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A B S T R A C T

The pro ject was primarily concerned with the optim isation of 
m em branes for glucose, lactate  and cholesterol enzyme electrodes. 
M em brane perm eability , selectivity and biocom patibility p roperties  were 
also investigated.

Enzyme electrodes using immobilised oxidases were developed for 
clinical use employing an oxygen-type ("Rank") e lectrode. The p latinum  
working e lec trode was polarised at +650 mV with respect to a silver 
reference electrode for hydrogen peroxide detection. Low substrate  
perm eability  external m em branes including unm odified and detergent- 
modified cellulose aceta te  and 0.01 ^wm pore size polycarbonate 
enhanced linearity  fo r both  glucose and lactate  m easurem ent.

Inner  perm selective unm odified and detergent-m odified  cellulose 
aceta te , plasticised polyvinyl chloride, polyethersu lphone m em branes 
were studied. The detergent-m odified  and unm odified cellulose aceta te  
m em branes w ere effective in preventing charged in terferen ts  from  
reaching the e lectrode and gave improved blood compatibility. The 
degree of e lec trode passivation by diffusible e lectroactive species was 
dependen t on the magnitude of the polarising p o ten tia l  applied  during 
b lo o d /p la sm a  exposure.

The perform ance of m iniature  (needle-type) lac ta te  and glucose sensors 
was assessed in  v i t r o . The e lectrodes consisted of a centra l 
Teflon-coated p la tinum  wire as the working e lec trode  which was 
polarised at +650 mV vs an ou te r  stainless steel pseudoreference  
electrode. The inner polyethersulphone m em brane was optim ised and 
the following casting conditions caused improved selectivity:- (a) a high 
concen tra tion  of the polymer (4% w /v); (b) a 3:1 so lvent/non-solvent 
mixture of dim ethylform am ide and 2-methoxyethanol. The perform ance 
characteristics and stability of various external po lyure thane m em branes 
were assessed.

F or lac ta te  need le  sensors successive dipcoating using the same 
concentra tion  (2% or 3% w /v  in te trahydrofuran) or increasing 
concen tra tion  of polyurethane gave sensors with the following 
perform ance characteristics:-  (a) a maximum linear response for lactate  
levels of up to 24 mM; (b) sensitivity of 0.7 nA /m M ;
(c) background curren t of 0.2-1.0 nA; (d) response times of 5-7 minutes. 
The sensor response was also stir independen t and unaffected  by pH  
varia tion  betw een  6 and 7.5.
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C H A P T E R  O N E  - G E N E R A L  IN T R O D U C T IO N

1.1 B io sen so rs

1.1.1 In t ro d u c t io n

Spectrophotom etric  techniques have held their im portance in the field 

of analytical chemistry, however, rapid progress in biosensor research 

(Turner, Karube and Wilson 1987) has lead to the developm ent of a new 

technology. A biosensor consists of a biological recognition elem ent 

(e.g. enzyme, cell, antibody, tissue slices) or biocatalyst in intim ate 

contact with a transducer device which converts the biological signal to 

a quantifiable e lectrical signal (Figure 1.1.1). The biocataiytic 

component e.g. enzyme is immobilised onto the transducer which 

responds to the products of the biocataiytic process and relays 

inform ation to an interfacing detector which records or displays the 

data. Transducers can be of several different types (am perom etric , 

poten tiom etric , optical or o ther) (Table 1.1).

1.1.2 H is to r ic a l  B a c k g ro u n d

The biosensor concept was first described by Clark and Lyons (1962) 

when the term  "enzyme electrode" was adopted. The oxido-reductase 

enzyme (glucose oxidase) was held next to a Clark 0 2 e lectrode in a 

sem iperm eable m em brane sandwich. The Pt cathode polarised  at 

-0.6 V vs Ag (anode) responded to oxygen consumed by the enzymic 

reaction with glucose. The glucose oxidase reaction form ed the basis of 

the first blood glucose analyser (Yellow Springs Instrum ent m odel 

23YSI Chua and Tan 1978). H ere  a m em brane was in terposed between 

the electrode and enzyme layer which allowed peroxide perm eation  but 

prevented access of e lectroactive in terferents including ascorbate. 

A nother m em brane between the enzyme layer and sample allowed

15



T ransducer B io lo g ic a l layer A nalyte

Ion-selective Enzyme, whole cell,
e lectrode organelle, antibody

Substrate, 
antigen, drug 
enzyme inhib itor

A m perom etric  Enzyme, whole cell 
electrode organelle

Substrate, 
enzyme inhib itor

Therm istor Enzyme Substrate

P iezoelectric  Antibody, 
crystal de tec tor enzyme

Volatile, substra te  
antigen, whole cell

Optical fibre Enzyme, affinity Substrate, ion, gas 
m olecule m etabolite

P lanar wave Antibody 
guide

Drug, antigen

Conductivity Enzyme 
detector

Substrate

T able 1.1

M ajor transducer types used in b iosen sors.
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BIOCATALYST TRANSDUCER AMPLIFICATION DATA

ACQUISITION

A A > PROCESSING

OUTPUT

+

r f 1 r 1

A

B

Heat
Mass
Electron transfer 
Gases
Protons
Light
Potential
Absorbance

F ig u re  1.1.1

D ia g ra m m a t ic  r e p r e s e n ta t io n  of the  ch ie f  c o m p o n e n ts  of a 
b io se n s o r  w h e re  A  = a n a ly te  and  B = p ro d u c t .
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su b s tra te /a n a ly te  to en te r  it. This was done by using a perm selective 

cellulose ace ta te  m em brane and a N ucleporeR polycarbonate  m em brane 

(G room s et al 1980). Recently a portab le  pen-shaped ExactechR glucose 

m eter  (M atthews et al 1987) has been  developed by M edisense Inc. 

This device incorpora tes  a fe rrocene  m ediator in the immobilised 

glucose oxidase layer and shows a rapid  response (30 s).

1.1.3 A d van tages of enzym e e lec tro d es

The advantages of e lectrochem ical detection  over rou tine  clinical 

m easurem ent of analytes has been  reviewed by V adgam a (1988). 

Enzyme electrodes  combine the sensitivity and specificity of enzymic 

m ethods of analysis with the selectivity and speed of ion-selective 

e lec trode m easurem ents . The sample is not completely destroyed since 

only a small am ount of sample of substrate  is consumed. The sensitivity 

limit of the enzyme is usually suitable for clinical m easurem ent. 

Therefo re  a p r io r  sample p rep a ra tio n  step e.g., dilution, p ro te in  

p rec ip ita tion  or dialysis (T rinder  1969) is not requ ired  and 

m easurem ents  can be carried  out on turbid (e.g. blood) or optically 

opaque biological fluids. T here  is also the possibility of continuous 

m onitoring w ithout the need for complex instrum enta tion , unlike the 

biochem ical systems which involve a spec trophotom etric  method.

1.1.4 A p p lica tio n s

Biosensors can be used for measuring the concentration  of a wide range 

of substances in various processes with scientific, industrial, 

environm ental, diagnostic and therapeu tic  applications (H all 1990). 

F or basic scientific purposes, for example, enzyme e lectrodes  can be 

used in studies of reaction  kinetics and the study of the characteristics
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of enzyme inhibitors (G uilbau lt 1980). In industry, biosensors can be 

used for real-tim e monitoring of carbon sources, dissolved gases, 

products etc in fe rm en ta tion  processes which lead to an optimised 

p rocedure  giving increased yields at decreased  m ateria ls  cost. They are 

also used in environm ental m onitoring especially in regions where 

discharge of pollu tants  is continuous e.g. factory effluent must be 

regularly checked to determ ine biological oxygen dem and-BO D  (a good 

indicator of pollu tion levels), a tm ospheric  acidity, river w ater pH  and 

herbicides and ferti l ise r  content (organophosphates, n itra tes  etc). They 

have also been  used in the military for the detection  of toxic gases e.g. 

for acetylcholine recep to r  systems consisting of a matrix of 13-20 

proteins there  is a 95% certainty of all toxin detection.

The application of enzyme electrodes in Clinical Biochemistry and 

M edicine has fallen  into two categories: clinical analysis and therapeu tic  

medicine. The concept of perform ing clinical analysis outside the 

generalised hospital laboratory  has stim ulated great in terest in rapid 

and simple analytical procedures. Enzyme electrodes make 

m easurem ent possible in whole blood and also enable  m onitoring of 

clinically im portan t m etabolites continuously and precisely. Glucose 

m easurem ents  in biological fluids are now made by enzyme electrodes, 

replacing the use of spectrophotom etric  techniques in hospital 

laboratories . Enzyme electrodes for lactate and oxalate determ ina tion  

have also been developed for clinical analysis.

In therapeu tic  medicine, enzyme electrodes can be used to closely 

m onitor the m etabolic  state of pa tien ts  such as d iabetics and are also
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useful for drug m onitoring especially in intensive care units where 

patients show rapid variations in biochemical levels which require  

prompt action. Continuous real-tim e monitoring will eventually be used 

for treating  chronic conditions. H ere  direct feedback with a controlled 

drug adm inistration  system forms part of a closed loop giving improved 

patient m anagem ent. Normally insulin is administered subcutaneously 

but glucose hom eostasis  is not achieved completely. In a "closed-loop'' 

system insulin delivery is controlled by the glucose sensor output which 

is in tegra ted  with the insulin infuser ("artificial pancreas"),

1.1.5 E lectro ch em ica l T echn iq u es

A variety of electrochem ical techniques are available for analysis of 

substances which can undergo an electrochem ical reaction. They differ 

in the type of po ten tia l  waveform impressed on the working electrode, 

the type of e lec trode  (planar, dropping mercury or ro ta ting  disc 

electrode), and the s ta te  of the solution in the e lectrochem ical cell 

(quiescent or flowing). However, a common fea tu re  is tha t  the 

electrode processes are all diffusion-related.

