11. '

5.3.4.1 Rate Constants

In general, we can write the rate mechanism as follows:
R—0x+¢e"

k
ER+Ox—]>E0x+R

ka
Eox + glucose —— E..q + gluconolactone

where E is an enzyme. If k; < 10ky/[glucose], then k; is fast and k
rate-determining step.

We can study the effect of mediators by cyclic voltammetry, and obtain
mate of the rate constant. If we determine the cyclic voltammogram of &
containing ferrocene monocarboxylic acid in a phosphate buffer (pH 7

- Miley &
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(a) Redox proteins

Cytochromes—Fe(11)/Fe(111) porphyrins
Ferridoxins — 2Fe—2S (chloroplasts)
— Tetramers
2[2Fe-2S]
(N-fixing bacteria) NH,
Flavoproteins — FAD or FMN N
CH,(CHOH); - CH, - O-(®)-

N N0
peve:

Riboflavin <———

) % =N
®OCH2<N |N)

(0]

2

FMN ~————i

FAD

(b) Viologens

Rt Nl Ni-r 2cr

R = Me or CgHsCHy—

Methylene Blue

N
7
JOa St
(CH,),N S N(CH3),

Cr

Tetramethylphenylenediamine (TMPD)
CH
e i
N N\
CH,3 o

CH,

Phenazine methosulfate
CH; HSO;”

N
N
N
‘l.‘ig‘“‘e 5.11 Some examples of (a) natural and (b) artificial mediators used in oxida-

n : :
Wi T®actions, From Eggins, B. R., Biosensors: An Introduction, Copyright 1996. © John
Sons Limited. Reproduced with permission.

]
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Figure 5.13 Theoretical plot of the ratio of the kinetic- to diffusion-controlled peak cur-
- : : = = rents, ix/ig, as a function of the kinetic parameter, (kgla)"*. Reprinted from Biosensors:

0 01 02 03 04 05

Fundamentals and Applications edited by A. P. F. Turner, I. Karube and G. S. Wilson
Potential (V versus SCE)

(1987), by permission of Oxford University Press.

Figure 5.12 Catalytic cyclic voltammograms of (A) ferrocene monocarboxylic acid
presence of glucose, and (B) the same system, but with the addition of glucose o
Reprinted with permission from Cass, A. E. G., Davies, G., Francis, G. D., Hill, H. A.
Aston, W. J., Higgins, I. J., Plotkin, E. V., Scott, L. D. and Turner, A. P. F., Anal. Che
56, 6567—6571 (1984). Copyright (1984) American Chemical Society.

{«—— Copper wire contact
<+—— Glass tube

also contains glucose, we obtain the typical reversible shape of the ferroce
cyclic voltammogram, as shown by curve A in Figure 5.12. If we now a
glucose oxidase to this solution, we then obtain a catalytic plot with a greal
enhanced reduction peak and no oxidation peak (curve B) in Figure 5.12.

The rate constant is proportional to the relative height of the catalytic pl
so that we have:

Polypropylene

ivlia = f [log (k)v] “

where v is the sweep rate.

The above relationship is shown in a graph of iy/iq versus (kg/a)'?, whe
a = nFVIRT, iy is the catalytic current (with GOD), iq is the diffusion-controll
current, and ky is the rate constant (Figure 5.13).

Figure 5.14 Schematic of a carbon paste electrode, for use with a mediator for biosensor
applications. From Eggins, B. R., Biosensors: An Introduction, Copyright 1996. © John
Wiley & Sons Limited. Reproduced with permission.

The simplest approach is to mix the mediator with carbon paste (liquid paraffin
Mixed with graphite powder) in a carbon-paste electrode, after which the enzyme
IS adsorbed on the surface and held in place with a membrane (as shown in
Figure 5.14).

5.3.4.2 Formation of Biosensors Using Mediators
There are many ways in which mediators can be incorporated into biosensors. -

i . d . 2 i
the experiment described above, the components are all in solution. In a biosens€
both the enzyme and the ferrocene must be immobilized on the electrode.
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A more sophisticated approach was used by Cass and co-workers (1
In this, graphite foil, with the edge plane exposed, was coated‘
dimethylferrocene by evaporation from a toluene solution. Glucose oxida
a buffer was then immobilized on the surface by reaction with 1-cycloh
(2-morpholinoethyl)carbodiimide- p-methyltoluenesulfonate. The sensor was
covered with a ‘Nuclepore’ membrane. '

SAQ 5.8

Name three ‘natural’ and three ‘artificial’ mediators.

5.3.5 Third Generation — Directly Coupled Enzyme Electrode

It may seem strange that a mediator is needed to couple an enzyme to an el
Why would it not be possible to reduce (oxidize) an enzyme directly
electrode? The prohlem is that proteins tend to be denatured on electrode s
In addition, the electron-transfer reaction may be slow and irreversible and h
requires an excessively high over-potential. '
A possible approach is to modify the surface, e.g. with 4,4'-bipyridyl
gold electrode. The bipyridyl is not itself electroactive, and nor is it a
It forms weak hydrogen bonds with lysine residues on the enzyme, with
binding being temporary.
A better solution was developed by Albery and Cranston (1987) and Bai
(1987), using organic-conducting-salt electrodes. In this system, tetrathia
lene (TTF) is reversibly oxidized, while tetracyanoquinodimethane (TC
similarly reversibly reduced (see Figure 5.15). A pair of these molecules fo
a charge-transfer complex, and it has been found that when such complexes
incorporated into an electrode, the surface becomes highly reversible and !
ble to many enzymes. Another important molecule for such an applicatior
N-methylphenothiazine (NMP), which is sometime preferred to TTF.

NC\C’CN
S S
! bad
TCNQ TTF

Figure 5.15 Structures of tetracyanoquinodimethane (TCNQ) and tetrathiafulvale
(TTF). From Eggins, B. R., Biosensors: An Introduction, Copyright 1996. © John
& Sons Limited. Reproduced with permission.
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P ducting salts can be built into electrodes in three way';ill.:é z:isifo:;Em
Thes® S ssed pellets or as a paste with graphlt.e powder. The e
pystals 2 - in their properties, in that the higher the crystallin s
| ‘c‘fyS vary shghtly in their p: B

. que
ibili urse, the construction techniqu
forﬂ‘ihe petter is the reversibility, but then, of co

‘ ?he; ofe difficult.
15

Enzyme—Electrode Coupling

jrect o
5'3.5.1 . bilization techniques have been developed to “wire an enzyme

. . ok
enﬂ}'; 1an glectrode thus facilitating rapid electron transfer and hence hig
rectly 10 ’

i i situ polymerization process using

- e InAg:n:;;:;qt)tll:yolfn \;}(ﬁ: er:;lttllr(l)(; ussd )z: glucose dehydr(?genase
redox polym 4 - the redox centre, pyrroloquinolinequinone (PQQ), which yvas1
(GDH) contammglass carbon electrode through a redox pol_yrper, poly‘(vmzyJr
twired' 10 the' ﬁ nist/rogen—complexed with [osmium bis(bipyridine) -chlorlde]. )

o) pal'ﬁad ywith bromoethylamine, (POs-EA), an.d cross—llr}ked YV.lt
and quatemlzi1 col 400 diglycidyl ether) (PEGDE). This ongen-‘mser;)snrtrll\llveI
gf)(?s/e(:itshozl?rf)d;ged a very high current densi.tt);1 of égDmf; Iizsrgr Tg;tk:iizsowm
; i i i n with a .
glucc;;z ti:zld z:ohztl)li—;i};ieeoft HSm:iSa;sl:gttl:th tilrllacontinuous operation the current had
enzy

«decayed to the baseline in 8 h.

5.3.6 NADH/NAD™*

i i ctor in many
Nicotinamide — adenine dinucleotide (NAD) is a very common (:,)if; e
biochemical processes, coupling a hydrogen-transfer reaction

reaction, as follows:

'C= +
NAD* 4+ RR'CHOH —> NADH + RR'C=0 +H

The structures of NADH and its redox form. are shown in Flg;;;ozlﬁ;z;)t, t;’lv;g;
the corresponding reactions, i.e. reductti)c)m, oxidation and dimert .