1.1.5.1 V oltam m etry

Voltam m etry is a form  of polarography and is a study of current-voltage 

relationships. A  po larogram  (or polarographic wave) is ob ta ined  which 

gives inform ation about the na tu re  and concentration of the reacting 

species. The classical cell used is the dropping mercury e lectrode 

(d.m.e) consisting of small droplets  of mercury issuing from  small bore 

tubing. This surface is continuously renewed as the drop grows. An 

external reference e lectrode completes the electrolysis cell. The 

external circuit provides a variab le  voltage source and m easures small 

electrolysis currents (10‘8-10'4 A). The large mercury pool serves as both
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the auxiliary and reference  electrodes. As po ten tia l  is scanned from 

positive to negative values, the current is m easured  as a function of 

potentia l. M ore precisely a re ference e lectrode (SCE) and auxiliary 

e lectrode may be used and the polarising p o ten tia l  is provided by a 

po ten tiosta t.

The polarographic  current consists of 3 com ponents (diffusion, 

migration and residual currents). M igration curren t occurs due to 

reaction  of the sample which arrived at the d.m.e by transference and 

can be reduced by means of excess inert electrolyte. The residual 

current is due to the reaction  of the supporting electrolyte at the d.m.e 

and determ ines the sensitivity of the po larographic  technique. It is 

necessary to correct for the residual current so that only the diffusion 

curren t is detected . This arises from  reac tion  of the sample 

electroactive species at the d.m.e. resulting from  diffusion alone.

Ilkovic derived an equation  for the diffusion current:-

id -  607nDV2m2/3t I/6c (1.1.5a)

where id is the average diffusion curren t (A) 
m the average mercury flow rate  
t the lifetime of each drop (s)
c is the concentration  of the electroactive species (M)

With a reversible reaction, equilibrium  is m ain ta ined  throughout the 

drop lifetime, and the N ernst equation is followed; the E-i curve or 

polarogram  is called a reversible wave i.e.

E dme = E 0' + 0,059 log C l
n0 C0r (1.1.5b)

CD and Cr are the bulk concentrations of oxidised and reduced species, 
C° is the concentration  at the d.m.e. E /  the s tandard  electrode 
potential.
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Since the curren t density is p roportiona l to the concentra tion  gradient 

across the diffusion layer, 

i = k '(C 0 - C0°) -  k " (C r - Cr°)

w here k ' -  id|C/ C 0 and k” -  id,a/ C r; if k" is negative then

E dme = E„' + 0,059 log Ml + 0.05,9 log L it_zJ (1.1.5c)
n k’ n i - idiil

= E1/2 - 0..Q.59  log L iid(C
n id,a - i ( 1. 1,5d)

The half wave po ten tia l ,  E 1/2 occurs where i = 1 /2  (id)C + id.a), id>c and id,a

being the cathodic and anodic diffusion currents  respectively.- The

above equation  is called the Heyrovsky-Ilkovic equation  and may be

used to evaluate E V2 fo r  a reversible wave. The slope of the p lot of

E dme vs log ijiid.c will be -0.059, V. 
id,a ■* i n

Cyclic voltam m etry  consists of cycling the poten tia l  of an e lec trode  over 

a given range and m easuring the resulting current. The p o ten tia l  of the 

working e lec trode  is contro lled  vs. a reference e lectrode e.g a sa tu ra ted  

calom el e lectrode, or A g/A gC l electrode. A triangular-wave p o ten tia l  

is applied  across these  two electrodes so that the working electrode 

p o ten tia l  is swept linearly th rough  the voltam m etric  wave and then  back 

again. Single or m ultiple cycles can be used depending  on the 

inform ation  needed . F or an e lectrode process involving an oxidised 

species O and a reduced  species R  and the transfer  of n electrons, the 

reversible e lectrochem ical reaction  can be rep resen ted  as following:

O + ne 's* R  ( l .L 5 e )

In a typical cyclic voltam m ogram , on the forward scan, the current
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response is the linear potential sweep voltammogram as O is reduced to 

R, and the current is called the cathodic current. On the reverse scan, 

the R m olecules near the electrode are reoxidised to O and an anodic 

peak results. The cathodic (anodic) peak in the CV results from the 

com petition of two factors (Evans et al 1983), the increase in the (net) 

rate of reduction/oxidation as the potential is made more negative/ 

positive and the electrolysis of the reactant which depletes its 

concentration near the electrode surface, thus decreasing the rate of 

mass transport.

The fundam ental equations of linear sweep and cyclic voltammetry have 

been developed by Delahey (1954) and Nicholson and Shain (1964). For 

an electrochem ically reversible system, the peak current is given by the 

relation:-

Ip = 0.4463 n F A  (D a)1/2 C (1.1.5f)

with a = n F v
R T  (1.1.5g)

where Ip = peak current, Amps
n = number of electrons involved in the reaction  

(reduction or oxidation)
F = Faraday constant, 96,485 Cmol'1 
A -  area of the working electrode, cm2 
v -  potential scan rate, V /s  
R = gas constant, 8.314 J/K .m ol
T = absolute temperature, °K
C = concentration of the bulk species, mol/1
D = diffusion coefficient of the

electroactive species, cmVs
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A t 25 °C, in term s of the adjustable  param eters , the peak  current is 

given by the Randles-Sevcik equation:

Ip = 2.69 x 105 n3/2 A D l/2 Cv1/2 ( l . l .S h )

Accordingly, Ip increases with v1/2 and is directly p roportiona l to 

concen tra tion  and D 1/2. The re la tionship  to C and T>m is particu larly  

im portan t in analytical applications and in studies of diffusion processes 

respectively. The values of the anodic peak  IpR and cathodic peak  

currents  Ipc should be numerically close for a simple reversible couple. 

T ha t is

I p, *  1
Ipc (1-1.50

However, the ra tio  of peak  currents  can be significantly influenced by 

chem ical reac tions  coupled to the e lectrode process. In a reversible 

process, the  anodic  and cathodic peak  po ten tia l  can be re la ted  to the 

num ber of e lectrons in the electrochem ical reac tion  with the equation:

E pa - E pc = 2.22 R T  = 0.Q595
nF n at 25 °C ( l . l .S j )

This equa tion  provides a rapid  and convenient m eans of establishing the 

num ber of e lectrons transferred  in the redox reaction , and is a good 

crite rion  for determ in ing  electrode-process reversibility. The difference 

betw een  the anodic  and cathodic peak  po ten tia ls  is affected by the 

reversibility of the e lec trode  process, due to its dynamic na tu re  (Wang 

1988). If the process is fast and the scan ra te  slow, the process is 

reversib le; if the process is slow and the scan ra te  fast, the  process 

becom es effectively irreversib le  and the difference betw een the anodic 

and cathodic  peak  po ten tia ls  is g rea te r  than 0 .0595/n volts.

24



1.1.5.2 A m p e ro m e try  and  th e  oxygen e le c t ro d e  

A m perom etric  e lectrodes rely upon the m easurem ent of current. The 

de tec ted  species (e ither a product or a co-substrate of the enzymatic 

reaction) is electrochem ically  consumed at the working electrode, which 

is held at a constan t polarising voltage relative to a re ference  electrode, 

thus resulting in a transfer  of electrons and curren t genera tion  in an 

external circuit. The current response is given by the Cottrell 

equation:-

i = n F A J (1.1.5k)

W here i is the current, n is the num ber of e lectrons transferred  per 

molecule, A is the a rea  of the working e lectrode and J is the flux of the 

electroactive species. If a sufficiently high enzyme loading is employed, 

then  the curren t obtained  approximates to tha t of a non-enzyme 

am perom etric  sensor, with a covering m em brane of thickness L:

i = n F A D . [S]b (1.1.51)
L

This yields a simple p roportional relationship  betw een substrate  

concen tra tion  in the bulk solution and the curren t output.

The most well-known sensor is the oxygen e lectrode. This comprises a 

noble m etal (Pt, Au, Ag) cathode m aintained at a negative po ten tia l  

(e.g. -600 mV vs A g/A gC l) where oxygen m olecules are

electrochem ically  reduced to produce a current. The curren t magnitude 

is directly re la ted  to the oxygen partia l pressure, p 0 2. To allow proper 

electrical contact between the cathode and reference electrodes, they 

require  connection via a suitable ion-conducting pathway, using an 

in terna l electrolyte solution. Sometimes this is provided by the 

biological fluid in which the sensor is placed. However, this can lead to 

problem s due to the coating of the electrode surfaces by pro te ins and
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cells. Inclusion of a gas-perm eable m em brane over the anode and 

reference  could be used in order to alleviate this problem . Suitable 

m ateria ls  include:- polyethylene, polyvinyl chloride (PVC), 

poly tetrafluoroethylene (PTFE), silicone rubber, polystyrene or 

polyurethane. The m em brane establishes controlled conditions for the 

diffusion of oxygen from  the sample to the cathode surface, thus 

ensuring a useful re lationship  between p 0 2 and sensor current according 

to the simplified equation  derived from  Pick’s first law:-

I = k. nFAP (1.1.5m)
VTa

where F is the Faraday constant, A is the cathode area, P is the 

m em brane oxygen perm eability  coefficient, a the m em brane thickness, 

n the num ber of electrons per  molecule of oxygen reduced, and VT is a 

correction factor for tem pera tu re .  During sensor opera tion  there  is 

continuous consumption of oxygen, leading to continual removal from  

the sample. The p O a in the region at the interface between the sensor 

surface and the sample may be reduced unless the consumed oxygen can 

be replaced immediately by diffusion of oxygen from  the bulk to the 

sample. This is known as the depletion or stirring effect, because it may 

be elim inated by stirring of the sample, and reduced  by m odification of 

sensor design. The current can thus be reduced by, increasing 

m em brane thickness, reduction  of the cathode a rea  A, or by using a 

m em brane with a low oxygen diffusion coefficient, D. However the 

sensor response time is also governed by these param eters :-  

t95 = 3.7 ( a / j r )2 (1 /D ) (1.1.4n)

T herefore  the use of a m em brane 'w ith  a low value of D a n d /o r  large 

value of a, will, in addition to reducing the depletion  effect, increase the 

response time of the sensor. On the other hand, using a small cathode
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area  A, whilst reducing the deple tion er ror  does not  adversely affect 

response time.