species undergo given in Figure 5.16(b). ' : ‘
pUnfortunategly,gthe redox behaviour of NADJr —NAD+H is rathfr ilf,;e‘ﬁ;f]l)b]?
at an electrode. The electrochemical redl.lccl:-tlog Ofelj[::)lc)he r(rilci)szllr;otogNAD+ bu;
but leads to a dimer. NADH can be oxidized € ' : -
at a substantial over-potential, i.e. above the standafd redox r;f)otenlt:zlc.li;)tgf c;) "
use a modified electrode, i.e. one coated with a suitable su .acesalt electr,OdeS
Such electrodes lack long-term stability. The use of conducélr{;g—(vs AAZCD
can overcome this difficulty. NADH can be 0x1dlzeq at —Q. : .for s
on an NMP+_TCNQ~ electrode. It can be used in a bllozensnoa e Car:
With lactate dehydrogenase (LDH). The NADH was recyc te (;)ard go meie
bon (GC) electrode at +0.75 V, considerably above the stan p

=032 v:
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NMP* - TCNQ~
| electrode NH2

Table 5.7 Some examples of NADH-coupled assays. From
Eggins, B. R., Biosensors: An Introduction, Copyright 1996. ©
John Wiley & Sons Limited. Reproduced with permission

O

LDH
pyruvate + NADH + H* —— lactate + NAD*

% W—Z-o-
-

MDH
oxalacetate + NADH + H* —— malate + NAD"

e

N NADH

ADH
EtOH + NAD" —— CH;CHO + NADH + H*
G-6-PDH
G-6-P + NADT ——— glucono-6'-lactone-6-P + NADH + H*
MMO
CH4 + NAD" 4+ H;0 —— CH30H + NADH + H*
(b) 5 o . FDH 4
HCO,H + NAD™ —— CO; + NADH + H
N(ate)R i
NO;~ + NADH + Ht —— NO,~ + H,0 + NAD
N(ite)R "
NO,~ + 3NADH + 4H* —— NH; + 2H,0 + 3NAD

diapho
2Fe(CN)s*~ + NADH —» 2Fe(CN)¢*~ + NAD" + H*

diaphorase
MVt + NADH ——— MV + NAD*
HSD. )
androsterone + NAD* ——> 5-androstane-3,17-dione + NADH

ChDH
cholesterol + NADT —— cholestenone + NADH + H*

overcome, is that NADH (and NAD™) are expensive and are not very stable — nor
can they easily be immobilized on a biosensor. Therefore, these materials have
10 be added directly to the analysis solution.

In addition to the lactate—pyruvate example mentioned above, ethanol can be
Teadily measured by a biosensor based on this technique:

Figure 5.16 Structures (a) of nicotinamide—adenosine dinucleotide (NAD) ar
reduced form (NADH), and (b) their corresponding reduction, oxidation and dime (2,
reactions. From Hall, E. A. H., Biosensors, Copyright 1990. © John Wiley & So S

ADH e
Reproduced with permission. C,H30H + NAD' —— CH;CHO + NADH + H

LDH Another ; . . .
CH;CHOHCO,~ + NAD* CH;COCO,~ + NADH + H* €r important bioassay is for cholesterol:
NADH — NAD* + e~ + H* (GC, 4+0.75 V)

ChDH
cholesterol + NADT —— cholestenone + NADH + H™
(NMP*-TCNQ™, -0.2 V)

There is a very large number of useful reactions that can be driven by
systems, particularly those involving dehydrogenases (estimated to be mo 3
250). Some of these are shown in Table 5.7. One problem, which has not yetb

Othef analytes that can be assayed in this way include L-amino acids, glycolic
and, of course, NADH itself. While biosensors can be constructed for the
aly tes by using conducting-salt electrodes, a ferrocene-mediated electrode can
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Diaphorase NAD* Product
8 (R)
E
3
Diaphorase NADH Substrate
(Ox)

Figure 5.17 Reversible redox behaviour of NAD-NADH linked by diaphorase
methyl viologen (MV) mediator. From Eggins, B. R., Biosensors: An Introductie
Copyright 1996. © John Wiley & Sons Limited. Reproduced with permission.

be used if the ferrocene is coupled to the NADH via the enzyme diaphorz
(lipoamide dehydrogenase) (Figure 5.17). ’

SAQ 5.9

(@ What are the main problems with using NAD" as a mediator?
(b) How can these be overcome?
(c) Give three examples of the use of NAD* as a mediator.

5.3.7 Examples of Amperometric Biosensors
5.3.7.1 Glucose

It has been said that about half of the research papers published on biosense
are concerned with glucose. In addition to its metabolic and medical impo
this material provides a good standard compound on which to try out pos
new biosensor techniques. There are, in fact, a number of different ways
determining glucose just by using electrochemical transducers. Reference to
has already been made earlier under other transducer modes (see Section 2.2
above).

Figure 5.18 shows the overall pattern. It can be seen that although there a
several different ways in which glucose may be determined, glucose oxida
(GOD) lies at the centre of them all. The following points should be noted: ‘

(i) Because gluconic acid is formed as a product, there is a change in pH a
so measurement of the latter can be used to monitor the reaction:

GOD
glucose + O, —— gluconic acid + H,0,

(ii) The re-oxidation of the reduced form of GOD, directly at the electrode,
possible with special electrodes, as described in Section 5.3.5 above:
glucose + GODpy —— gluconic acid + GODg

GODgr — 2e~ —— GODy
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Figure 5.18 The different pathways for the oxidation of glucose which can bej followed
by the use of electrochemical sensors. From Hall, E. A. H., Biosensors, Copyright 1990.
© John Wiley & Sons Ltd. Reproduced with permission.

(iii) As oxygen is consumed in the reaction, the decrease in oxygen concen-
tration can be monitored with a Clark oxygen electrode, as described in
Section 5.3.3 above:

glucose 4+ O, — gluconic acid + Hy02
0, +2¢ +2H" — H,0,

(iv) An alternative is to monitor the hydrogen peroxide produced by the reduction
of oxygen. This may be carried out directly by electro-oxidation at +0.6 V:

H,0, — 26~ —> Oy + 2H*

(V) The hydrogen peroxide produced can be used to oxidize iodide to ioding in
the presence of peroxidase (PO) and the decrease in iodide concentration
measured with an iodide-selective electrode:

PO
H,0, 4 2HI —> H,0 + I
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glect®
‘ e three possible approaches, all involving ferrocene as a mediator.
first of these involves coupling through NAD"-NADH, diaphorase and
4 ocene, to an electrode, as shown in Figure 5.19.
then fersrecond approach uses oxygen, which is first converted into hydrogen
ide—the latter is then coupled via peroxidase and ferrocene, as illustrated

(vi) The oxygen may be replaced by a mediator, such as ferrocene (Fc), Wl

ar
can be detected by electrochemical oxidation: pre

GOD .
glucose + 2Fc™ —— gluconic acid + 2Fc

)
5.3.7.2 Lactate ‘ i Figure 0.7 . ;
Lactate (CH3;CHOHCO,H) is an important analyte because of its involvemg : he dth(‘;dviggzéqf;dgzgﬁ; O:I?(ieis_hvti;it::: 1(?219(1;)8 eutS(;sf e;ro:}:ssi.a;\ern Oc\:;}
muscle action, following which its concentration in blood rises. There are metho

different enzymes that can be used, with two of these being mediator
while the other two are oxygen-driven. The processes in three of these case
to pyruvate (CH3COCO;H) and in the other to acetate, as shown in the fol

schemes:

Cholesterol ester

()

NAD Diaphorase (R) 2Fct
2e
(ii)
NADH Diaphorase (Ox) 2Fc
Frgure 5.19 The reaction pathway of a biosensor which uses NAD-NADH, diaphorase
and ferrocene for the analysis of cholesterol: (i) cholesterol esterase; (ii) cholesterol dehy-

drogenase. From Eggins, B. R., Biosensors: An Introduction, Copyright 1996. © John
Wiley & Sons Limited. Reproduced with permission.

LDH
(i) lactate + NADt —— pyruvate + NADH + H*

Cholesterol

NADH — NAD™' 4+ 2e~ +H" (at the electrode)

Cyt by
(i1) lactate + 2[Fe(CN)6]3‘ ——> pyruvate + 2H" + 2[Fe(CN)6]4‘

Cholestenone

[Fe(CN)¢]*~ — [Fe(CN)]>~ +e~ (at the electrode)

LOD
(iii) lactate + O, —— pyruvate + H,0,

(at the electrode; HO, may be oxidized or O, reduced)

LMO
(iv) lactate + O, —— acetate + CO, + H,0O
(at the electrode; O, is reduced)

Cholesterol ester
(LDH, lactate dehydrogenase; LOD, lactate oxidase; LMO, lactate mono &

Cyt by, cytochrome b;.)