1.1 .4 .3  P otentiom etry

An ion-selective electrode (ISE) is a device that  develops an electrical

po ten t ia l  proport ional  to the logar ithm of the activity of an ion in

solution. The response to an ion, i, of activity % and charge z, is given

by the Nikolsky-Eisenman equation

E  = constant + 2.303 RT log [ai + Ky ( a ^ ]
zF ( l . l .S o )

in which E  is the measured potential ,  R is the gas constant,  T is the 

absolute  temperature ,  z is the number  of electrons involved, F is the 

Faraday constant,  Kfj is the selectivity coefficient, j is any interfer ing ion 

of charge y and activity aj. The selectivity coefficient is a numerical  

descript ion of the p referent ia l  response to the major  ion, i, in the 

presence of the interfering ion, j.

These  electrodes result  in the generat ion of an interfacial  potent ia l  with 

negligible uptake of analyte.  They do not suffer as greatly from solution 

effects since they reach an equilibrium response de termined  by the ion 

exchange properties  of the sensor surface therefore  "fouling" is not  a 

problem. Negligible analyte consumption with these electrodes  results 

in no per turbat ions  in local ion concentrat ions  during m easurem ent  and 

therefore  can be deployed in restr icted spaces such as the intracel lu lar  

and inters ti t ial  compartments.

An ISE comprises a membrane-based system where the membrane  

separa tes  an internal reference electrolyte of fixed activity containing
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the  in terna l  re ference  electrode,  f rom an external  sample solution. An 

external  reference e lectrode in contact  with the sample solution 

completes  the circuit.  The reference elec trode should mainta in  a stable 

po ten t ia l  and is used with an indicator  electrode. Overal l  cell emf is 

de te rm ined  by a series of po ten t ia l  steps, membrane,  in te rna l /ex te rna l  

re ference  e lectrode and liquid junct ion potent ia ls .  However  "ion 

selectivity" is de te rm ined  by m em brane  propert ies .  If the m em brane  is 

selective for a given ion (i) the m embrane  potent ia l  which depends on 

the ra t io  of activities of the ion on each side of the membrane:-

E merab = RT. In Xai)_sam
nF (a;) int (1.1.5p)

The analyte solut ion in which the electrodes are p laced imparts  an 

interfacial  po ten t ia l  at  the indicator  e lectrode because of the difference 

in activity of the ions on e i ther  side of the m embrane  thereby alter ing 

the (difference)  po ten t ia l  with respect  to the reference.  This assumes 

that  the reference  po ten t ia l  is unvaried in solutions of quite different  

types. An interfacial  potent ia l  is set up at the junct ion between the 

re ference  electrolyte and the sample, called the liquid junct ion 

potent ia l ,  the  value of which depends upon the exact composit ion of the 

sample solution (Moreno and Zahradn ik  1973). Here ,  in terdiffusion of 

ions takes  place  and differences in the mobility of interfacial ions lead 

to charge separa t ion  and therefore  an electrical potential ,  the size of 

which is governed by ionic strength, pH,  junct ion type and tempera ture .  

A  major  drawback of ISEs is that  they provide a comparat ive 

m easu rem en t  against  a s tandard  solution, and it is difficult to obtain a 

s tandard  solut ion which exactly matches  the fluid for  assay. A  reference 

e lectrode of high ionic strength is used with cations and anions of
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similar mobility (e.g. KC1) in order  to reduce variabili ty in the junction 

potential .  In biological samples containing charged colloids or whole 

cells, a suspension effect arises which fur ther  distorts the liquid junction 

potent ia l,  contr ibut ing fu r the r  to the mismatch of sample and standard 

(Kater  et al, 1968). Ion-selective electrodes may be classified as having 

(1) glass, (2) solid or (3) l iquid membranes.

1.1.5.3.1 G lass membrane electrodes

The earl ies t  e lectrode employed measured pH. It  consisted of a glass 

tube housing a A g/A gC l  elec trode and 1M HC1 solution with a glass 

m embrane  (Eisenman 1966; Buck et al 1974). The glass consisted of a 

mixture of sodium and calcium silicates and S i 0 2. The backbone formed 

an extensively cross-linked polymer of S i 0 4 units with electrostatically 

bound N a + and Ca2+ ions. In the hydrated layers on e i ther  side of the 

glass m em brane  an equil ibrium is established between H + and N a + 

electrostatical ly bound to anionic sites in the glass and in solution:- 

H + (aq) + N a+ (gl) ^  H + (gl) + N a + (aq) (1.1.5q)

If the concentra t ion  of H + (aq) is low this equi l ibrium shifted to the 

left; N a + f rom  the glass migrates  into the hydrated region to maintain 

electrical neutrality.  Hydrogen ions on the o ther  side of the glass 

pene tra te  a l i t tle deeper  into the glass to replace  the migrated  sodium 

ions. This combination of ion migration gives sufficient electric current  

that the po ten t ia l  is measurable  with a high-impedance vol tmeter.  Since 

H + ions are intrinsically smaller  and fas ter  moving the  N a +, most of the 

current  in the hydrated region is carried  by H + and the glass elec trode 

behaves as if it were perm eab le  to H + therefore  acting as an indicator 

e lectrode sensitive to pH.
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1.1.5.3.2 Solid -state  e lectrodes

These  comprise a solid salt in a crystalline fo rm  or as a compressed 

pe l le t  made f rom  powdered  mater ia ls  e.g. the f luor ide  e lec trode  where 

a single crystal of lan thanum  f luoride is used(Durst  and Ross 1974). 

L a F 2+ provides cat ionic fixed charge sites for  the ion exchange react ion:-

F  (cryst) O H  (so lu t io n )  ^  F  (so lu tio n ) O H  (cryst) ( l . l . S f )

The necessary p roper t ies  include:- low water  solubili ty,  low electr ical 

conductivity,  and high ion binding constants.  Mobile f luor ide anions in 

a doped crystal are likely to be the charge carriers.  The fluor ide 

e lec trode  has similar selectivity propert ies  to the glass pH  elec trode.

1.1.5.3.3 Liquid ion-exchange electrodes

These  are  p rep a red  by dissolving an organic ion exchanger  in an 

appropr ia te  solvent.  The  solut ion is then held in an iner t  matrix 

toge ther  with a solvent as plast ic iser  (e.g., di-octyl sebacate)  and an 

ion-selective complexing agent (ion exchanger or ionophore)  e.g., l igand 

associat ion complexes such as fo rmed by the transi t ion  metals  with 

derivatives of 1 ,10-phenanthrol ine (Ross 1969), quar ternary  ammonium 

salts (anion selective) and ionophore  antibiotics including valinomycin 

(K + selective) (P ioda et al 1969; Scholer and Simon 1970). The ion 

exchanger  and solvent may be en t rapped  in an iner t  polymer  matrix such 

as PVC or poly(methyl  methacryla te)  and coated  on a pla t inum wire or 

graphi te  rod.  The interfacia l  potential  genera ted  at such "liquid" 

m em branes  has enabled  selective assay of ions.

1.1.5.3.4 Gas and enzyme ISEs

In typical devices a gas-permeable  m em brane  is applied over an 

ion-select ive e lec trode  e.g. for  C 0 2 or N H 3 detect ion.  The gas diffuses
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through the m em brane  and alters the pH of an in te rna l  fi ll ing solut ion 

which is measured  using a glass electrode.  The archetypal  C 0 2 sensor 

is the Severinghaus e lectrode (Severinghaus and Bradley 1958) based  on 

a glass pH  sensor b a thed  in a H C 0 3' solution and re ta ined  beh ind  a C 0 2 

perm eab le  m em brane .  The equat ion represent ing  the e lectrode 

reac t ion  is:-

C 0 2 + H 20 ^ H C 0 3- + H + (1.1.5s)

The pH  of the solut ion changes by the diffusion of carbon dioxide 

through the m em brane  with a consequent change in cell emf 

propor t iona l  to log p C 0 2.