Cholesterol 0,

5.3.7.3 Cholesterol
Too much cholesterol in the body is thought to be associated with heart
and therefore monitoring the level in the blood is becoming a routine heal
analysis. The existing procedure is cumbersome and so a biosensor
would be very useful. At the time of writing, no successful commercializ
such a biosensor has been achieved. However, a number of promising pro
have been developed in the laboratory.
Cholesterol is the most basic steroid alcohol, and is the major constitue
gallstones, from which it can be extracted. Cholesterol commonly occ
bloodstream as an ester. Therefore, any method of analysis involving the h;
group needs a preliminary hydrolysis reaction step. This can be facilitated
enzyme cholesterol esterase, which can be combined with the oxidizing
cholesterol oxidase, which catalyses oxidation to cholestenone.

(i)

Cholestenone
0y Peroxidase (R) 2Fct

H,0 Peroxidase (Ox) 2Fc

:;ir“l‘e 5.20 The reaction pathway of a biosensor which uses oxygen (converted into

Ogen peroxide), peroxidase and ferrocene for the analysis of cholesterol: (i) cholesterol

righ:ase; (ii) cholesterol oxidase. From Eggins, B. R., Biosensors: An Introduction, Copy-
1996. © John Wiley & Sons Limited. Reproduced with permission.



158 Chemical Sensors and Bioseng,

containing [Fe(CN)g]*~, which shuttles oxygen backwards and forwards acr
the cell, thus setting up a steady-state situation. Such arrangements are sometin
referred to as ‘fuel cells’ in biosensor publications.

5.3.7.4 Phosphate
This is an interesting indirect assay which uses a glucose sensor. Glucog,
phosphate is hydrolysed with acid phosphatase (AP) to free phosphoric acid :
glucose, which can be determined with a glucose biosensor. However, phosph
inhibits the action of the phosphatase. The procedure then is to allow gl
6-phosphate to react with phosphatase in the presence of the phosphate
determined. This inhibits the reaction and so a reduced amount of glucosg
formed: '

AP
glucose-6-phosphate —— glucose + phosphoric acid '
GOD
glucose + O, —— gluconic acid + H,0, \

5.3.7.5 Starch |

Starch is broken down by a-amylase to give dextrins and maltose. Glucoa .s y

will break down the maltose to glucose, which can then be determined wi
glucose biosensor. The usual method in this case is to measure the h dr
peroxide produced by the oxygen—glucose oxidase reaction, using the glu
at an electrode. However, there will also be glucose in the original solution
this must be filtered out — a double-membrane filter is used for this purg
Everything can pass through the first membrane, and inside this are
oxidase, oxygen and catalase. The interfering glucose is broken down to hydr
peroxide and gluconolactone, and the hydrogen peroxide is then oxidized b}
catalase to oxygen. Hence, no free glucose or hydrogen peroxide will pass
the second membrane to the electrode, although maltose and oxygen will
Inside the second membrane are the glucoamylase and further glucose oxid
which convert the maltose successively into glucose and then into gluconola
and hydrogen peroxide, which is measured at the electrode. The reaction sck
for this process is illustrated in Figure 5.21.

5.3.7.6 Ethanol
This is an important target analyte because of the need to monitor bl
alcohol levels. Several methods have been developed for such an analysi$
approach employs a microbial sensor, which uses either Acetobacter xyliniu
Trichosporon brassicae. Both of these bacteria catalyse the aerial oxidati€
ethanol to acetic acid:

A. xylinium . ]
ethanol + O, —— acetic acid + H,0

' Ele
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gluconolactone

dextrins
——— + }

maltose

glucose H.O

2~k
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gluconolactone

glucose

6}
2 H,0.

Figure 5.21 The reaction pathway for the determination of starch using a
glucose-e]iminaling multilayer sensor: @A, a-amylase; GOD, glucose oxidase; C, catalase;
GA, glucoamylase. Reprinted from Biosensors: Fundamentals and Applications edited
by A.P.F. Turner, L. Karube and G.S. Wilson (1987), by permission of Oxford

University Press.
/< >< NAD+>< ADH ><CHSCHO
NADH ADH ¢, C,HsOH

.FiglJre 5.22 The reaction pathway of a biosensor which uses alcohol dehydrogenase
(ADH) and nicotinamide—adenine dinucleotide (NAD), with an Fe(n)—Fe(m) mediator,
for the analysis of ethanol. From Eggins, B. R., Biosensors: An Introduction, Copyright
1996. © John Wiley & Sons Limited. Reproduced with permission.