O ther  variables  include enzyme loaded membranes  with can convert 

subst rates  into readily detectable  ions e.g. the u rea  electrode ut i l ised 

urease  to fo rm  N H 4* (Guilbault  and Montalvo 1970).. A commercial  

N H 4+ selective glass m em brane  elec trode was used in o rder  to de tec t  the 

p H  change.

urease

C O (N H 2)2 + H aO + + H 20 * *  2NH4+ + H C 0 3 (1.1.5t)

However it was liable to interferences f rom Na* and K + ions. Guilbaul t  

and H rabankova  (1970) carried out a sample p re t re a tm en t  p rocedure  

using cat ion-exchange granules  to remove the interferences .  O the r  

approaches  used include (a) sensing of the carbon dioxide p roduced  

f rom  the urease reac t ion  (Guilbault  and Shu 1972); (b) use of a 

m em brane  which had a higher  selectivity for  N H /  ions over N a + and K + 

ions. The N H 4+ ion selective e lectrode contained  the antibiotic nonact in  

em bedded  in a sil icone rubber  matrix (Guilbault  and Nagy 1973).
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1.1 .5 .3 .5  Io n -se lec tiv e  f ie ld  e ffe c t  transistors

A field effect transducer  (FET) is a t ransducer  device in which the 

conductivity of a semiconductor  mater ia l  is controlled  by an electrical 

field. Normally there is a negligible current  flow between the "source" 

and "drain" but a change in voltage of appropria te  polarity and 

magnitude at the "gate" allows current  to flow between the source and 

drain. An ion-selective field effect transistor  (ISFET) util ises an 

ion-selective membrane over the gate  region which permits  the passage 

of a single type of ion. The threshold voltage is governed by the analyte 

pH and the circuit contains a reference electrode contacted with the 

ISFET amplifier. The opera t ional  mechanism of the ISFET originates 

f rom the pH  sensitivity of the inorganic gate oxide e.g. S i0 2, Al20 3, Si3N4 

or T a 20 5 (Sibbald 1986). A functional re lat ionship exists between the 

drain  current  iD and the activity of the primary ion at the surface of 

the ion-sensitive gate:-

io = k[(VG - VT)VD + E rrf + RT(ln  a,) - VDa/2] (1.1.5u)

for  VD < VG - VT, where k is a constant  which is dependen t  on the 

mater ia ls  and geometry of the transducer ,  VT is called the turn-on (or 

threshold)  voltage, and VD is the voltage between the drain D and 

source C of the transistor.  In normal  ISFET operat ion,  the drain 

current  is kept  constant,  therefore  change in the m em brane  potential  is 

compensated by an equal and opposite  change of the gate voltage VG. 

This is the feedback mode of opera t ion  where a Nernst ian  response is 

observed (Figure 1.1.5).

ISFETs offer several different advantages  over conventional glass 

membrane  electrodes including, p lanar  construction, small dimension,
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low impedance, fast response, large scale production, ease of 

mult isensor  (differential ) measurement  and can be directly applicable 

after  dry storage. Since it is easier to deposit  thin membranes  onto flat 

surfaces ISFETs offer a bet ter  control over membrane thickness.  During 

processing a minimum amount of enzyme is usually requ ired  since many 

ISFETs can be made on one silicon wafer.

Caras  and J an a ta  (1980) util ised the differential measurem ent  mode for 

penicillin.  Penicill inase (cross-linked with albumin)  was placed onto the 

gate region of one chip and the other  gate conta ined cross-linked 

albumin only. Analyte buffer capacity had a profound effect on sensor 

sensitivity and linearity as well as concentrat ion range. A decrease in 

buffer  capacity led to less ion suppression of the m em brane  p H  change, 

giving greater  device sensitivity. Shul’ga et al (1993) showed that the 

influence of buffer capacity of enzyme coated FETs (ENFETs)  for 

glucose and u rea  could be reduced by the incorporat ion of an addit ional  

permselective polyvinylbutyral membrane  above the enzymic membrane.  

The negatively charged polyvinylbutyral membrane prevent  mobile OH' 

ions and other  ions f rom pene tra t ion  into the gate region while the 

hydrophobic polyvinylbutyral layer could limit the diffusion of 

hydrophilic species.

Modif ied reference field-effect transistors (REFE Ts)  and K +-selective 

ISFETs (containing a l iquid membrane,  polyvinyl chloride and 

valinomycin) which are pH-insensitive have been p repared  (Skowronska 

et al, 1990). The gate surface was covalently modified using 

(3-trimethoxysilyl) propyl methacrylate followed by polymer membrane
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(polybutadiene, polyacrylate or polyurethane) deposition.

1.2 Enzyme electrodes

1.2.1 K inetics of enzyme electrodes

Substrate reaches the active site of an imm obilised enzyme 

by diffusion and mass transfer, the substrate concentration therefore 

may becom e rate-lim iting for the reaction. Therefore (Figure 1.2.1) as 

enzyme loading is increased the reaction switches from being kinetically 

controlled (A-B), to being diffusion controlled (C-D); both internal 

(membrane) and external (bulk) diffusion resistances contribute to the 

latter. Internal diffusion can be altered by enzyme concentration, and 

external diffusion by stirring rate variation. At very high enzyme 

loadings, the barrier due to enzyme protein may lead to a lowered 

diffusion rate and a reduced electrode signal. The advantage is that the 

reserve of enzyme is increased and large losses in activity may be 

sustained without any appreciable loss in response, thus improving the 

electrode stability. Substrate response is, furthermore, "buffered" 

against pH, temperature and ionic strength changes and also against 

activators and inhibitors in solution since a small proportion of the total 

enzyme is involved in catalysis.

1.2.2 Theory of operation

A mathematical model of a two-substrate enzyme electrode has been  

proposed by Leypoldt and Gough (1984). It described a glucose-specific  

sensor in which the enzymes (glucose oxidase/catalase) were 

imm obilised within a membrane attached to an electrochem ical sensor 

for oxygen (co-substrate). The model focused on the reaction and 

diffusion phenomena that occurred within the enzyme membrane and
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I m m o b i l i s e d  e n z y m e

Activity used

F ig u re  1.2.1

C o m p a r i s o n  of k in e t ic s  fo r  so lu b le  and  im m o b i l i s e d  enzymes 
( f rom  V a d g a m a  1989).
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provided a mathematical  justif ication for  using diffusion-limited 

membranes.

1.2.2.1 E nzym e k ine t ic s

Binding of the substrate  to an enzyme is the prerequis i te  for  enzyme 

catalysis. The enzyme reaction scheme involves a single substrate,  S, 

which combines with enzyme, E, to give the in te rm edia te  enzyme 

substrate  complex, ES. This complex then undergoes  react ion to 

produce the product,  P:-
kj k2

E + S ^  E S = *  E + P (1.2.2a)

where  k, and k.t are the forward and reverse ra te  constants  for  complex 

fo rm at ion  and k2 is the rate cons tant for  complex decomposit ion into 

product.  From the kinetic scheme it can be shown that: -

Km = I k i + k2>
k t (1.2.2b)

and the rate,  v, of product  formation:-

v = kOElolS]
Kra + [S] (1.2.2c)

where [E]0 is the to ta l  concentrat ion of enzyme and [S] is the substrate  

concentrat ion.  There  are two important  points to consider from this 

equation.  At lower substrate concentrat ions, where [S] < < Km the rate 

is proport iona l  to the substra te concentrat ion. At higher  substra te 

concentrations  the rate reaches  its maximum velocity, k2[E]Q, limited by 

the amount  of enzyme. Therefore  with the two step reaction sequence 

of equat ion (1.2.2a), two processes can control the overall  observed 

rate.  E i ther  the association reaction to form the enzyme-substrate 

complex or the catalysed react ion step within the complex which results 

in product  formation.  A more detai led  t rea tm en t  of this theory was
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reported  by Carr  and Bowers (1980).

1.2 .2 .2  M ass transport

Three  mechanisms of mass t ranspor t  can occur in solution: diffusion, 

convection and migration.

1 .2 .2 .2 .1  F ick ’s laws of d iffu sion

In an arbitrary plane surface within a solution as shown in Figure 1.2.2.

Let the solut ion on one side contain a concentra t ion c of a chemical

species and that on the o ther  a concentrat ion c + dc. With equal

probabili ty  of movement of any given molecule in any given direction,

the amount  of mater ia l crossing the plane surface in e i ther  direct ion

will be p roport iona l  to the concentrat ions on the two sides of it. Hence

the net  flux, j, of mater ia l  across the surface in a given time will be

directly re la ted  to the concentrat ion difference, dc, or more  precisely to

the concentra t ion gradient,  dc/dx. This results in Fick’s first law of

diffusion in one dimension:

j = -Df &  1
1 dx J (1.2.2d)

where D, is the diffusion coefficient.

The flux of mater ia l  from one small volume element  to ano ther  leads to

concentra t ion  changes within those volume elements.  F ick’s second law

of diffusion in one dimension can be derived from the concentrat ion 

change associated with a diffusional flux in the presence of a 

concentration gradient :-

dc = D 1 d!c 1
dt I dx2 j (1.2.2e)

The rates  of t ransport  (i.e. the flux as described by Fick’s first Law) of 

mater ia l  to the sensor surface and the build up or deplet ion of mater ia l
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there,  in accordance with Fick’s Second Law can be considered.

However, addit ional  information is needed such as initial  and boundary

conditions, which define the initial  state of the system and its state at

the boundar ies  of the region of space over which the diffusive mass

t ransport  occurs. These  boundary conditions are dependent  upon

factors such as the biochemical  and other  processes occurring at the

sensor surface and the concentra tion of species in the bulk of solution

from which mater ia l is t ranspor ted  to the sensor. Also, geometrical

aspects of the sensor  are important.  An expression can then be derived

for  concentrat ion as a funct ion of t ime and distance f rom the surface:-

c = cM erf f x 1
1 2D1/2t1/2 J (1.2.2f)

where c„ is the bulk concentra t ion far  f rom the surface and erf is an 

error  function. This expression describes the increase in concentrat ion 

with increasing distance, x, away from the surface and the decrease  in 

concentrat ion with increasing time, t. An expression describing the 

var iat ion of react ion rate with time is obtained by differentiat ion of 

equat ion (1.2.2f) with respect  to x with substi tution of x = 0 to give the 

concentration gradient at  the surface. This is then substi tuted into the 

flux expression of Fick’s first  law to give the Cottrel l  equation

j» = |  D*/2 I c.
I n U2 t'n f  (1.2.2g)

where j D is the diffusion controlled  flux per  unit  area.