This Teaction is followed by using an oxygen electrode. The method has been
€Veloped commercially in Japan, using membrane encapsulation, and works
Over the range 5-72 mM.
: aA[:Il alternative mediated method uses alcohol dehydrogenase (ADH), coupled
AD*_NADH and [Fe(CN)s]*""*~ to an electrode (as shown in Figure 5.22).
! addition, 4 bioluminescent detection method, also based on ADH and NAD™,
S been reported (see Section 2.7.5.2 earlier).
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Fen)

AT

%




160 Chemical Sensors and Biosen, Bl L,,,(,('/zer1zi('czl Sensors and Biosensors 161

OCOCH;,4 OH OH NHCOCH;4 NH, NH 0

CO,H CO,H OH .
(i) —2¢" H,0
—_— —_— —— —_— ek -
—2H*

Figure 5.23 The reaction scheme for the enzyme (salicylate hydroxylase)- OH OH 0 0
hydrolysis and breakdown of aspirin. From Eggins, B. R., Biosensors: An Introdug =2 E,+02V +
Copyright 1996. © John Wiley & Sons Limited. Reproduced with permission. () —gnr | B+ 08V NH;

NCOCH;,4
5.3.7.7 Aspirin
Levels above about 3 mM of aspirin in blood are toxic; the therapeutic dg n
1.1-2.2 mM. In blood, acetylsalicylic acid (aspirin) is converted into '
acid by hepatic esterases The conventional method for the determin

(0)

salicylic acid is spectrophotometric measurement of the complex forn
iron(mr), which however, lacks specificity. An enzyme of bacterial origin,
icylate hydroxylase, catalyses the oxidation of salicylate to catechol via 1
(as shown in Figure 5.23). The catechol can be monitored by electro-o
using a screen-printed carbon electrode. However, this method still ha:
technical problems, which are currently being addressed in this author
at the University of Ulster.

Figure 5.24 The reaction scheme for the enzyme (aryl—acylamidase)-catalysed hydrolysis
and oxidation of paracetamol (i), compared with that of direct oxidation using a carbon
paste electrode (ii). From Eggins, B. R., Biosensors: An Introduction, Copyright 1996. ©
John Wiley & Sons Limited. Reproduced with permission.

The simplest type of amperometric sensor for oxygen is based on the polaro-
graphic principle and has been developed into the well-known Clark electrode
(see. Section 5.3.3 above). A commercial version of this for use in the auto-
motive industry is shown in Figure 5.25. In this, a solid electrolyte ceramic
mad.e from ZrO,/Y,03 or CaO is coated with platinum electrodes. A potential is
applied across the electrodes and the diffusion-limited current, which is directly
proportional to the oxygen concentration, is measured.

Sulfur dioxide has a redox potential of about 750 mV, which is more cathodic
I:hh?n Oxygen ;md so will not interfere. However, gases such as nitric oxide (NO) or

orine, which have redox potentials more anodic than oxygen, could interfere,

5.3.7.8 Paracetamol (N-Acetyl-p-Aminophenol) (“Tylenol’)

Poisoning by excess paracetamol, nowadays the commonest componen
gesic tablets, can cause irreversible liver damage. It is therefore vital that
tity and concentration in people who have taken overdoses be discovered :
as possible. An efficient biosensor would be a very suitable device for

this. Paracetamol can be readily oxidized at a carbon paste electrode
Jatter, of course, is non-selective. However, the enzyme, aryl—acylami
catalyse the hydrolysis of paracetamol to p-aminophenol, which is then:
chemically oxidizable, at a much lower potential, to quinoneimine, aga
a disposable screen-printed carbon strip electrode. The reaction scheme It
process is shown in Figure 5.24. p

Cathode 0,

e
W ;

SAQ 5.10
Compare the different biosensors used for the analysis of lactate.

/

5.3.8 Amperometric Gas Sensors .
Solid electrolyte (Zr0,/Y,03) 0, Anode

5.3.8.1 Oxygen

It is necessary to measure oxygen in a wide range of situations,
first-generation biosensors, oxidative metabolism in biochemistry, in
uations, in the automotive industry, in water testing, and in the steel

Figure

S. ; sow
g Qaﬂera" 25 Schematic of a diffusion-controlled, limiting-current sensor. © R. W.

‘ 1997, Repri .
DPerm;e. ’/. Reprinted from Chemical Sensors by R. W. Catterall (1977) b
‘. S8ion of Oxford University Press. ( b
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f
although usually these are only present in trace amounts (except perhaps y
chlorine is used to disinfect drinking water). Selective membranes may
filter out interfering gases.