1 .2 .2 .2 .2  C onvective mass transport

Convection refers to the movement of the solution as a whole under  the 

influence of an external mechanical  force. Close to a surface, convection 

can be employed to enhance the rate of mass t ranspor t  by replacing the
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solution close to the surface which has been deple ted  of reactant .  It can 

also be employed to maintain  the react ion at a constant  ra te  provided 

the steady state flow is maintained.

Over a stationary surface, solut ion immediately adjacent to the surface 

will be stationary whilst the next layer of solut ion will move a lit tle with 

respect  to it, according to its viscosity. For  a given force, each 

subsequent  layer of solution moves a lit tle with respect  to the previous 

layer such that the viscosity of the solution with respect  to the stat ionary 

surface increases with the distance f rom it. Thus, an essentially 

stagnant  layer of solution exists close to the surface. W here  react ion 

takes place at the surface and species are destroyed or generated,  they 

must diffuse through the stagnant  layer, called the diffusion layer, 

between the surface react ion site and the well s tir red bulk of solution. 

It is convenient therefore to think in terms of the diffusion layer 

thickness,  xD, which is the thickness of the stagnant  surface layer across 

which the mater ia l must diffuse between the well sti rred bulk of solution 

and the surface of the sensor.

1 .2 .2 .2 .3 T ransport due to m igration

Migration is the movement of charged species under  the influence of an 

applied potentia l gradient.  It represents  the mechanism by which 

charge flows through the solution between the two electrodes  at which 

ionic charge is created and destroyed by electron transfer,  thereby 

maintaining the necessary charge balance. However,  its contr ibution to 

the overall  rate of mass t ransport  of an electrochemically generated 

species is minimal due to the likely presence of a large excess of other  

ionic species,  referred  to as an iner t  support ing electrolyte,  which is
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responsible for the passage of the required charge and depresses any 

potential gradients which might arise in solution.

1.2.3 Factors affecting enzyme electrode perform ance

1.2.3.1 Stability

Enzyme electrode stabilisation is governed by the stability of the 

imm obilised enzyme. This is attributed to the anchoring of the enzyme 

into active conformations which are then better able to resist the 

molecular unfolding occurring during denaturation. Stability generally 

increases in the order soluble < physically entrapped < chemically 

immobilised. Within gels, steric hindrance reduces enzyme translational 

and rotational mobility, therefore the enzyme becom es less likely to 

uncoil and will therefore resist thermal denaturation to a greater extent. 

Stability will improve if non-covalent (e.g. ionic) interactions exist 

between the enzyme and gel polymer. A declining enzyme activity could 

be attributed to a loss of enzyme protein by leaching out from a gel or 

diffusion across semiperm eable membranes. With imm obilised enzymes 

activity decay could also be due to oxidation of constituent amino 

groups, degradation by microorganisms, loss of prosthetic group (e.g. 

FAD from amino acid oxidase) or repeated exposure to toxic reagents 

and reagent products (e.g. hydrogen peroxide).

1.2.3.2 R esponse Time

Many factors generally affect the speed of response of an enzyme 

electrode. In order for the electrode to respond the substrate has to:-

(a) diffuse through the bulk solution to the membrane surface;

(b) diffuse through the membrane and react with enzyme active site;

(c) the products formed must diffuse to the electrode surface where 

they are measured;
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1.2 .3 .2 .1  R ate  of substrate d iffu sion

The rate  of substra te  delivery is dependent  on the stirring ra te  of the 

bulk solution. This has been  shown experimental ly by Mascini and 

Liberti  (1974) for the amygdalin electrode.  As the stirring rate  was 

increased the subst rate  quickly reached the m em brane  surface where the 

react ion rate  was increased hence a much faster  (1-2 minute)  response 

time (sti rred) was observed compared to 10 minutes  for unstirred 

conditions.

1 .2 .3 .2 .2  Substrate and enzym e con cen tration

A n increase in react ion rate and decreased response time are  observed 

with an increase in subst rate concentration. The enzyme activity of the 

gel has a dual effect on enzyme elec trode performance:-

(a) it will ensure that  a Nernst ian cal ibrat ion p lo t  is obtained for 

po ten t iometr ic  electrodes;

(b) it will affect the speed of the response.

This has been  demonstra ted  for the amygdalin e lectrode by Mascini and 

Liber ti  (1974). For optimal enzyme electrode funct ion it is 

recommended that a highly active enzyme is used to ensure  rapid 

kinetics in as thin membrane as possible.

1.2 .3 .2 .3  pH

Each enzyme has an optimum maximum pH at which it is most active. 

The immobilised enzyme has a different pH range f rom the range of the 

soluble enzyme because of its environment.  For fastest responses, the 

optimal pH range should be used, however this is not always possible 

e.g. Guilbaul t  and Tarp (1974) used an NH3 sensor to monitor  the urea- 

urease react ion.  At the optimal pH for urease,

7.0-8.5, there  is very li tt le free  ammonia  detectable  using the air-gap
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electrode.  Therefore  a decreased pH was used which ensured sufficient 

sensitivity of the sensor.

1 .2 .3 .2 .4  T em perature

Tem pera tu re  var ia tion has a dual effect on e lectrode response:-  an 

increase in the rate of reaction resulting in a faster  response time as 

well as a shift in an equil ibrium potential  by virtue of the tem pera tu re  

coefficient in the Nernst  and V an ’t Hoff equations. The effect of 

tem pera tu re  var ia t ion (10-50 °C) on glucose e lectrode response has been 

dem onstra ted  (Guilbault  and Lubrano 1973). Linear  plots of the log 

rate and log current  versus 1 /T  were observed as predic ted  by the V an ’t 

Hoff [In k = In C - A H /R T ,  k = equil ibrium constant] and Arrhenius  [In 

k -  In A - E a/R T ,  k being the ra te  constant] equations.  Practically,  this 

means that  the tem pera tu re  for  enzyme electrode opera t ion  should be 

carefully control led for  best  results during kinetic measurements .  For  

equil ibrium m easurem ent  room tem pera tu re  or ~25 °C should be used.

1.2 .3 .2 .5  M em brane T hickness

The time required  to reach a steady state potential  or current  is strongly

dependent  on gel layer thickness.  This is dependen t  on the rate of

diffusion of the substrate  through the membrane  to the enzyme active

site, and of diffusion of products through the m embrane  to the

electrode.  A mathematical  model  relating the thickness of the

m em brane  d, the diffusion coefficient D, the Michaelis Constant  Km, and

the maximum velocity of the enzyme reaction, Vmax (=  k3Ec) was prepared

by Mell and Maloy (1975):-

V = kJ&JL*
D Km (1.2.2h)

where V compares  the rate of chemical react ion in the m embrane  to the
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rate of diffusion through the m embrane .  The larger  the value of V, the 

fas ter  the enzyme catalysis is compared  with diffusion. Guilbaul t  and 

Montalvo (1970) found the response time was - 2 6  seconds with a 60 ^m  

thick net  of urease  and about  59 seconds with a 350 jum thick net for  

8.33 x 10'2 M urea  and an enzyme concentra t ion  of 175 m g/cm 2 of gel.

1.3 G lu c o s e  m o n i to r in g

1.3.1 Why is a  g lucose  s e n s o r  r e q u i r e d  f o r  in su l in  a d m i n i s t r a t i o n ?

Insulin is a polypeptide hormone produced by the be ta  cells of the 

pancreas which controls carbohydrate ,  p ro te in  and fat  metabolism. In 

diabetes  mellitus there  is relative or absolute insulin deficiency leading 

to the loss of control of blood glucose levels within normal limits 

(fasting 3.8-5.6 mmol/1).  O the r  manifestations  associated with 

hyperglycaemia include degenera t ion  of blood vessel walls, particularly 

of the eyes, leading to eventual  blindness,  kidney and hear t  disease.

Insulin causes removal of glucose f rom the blood and therefore  excess 

amounts  can cause the blood sugar level to fall  too low (hypoglycaemia) 

and if below 1.1 mmol/1 both convulsions and coma may occur.  Hence 

the accurate  measurement  of blood glucose levels on pa t ients  taking 

doses of insulin is particularly important ,  with methods involving whole 

blood being preferable  to those requiring serum or di luted blood. Since 

diabetics perform their own blood determinations ,  systems for  use at 

home must be accurate,  easy to read, por tab le  and quick. A glucose 

sensor may form par t  of a closed-loop system, where insulin 

administra t ion is controlled  by the sensor response (i.e. blood glucose 

concentrat ions) .
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1.3.2 Aim s of glucose biosensor developm ent

The following demands need to be met during glucose biosensor 

development (Turner et al 1987):- The sensor needs to be highly specific 

to substrate. The response should be linear to 30 mmol/1 for glucose 

and measure low glucose levels which in hypoglycaemic cases may fall 

below 1-2 mmol/1. A suitable response time of 3-5 minutes is usually 

required. The response should be independent of fluid hydrodynamics 

in vessels or tissues for implantable sensors, e.g., a stable response may 

not always be obtained due to stir dependence (i.e. stable mass transfer 

of the substrate is needed). It should exhibit a low temperature 

dependence. A  signal variation of 5%/°C would be best although 

10%/°C is acceptable. It should exhibit low pH dependence, and 

response should be independent of oxygen variations. The analytical 

signal should show low baseline drift, especially for implantable sensors 

when direct zeroing is impossible and have low drift; the slope of the 

calibration curve should be sufficiently stable not to increase the error 

above 10%, making a weekly recalibration sufficient.

For implantable sensors, it should show long-term mechanical, chemical 

and enzymatic stability of glucose oxidase and its support at 37 °C, in 

whole blood, lymph or tissue. The covering polymeric membrane 

protects the enzyme layer from mechanical damage. The enzyme 

protein should not leak out into surrounding fluids and tissues since it 

is a foreign protein, and its recognition by the immune system would 

provoke an immune reaction.

The implanted sensor parts should be biocom patible e.g. encapsulated
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fibroblas ts should not be present.  Woodward (1982) suggested that  the 

optimal  configuration for  a subcutaneously implantable  sensor is in the 

form of wire or fi lament .  Such a structure, if measuring less than about  

2 mm in diameter ,  would evoke a minimal tissue response. Sensor 

miniaturisat ion should not modify the geometrical ,  physical and 

enzymatic character ist ics  which control  its analytical propert ies .  The 

sensor should have a prolonged lifetime and be easily replaced  as 

necessary (which demands relative inexpense).

1.3.3 R o le  of m e m b ra n e s  in g lucose  enzym e e l e c t r o d e s  

Membranes  play a very important  part  in enzyme electrodes . The 

enzyme has to be immobilised in a membrane  configurat ion and needs 

to be covered by protect ing polymeric membranes  which prevent access 

of in terferences  e ither  to the enzymatic or the e lectrochemical  reaction.  

They may have effects on e lectrode stability, l ifetime and extend the 

electrode l inear  range to well above the enzyme Km. The key to 

successful and practical deployment of enzyme electrodes  often lies in 

the combinat ion of the choice of such covering m em branes  and the 

immobil isat ion of enzyme. Polymer membranes  also act as diffusion 

barriers  by controlling the passage of analytes to be detected  and 

preventing the permeat ion  of in terferents  both to the enzymatic reaction 

and to the e lectrode surface process.

The classical s tructure of the prototype immobil ised enzyme layer is in 

the form of a "sandwich" configurat ion e.g for  the H20 2-based glucose 

electrode (Grooms, Clark and Weiner  1980). The laminated enzyme 

layer usually comprises an in ternal  low molecular  weight cut-off 

cellulosic m em brane  and an external microporous  polycarbonate
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membrane,  with the chemically crosslinked enzyme sandwiched in 

between. As shown in the Figure (1.3.3), the  external  covering 

membrane  allows the diffusion of glucose whilst  preventing the 

perm eat ion  of large molecules such as protein. It also protects  the 

enzyme from mechanical  disturbances. The underlying membrane  acts 

as a selective barrier ,  screening out the interferences  such as ascorbate 

while permit ting the enzymatic react ion product  hydrogen peroxide to 

pass relatively freely.

1.3.3.1 E xternal m em brane

The outer  m embrane  acts as a protect ive layer for  the immobilised 

enzyme and reduces mechanical  and turbulence re la ted  distor t ion of the 

enzymic layer u n dernea th  therefore  a robust and rigid m em brane  matrix 

is preferable .  It should allow substrate  to pass through but  restrict  

diffusion of in terferents  which affect the enzymatic react ion,  such as 

inhibitors and impurities.

Outer  membranes  are used in order  to extend the l inear  operat ing range 

by acting as glucose diffusion barr iers  between the sample and enzyme 

(Koochaki et  al 1993). Permeabili ty  is ta i lored so that  they can restrict  

glucose access to the enzyme, thereby avoiding sa tura t ion  of the enzyme 

kinetics, whilst allowing short  diffusional distances to ensure rapid 

responses. Neu tron  t rack-etched polycarbonate membranes  consisting 

of well def ined pore sizes of <0.03 ,wm have been  used as external 

membranes  (Koochaki  et al 1993). The extension of l inear  range is 

assisted by the enhanced permeabil ity  of the polymer compared  to 

oxygen (co-substrate) ;  therefore  the adverse effects of a low or
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f luctuating p 0 2 environment are virtually abolished. F u r th e r  adjustment  

of the differentia l  glucosetoxygen flux of porous polycarbonate  has been  

achieved through par t ia l  coating with organosi lane layers (Mullen et al 

1986) or lipid (e.g. isopropylmyris tate)  into the pores  (Tang et al 1990) 

which fu r ther  reduce glucoseioxygen permeabil ity  ratios.  Both agents 

had addi tionally reduced blood-surface  in teract ions  and therefore  the 

surface fouling which destabilises performance  (Tang et  al 1990).

Tang et al (1990) explained that  since isopropylmyris tate has been 

exploited as an analogue of skin lipids it is a b iocompat ib le  mater ia l.  

The haemocompatibi l i ty  of isopropylmyristate may be a t t r ibu ted  to its 

biological inertness  and fluidity propert ies .  The glucose e lectrode was 

stable  in blood for  55 measurements  and a cor re la t ion  coefficient of 

0.969 was ob ta ined  with a routine method.

Lipid bilayer films have been  employed as external  layers because they 

are coherent ,  fluid and present  a surface which is analogous to the 

na tu ra l  cell m em brane  and confer  a high degree of biocompatibili ty.  

However,  inherent  deficiency in mechanical  s trength  has limited their  

use, but this has been  overcome by exploi tat ion of l iposomes used over 

an hydrogen peroxide e lectrode (Rosenberg  et  al 1991). The diversity 

of usable  lipids with their different  glass t ransi t ion  tempera tures ,  

addit ional ly give unprecedented  control over fluidity and permeabi lity 

(Nelson 1992).

A recent  coating mater ia l  used for  restr ict ing glucose diffusion is 

d iamond like carbon (DLC) (Higson et al 1993). These  films are
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deposited from the gas phase over a polymer without any damage to the 

material. The duration of DLC-coating governed haemocompatibility. 

Greater resistance to biofouling was observed with an increase in 

deposition of DLC. Membrane porosity was an important factor, 

smaller (0.01 ,um) pore size DLC-coated membranes exhibited enhanced 

haemocompatibility compared with 0.05 fim or 0.1 ^m membranes. 

Cellulose membranes especially of cellulose acetate have also shown 

excellent biocompatibility behaviour (Gunasingham et al 1989) with the 

extension of the electrode analytical linear range. Particular attention  

has been given to porous polyurethanes which have been used as 

biocompatible membranes in miniature needle-type sensors (Vadgama 

et al 1989). Both the materials differ from the previous polymers in 

that they can be solvent dip-coated and readily take on the geometry of 

the device.

1.3.3.2 The enzyme layer

Recently Bartlett et al (1992) entrapped glucose oxidase into 

nonconducting electropolym erised films of six different phenols. Rapid 

polymerisation of phenolic compounds took place especially ~  +0.65 V 

vs SCE on anodic potential cycling corresponding to poly(phenylene) 

oxide production. Similarly polymerisation occurred with 

4-hydroxybenzenesulphonic acid, 3-nitrophenol, pyragallol and 

bromophenol at a slower rate. Poly(phenylene) oxide film s showed the 

greatest sensitivity to glucose compared to the other phenolic films due 

to a higher perm eation of hydrogen peroxide.

Various other methods for enzyme imm obilisation on sensors have been  

proposed e.g. enzyme may be covalently attached to a derivatised
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membrane  (Mutlu et al 1991), or to the inner  transducing surface. 

Immobil isat ion by covalent a t tachment  within a porous platinum 

structure has been  reported  for a micro-sensor (Beh et al 1989). 

Glucose oxidase has also been  co-deposited over conduct ing carbon 

fibre (Wang and Angnes  1992). In this case, rhodium had intrinsic 

catalytic proper t ies  which has allowed the potent ia l  for hydrogen 

peroxide m easurem ent  to be reduced  to ~ + 300 mV vs Ag/AgCl.  Some 

of these techniques may supersede the conventional crosslinking of 

enzyme (with albumin) using a bifunctional reagent  such as 

glutara ldehyde which is toxic and leads to high losses of enzyme activity 

or uncer ta in  physical en t rapm ent  procedures  within gels e.g. in 

polyacrylamide or gelatin.  Gam m a radiat ion has been  used to achieve 

immobil isat ion of glucose oxidase within ul tra  thin poly- 

(N-vinylpyrrolidone) (Galiats ta tos  et al 1990). In this way rapid 

response electrodes  have been  formed with at the same time a rigid, 

stabilised radia t ion  polymerised biolayer being produced.

Glucose oxidase has been  co-entrapped in elec tropolymerised films. 

Wolowacz et al (1992) util ised enzyme coupled to N-2 carboxyethyl 

pyrrole via surface lysyl res idues with a carbodi imide p rom oted  react ion. 

The polypyrrole modified surface with 30.2 mol pyr ro le /m o l  of glucose 

oxidase displayed similar proper t ies  to the native enzyme but with a 

more acidic isoelectric point;  the stability was 6-fold higher at 

pH  7.0 (60 °C). Electropolymerised films are advantageous  since they 

minimise diffusional distances to < 10 nm. Poly(o-phenylenediamine)  

formed films with one second response times while rejecting ionic solute 

in terference.  (Mali testa  et al 1990). However, a t ime-dependent
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decrease  in response to glucose in the presence of 0.5 mM ascorbic acid 

was observed (Palmisano et al 1993).