In medical applications, nitrous oxide or halothane can also be potentia] §
ferants. ]

5.3.8.2 Nitrous Oxide

Nitrous oxide is electrochemically reducible at —1.2 V on a silver e
whereas oxygen is reduced at less than —0.65 V:

N,O + H,O 4+ 2e™ =N, +20H™

A scheme has been devised for measuring both nitrous oxide and oxy
presence of each other, by applying successive polarizing pulses of
—1.45 V. The current at —0.65 V is proportional to the oxygen conce;
while that at —1.45 V is proportional to the total gas concentration. H
subtraction one can obtain the nitrous oxide concentration.

5.3.8.3 Halothane

The reduction potential of halothane on a silver electrode (—0.43 V) is too ¢
to that of oxygen (—0.56 V) to use the same methods as for mixti
and N,O. However, at short times the reduction of halothane is very sl
kinetic control), whereas oxygen is reduced under diffusion-controlled
at all times from < 20 to >50 ms. At longer times, the reduction of
becomes diffusion-controlled:

slow fast + H20+§'L
Ag + e~ + CHCIBrCF; —— (Ag...Br...CHCICF;)~

+ Br™ + CH,CICF; + OH™

A single pulse of —1.45 V is applied and the current is sampled in ty
zones at < 20 and >50 ms. Analysis of the data yields the concentrat
both oxygen and halothane in the mixture.

5.3.8.4 Biological Oxygen Demand

Biological oxygen demand (BOD) is one of the most important regu
carried out on water. This represents a measure of how much oxygen is
oxidizing all of the biological organic matter in a water sample. The co
method of determination requires an incubation period of up to 5 days.
biosensor based on the oxygen electrode would be ideal for this assay.
organisms, Clostridium butyricum and Trichosporon cuteneum, are S
such an application. These species are mounted in front of an oxygen
and the latter is flushed with an oxygen-saturated buffer solution and*
oxygen current is read. The sample is then injected and after stab

)
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plec
en current is read again. The difference in the two readings is linearly
oxygortional to the result obtained by using conventional BOD analysis.
This type of sensor is designed to work in the temperature range 25-30°C.
wever, a BOD sensor has been developed for use at higher temperatures,
¢ Joying thermophilic bacteria, isolated from hot springs — such a device is
qable at temperatures of 60°C and above. This is useful for monitoring hot
water outputs from factories.

53.8.5 Carbon Monoxide

Despite the disappearance of coal gas, poisoning and death caused b)f the emission
of carbon monoxide from motor car exhaust fumes, domestic solid-fuel heater
fumes Or oil-heating fumes are unfortunately all too common. Existing devices for
the detection of CO are expensive and not very selective. These are usually based
on infrared spectrophotometric measurements. The problem is that CO is such a
very simple molecule, and behaves very similarly to oxygen in many situations.
However, some bacteria have been found, especially in anaerobic cultures, which
contain enzymes that will catalyse the oxidation of CO to COs.

5.4 Conductometric Sensors and Biosensors

5.4.1 Chemiresistors

Sensors based purely on variation of the resistance of the device in the presence
of the analyte generally lack selectivity. However, the use of an array of several
sensing elements, each with a slightly different resistance response, can be used
to detect quite complex mixtures. Each sensing element can be coated with a
different conducting polymer, or made from sintered metal oxides. These arrays
¢an develop a unique signature for each analyte. Such signatures can be obtained
from mixtures of analytes and can be used to test flavourings in beers and lagers
fa“d perhaps wines?) and to test the aromas of coffee blends. This type of system
IS often referred to as an ‘electronic nose’. Evaluation of the signal output from an
aﬂ?}y of maybe 12 to 20 sensor elements makes use of neural network analysis,
Which simulates brain function activity. In this way, non-parametric, non-linear
Flodels of the array response can be constructed. A number of these devices have
Nl commercialized.

:5'4'2 Biosensors Based on Chemiresistors

- Sensing elements in such sensors is biological in nature (such as enzymes
antlbOdieS), we can envisage another type of biosensor. Some examples of

- % presented in the following:

Urea + 2H,0 = 2NH," + HCO3™~

E:‘S feaction clearly involves a change in the ions, and can be followed
rlductometrically with improved speed and sensitivity when compared to