1.3 .3 .3  Internal m em brane

The interna l  m em brane  forms an interface between the two 

environments  in which the enzymatic and electrochemical  react ions take 

place. It has a key role in selectivity by allowing the hydrogen peroxide 

to pass through easily, while simultaneously restricting the passage of 

o ther  electroact ive species p resen t  in biofluids (e.g. blood)  such as 

thiols,  ascorbate,  u ra te  and parace tam ol  which can also be oxidised at 

the polar ised e lectrode and give a false signal. Selectivity has been 

achieved on the basis of charge e.g. anionic polymers for  anionic 

interferents .  Membranes  used include polyethersulphone (Vadgama et 

al, 1989), cellulose acetate  (Mullen et al 1986) and es teri f ied sulphonic 

acid polymers (e.g. Eastman AQ-29D) (Wang et al 1991). Recently  an 

anionic charge screening m em brane  (Nafion)  has been  incorporated  into 

biocompatible  l ipid films at a modified carbon e lectrode (Mitzutani et 

al 1993). However cellulose aceta te  still remains  an importan t  choice 

for an inner  membrane,  since it uses charge repulsion and size exclusion 

(Mullen et al 1986). A drawback is the addit ional  diffusional barr ie r  

that  all membranes  present  leading to prolonged response times.

Electropolymerised phenolicf ilms have been  util ised in order  to achieve 

selectivity (Vadgama et al 1991) while ensuring a short  diffusion path. 

A 1,2-diaminobenzene polymer film on pla tinised re t icu la ted  vitreous 

carbon, served avoided anionic and amino acid in terference and also 

gave a more biocompatible  surface in serum (Sasso et al 1990). The 

plat inised RV C (ret iculated vitreous  carbon) e lectrode formed par t  of
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a flow injection analysis (FIA) system. It extended the apparent Km for 

glucose from 5 mM to 25 mM. The self-lim iting nature of the deposition  

also meant that the layer was uniform over an electrode with complex 

topography.

1.4 Im m obilised enzymes

1.4.1 A dvantages of using im m obilised enzymes

Routine analysis may require large quantities and expensive amounts of 

enzymes. However, insolubilisation of enzymes enables reuse many 

times and therefore reduces the cost. Immobilised enzymes are usually 

more stable since they are held in an environment more like their 

natural state. Immobilisation imparts greater enzyme stability, making 

them more useful over a broader pH and temperature range. They are 

much less susceptible to normal activators and inhibitors which affect 

the soluble enzyme. Therefore they can be used in complex biological 

matrices e.g. blood, urine rather than the soluble enzyme.

1.4.2 Physical m ethods of im m obilisation

1.4.2.1 A dsorption

This technique involves mixing of an enzyme with a solid of a high 

surface area. Adsorption on insoluble supports results from ionic, 

polar, hydrogen bonding or hydrophobic or jr-electron interactions. 

Adsorption into water soluble matrices has also been studied e.g. glass, 

quartz, charcoal, silica gel, alumina, carboxy-methyl cellulose (Wykes 

1971), controlled pore ceramics and cellulose (M essing 1975). The 

major advantage is the simplicity of the method and the enzyme is not 

denatured since mild conditions are employed. It is difficult to obtain 

a high enzyme loading since the enzyme is desorbed readily by 

alterations in pH, solvent, substrate, temperature and ionic strength.
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1.4.2.2 G e l  e n t r a p m e n t

H ere  a polymeric gel is p repared  in a solution containing an enzyme 

leading to en trapm ent of the enzyme within the th ree-d im ensional 

lattice. Low m olecular weight substrates can have access to the enzyme 

which itself diffuses slowly through the gel lattice. This technique was 

developed by Bernfield and W an (1963). In the polyacrylamide gel 

system, copolym erisation of N ,N '-m ethylenebisacrylam ide and 

acrylamide is done in absence of oxygen. The resulting lattice contains 

a hydrocarbon backbone with carboxamide side chains which can act as 

binding sites for o ther  molecules. The reac tion  is rad ical catalysed by 

persu lphate  and riboflavin, and the enzyme is included in the reaction  

mixture. Gel perm eability  and m echanical p roperties  are dependen t 

upon the degree of crosslinking and there fo re  on the relative 

concentrations of N ,N '-m ethylenebisacrylam ide and acrylamide 

m onom er. This is a mild method of enzyme im m obilisation and does not 

a lter  the enzyme properties . Polyacrylamide gels have also been used in 

enzyme e lectrodes (U pdike and Hicks 1967).

However several drawbacks of this technique include:- f ree  radicals 

(singlet 0 2, S 0 4~) generated  during the polym erisation process cause 

enzyme denatu ra tion . Gel form ation  results in large diff usional barriers  

for transport of substra te  and product causing reaction  re ta rda tion  

especially for high m olecular weight substrates.

1.4.2.3 M ic ro e n c a p s u la t io n

M icroencapsulation within thin-walled sem iperm eable  spheres has been 

achieved by Chang (1966). The enzymes are p revented  from  diffusing 

out of the microcapsule while reactan ts  and products can perm eate  the
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surrounding m em brane. Polymer deposition around emulsified aqueous 

droplets  takes place by in terfacial coactivation or in terfacial 

polycondensation. The main disadvantage is tha t many of the in terfacial 

polym erisation procedures  cause enzyme deactivation. Rony (1971) 

circumvented this problem  by first producing hollow fibres (instead of 

spheres) in which the enzyme was placed prior to sealing the ends.

1.4.3 C h e m ic a l  m e th o d s  of im m o b i l is a t io n

1.4.3.1 C ro ss l in k in g  u s in g  b i fu n c t io n a l  r e a g e n ts  

Chemical crosslinking of an enzyme with a bifunctional reagen t ensures 

total re ten tion  of the enzyme pro te in . The enzyme layers can e ither be 

form ed directly over an e lec trode or p refabrica ted  and stored dry before 

use. This p rocedure  leads to an increase in the average m olecular 

weight of the protein . B ifunctional reagents can be classified as being 

"homobifunctional" or "heterobifunctional" depending on w hether the 

reagent possesses two identical or two different functional groups. 

H om obifunctional reagents include:- bisdiazobenzidine-2 ,2' disulphonic 

ac id ,4,4' difluoro-3 ,3 '-d initrodiphenylsu!phone, 1,5 difluoro-2,4 d in itro ­

benzene and glutara ldehyde (Avrameas 1969). A few  heterob ifunctional 

reagents are:- toluene-2-isocyanate-4-isothiocyanate, trichloro-o-triazine 

and 3-methoxydiphenylmethane 4,4,-diisocyanate. The major advantages 

of this m ethod are (i) simplicity and (ii) chemical binding of the enzyme 

enables control of the physical p roperties  and partic le  size of the final 

product. However many enzymes are sensitive to the coupling reagents 

so tha t they lose activity during the process.

Richards and Knowles (1969) proposed a possible m echanism  for the 

glutaraldehyde reaction. This proposed that glutara ldehyde existed as 

cr,B unsa tu ra ted  aldehyde oligomers in solution. These react with amino
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groups giving rise to M ichael type adducts. The adduct is stable to acid 

hydrolysis:-
R'  o R'  o

I I I !  I | I
R NH2 + —C H — C—  C    C H— CH— C -

I
N H  R

Alkylamino derivative (1.4.2)

1.4 .3 .2  C ovalen t B inding

M odified enzyme e lectrodes have been constructed using this technique. 

G lucose oxidase has been  immobilised onto silanised anodised p latinum  

to give a micro-enzyme electrode (Moody et al 1986). It has also been 

chemically im m obilised on a nylon mesh with a lysine spacer and 

g lutara ldehyde following trea tm en t with dim ethylsulphate and sodium 

hydroxide (H ornby and M orris 1975). Collagen m em branes  containing 

chemically activable -CO O H  groups have been used. U ntanned  films, 

previously acid-m ethylated were activated by acyl-azide form ation . A fter 

rem oval of reagen ts  by repea ting  washing, the coupling reaction  was 

in itia ted  by im m ersion of the activated film in the enzyme solution 

(Coulet et al 1974).

1.4.4 P rop erties  of im m ob ilised  enzym es

Imm obilised enzymes show increased long-term  and tem pera tu re  

stability which can be increased  by p roper choice of coupling procedure  

and insoluble carrier . A lte ra tions  in enzyme reactivity, kinetic constants 

(due to a change in activation energy), pH  profile, M ichaelis constant 

or specificity occur on im m obilisation. Typically Km is found to decrease 

although in some cases no change or an increase is observed. In an ionic 

matrix, the m icroenvironm ent of the active site may be a lte red  by the 

e lec trosta tic  fie ld . The pH within the matrix will be d ifferen t from  the 

external solution affecting the optim al activity of the enzyme. If the
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substrates are also charged there  may be an a lte ra tio n  in the apparen t 

Michaelis constant value (W eetall 1974).

Covalent coupling may bring about the effects as well as a change in 

specificity due to an a lte ra tion  of the enzym e’s ne t charge, nearest 

neighbour effects on the active site region, pertu rba tions  of 

in tram olecu lar in teractions and conform ational changes. By a suitable 

matrix choice a shift in the pH profile can be effected e ither  to high or 

to low values. Covalent binding to electrically neu tra l  carriers  by 

nonactive site residues has no effect on their  kinetic  behaviour towards 

low m olecular weight substrates (Silman and Katchalski 1966). Enzyme 

im m obilisation makes it less susceptible to tem p era tu re  dena tu ra tion  

thereby allowing g rea te r  opera tional lifetimes at higher tem peratures .

1.4 .4 .1  A ltera tio n  in the pH p ro file

For an immobilised enzyme the optim al pH  shifts depending  on the 

nature  of the carrier. G oldstein  et al (1964) repo rted  tha t if a carrier  is 

negatively charged, a high concentration  of positively charged ions (H +) 

will accum ulate at the boundary layer betw een the carrier  and the 

surrounding solution. This will cause the pH  at the carrie r  surface to 

drop below tha t of the bulk solution. The enzyme there fo re  "sees" a pH 

below that of the bulk solution. T herefo re  the apparen t pH of the 

immobilised enzyme may be increased. If the ca rrie r  is positively 

charged, the opposite occurs.

1.4 .4 .2  K in etics

An a lte ra tion  in the apparen t Knl is observed for im m obilised enzymes. 

This effect is re la ted  to the charge on the substra te  a n d /o r  carrier,
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diffusional effects, and, in some cases, te rtiary  changes in enzyme 

configuration.

1 .4 .4 .3  S tab ility

Imm obilised enzymes show a lower ra te  of in ac tiv a tio n /d en a tu ra t io n  

than  the free  enzyme. Therm al denatu ra tion  of the native p ro te in  

in itia tes  at a specific structural region where unfolding of the tertiary  

s tructure  usually begins. Enzyme stabilisation by im m obilisation is 

thought to be achieved as a result of blocking this unfolding nucleus 

(Schellenberger and Ulbrich 1989). The chemical and therm al stability 

of soluble and immobilised alpha-amylases from  B.licheniformis and A. 

oryzae has been studied (Ulbrich 1988). The therm olab ile  alpha- 

amylase (A. oryzae) as well as therm ostable  (B. licheniformis) were 

both s tabilised by covalent binding to gam m a-am inopropyl silica. 

Soluble and immobilised alpha-amylases from  B.licheniformis were 

more resis tan t to guanidine hydrochloride, urea, m ethanol, ethanol, 

p ropano l and t-butanol than the alpha-amylases from  A. oryzae. 

However opera tional stability is also dependent on carrier  durability 

and organic inhibitor levels, including heavy m etals.

1.5 G lu co se  e lec tro d es

1.5.1 G lu cose  oxidase - The enzym e and k in etics

Glucose oxidase was discovered in 1923 by M uller in mycelial extracts 

of A spergillus niger and Penicillium glaucam (M uller 1926), He showed 

tha t the enzyme catalysed the oxidation of glucose by m olecular oxygen 

to give an acidic product (gluconic acid). The enzyme possessed 

an tib iotic  activity due to the form ation  of hydrogen peroxide and was 

te rm ed  N ota tin  (Penicillin B) (Coulthard  et al 1942). G lucose oxidase
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can opera te  in the p resence of o ther hydrogen acceptors including 

d ich lorophenolindophenol (D CPIP) although reac tion  proceeds at a 

much reduced rate  e.g. 3.3 % for D CPIP com pared  with oxygen (Keilin 

and H a r tre e  1948). Keilin and H ar tree  (1948) found tha t the enzyme 

was stable to one hour incubation at 39 °C (pH  5.6) in 0.2 % sodium 

deoxycholate, 0.2 % sodium dodecylsulphate, 1 % pepsin and 1 % 

papain  (and cysteine),though therm al stability decreased  after  40 °C.

The apoenzyme requires  the presence of FAD (flavin adenine 

d inucleotide) (Keilin and H a r tre e  1946) co -  enzyme. These workers 

dena tu red  glucose oxidase in o rder  to produce the coenzyme which was 

used to reconstitu te  activity of ano ther  f lavopro te in  oxidase enzyme 

called D -am ino acid oxidase. A dditional studies revealed  tha t the 

enzyme did not f luoresce in u ltrav io let light until d en a tu ra tio n  had 

taken  place with re lease  of f luorescent FAD. FAD fluorescence 

developed rapidly at 70 °C and at pH  > 8 or < 2.

The role of FAD during catalysis was studied by Swoboda (1969). FAD 

was tightly bound to the apoenzyme and could not be removed by 

dialysis at neu tra l pH. According to Swoboda (1969) the apoenzyme 

undergoes a conform ational change on binding to FA D  from  a flexible 

loose coil to a m ore rigid, g lobular form. This gave the much lowered 

resistance to proteolysis and a c id / th e rm a l d en a tu ra tio n  of the 

holoenzyme. G lucose oxidase was subsequently  found to be a 

hom odim er of m olecu larw eigh t 150-180 kDa containing two polypeptide 

chains linked by a disulphide bond (Swoboda and Massey 1965).



Periodate  oxidation of glucose oxidase revealed th a t  the enzyme was a 

glycoprotein containing 12% carbohydrate  by weight (N akam ura  et al

1976). M annose was the m ajor com ponent a lthough glucose, galactose 

and galactosam ine were also present. Perioda te  t re a tm e n t gave a 

t im e-dependen t decrease in carbohydrate  content. The catalytic 

p roperties , im m unological reactivities and conform ation  were not 

significantly a lte red  by trea tm en t.  The p ro te in  moiety rem ained  

practically una lte red  a lthough m inor m odification in amino acid 

com position and absorbance were observed. A  crystallographic 

s tructure  of the enzyme m olecule at 2.3 A  reso lu tion  has been  produced 

(H echt et al 1993). The refined model revealed tha t the enzyme 

contained  580 amino acid residues, FAD, 6 N-acetylglucosam ine 

residues, 3 m annose residues and 152 solvent molecules.

The substra te  binding dom ain is form ed from  non continuous segments, 

characterized  by a deep pocket. One side of this pocket is fo rm ed  by a 

6-stranded an tipara lle l b e ta -sh ee t with the flavin ring system of FAD 

located at the bo ttom  of the pocket on the opposite  side. Part of the 

en trance to the active site pocket is at the in terface  to the second 

subunit of the dim eric enzyme and is form ed by a 20-residue lid, which 

in addition covers parts  of the FA D -binding site. The carbohydrate  

moiety a ttached  to A sparagine 89 at the tip of this lid forms a link 

between the subunits of the dimer. Radioactive tracer  experim ents using 

18Oz and 18H20  (Bentley and N euberger  1949) gave the following reaction  

scheme for glucose oxidase utilising D-glucose:- 

C5H n0 5C H 0  + H zO ->  C5H n0 5.CH.(OH)2 (1.5.1a)

C5H n0 5.C H .(0 H ) 2 + FAD C5H tl0 5.C 0 0 H  + F A D H 2 (1.5.1b) 

F A D H 2 + 0 2^  FA D  + H 20 2 ( 1.5 . 1c )
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During the reaction  an increase in acidity was observed because 

d-gluconolactone, the initial reaction product, was spontaneously 

hydrolysed to gluconic acid. The enzyme is very s tereospecific  and rapid 

oxidation takes p lace with B-D-glucose ra ther  than a-D -glucose (Keilin 

and H ar tree  1952). G lucose oxidase could however catalyse the 

m u taro ta tion  of the a-glucose to the B-form prior to oxidation (Bentley 

and N euberger 1949). The enzyme reacts to a lesser extent with 

D-glucosone and 2-deoxy-D-glucose. Substitution of the 1, 2 or 3 

hydroxyl groups of glucose causes a complete loss of activity (Keilin and 

H ar tree  1952).

N euberger and Bentley (1949) proposed that in the initial step 

glucopyranose loses a p ro ton  and an electron  to give f ree  radical, H 0 2’ 

and a rad ical derived from  glucose; the la tte r  then  loses a second 

electron  to form  a carbonium  ion which was subsequently  stabilised by 

resonance. A prototypic  reac tion  between the oxonium ion and peroxide 

anion then  com pletes the oxidation.

The oxygen dependency of the reaction  has been  dem onstra ted  by 

various workers (Keilin and H ar tree  1948; Laser 1952). Keilin and 

H ar tree  (1948) showed tha t the activity of glucose oxidase in pure 

oxygen was about x l.5  g rea te r  than in air. Laser (1952) observed a 

m arked decrease  in the ra te  of substrate  oxidation at oxygen tensions of 

less than  20%. The ap p aren t Km values were de term ined  at various 

oxygen tensions for no ta tin  and the crystalline enzyme.

A t low oxygen tensions the reac tion  becomes rate-lim iting  for glucose. 

Laser (1952) suggested tha t the  approximately sevenfold increase in Km
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value for glucose with a twentyfold increase in 0 2 tension  could be 

explained by application of the Briggs-Haldane t re a tm e n t  according to 

the following equations:

W ith increased oxygen tension, the velocity at infinite glucose 

concen tra tion  correspondingly increases resulting in an  e levation of k3. 

Since Km = k2 + k3/ k ls this is also accom panied by an increase in Kra. 

However application  of the simplifying assum ption tha t k2 is large 

com pared  to k3, is not possible for glucose oxidase. Ingraham  (1955) 

p roposed  tha t two equilibria  were present, one betw een  glucose and 

enzyme (E) and one betw een oxygen and E:

k t
E  + A ** E 3

k2 (1 .5 .If)

k3
Ej + E 2

k4 (1 .5 .lg)

k5
E 2 E + products  (1 .5.lh )

At low oxygen tensions, Km is not simply given by k2 + k3/ k t.

Glucose oxidase reacts by a ping-pong mechanism. In this case one 

substra te  (i.e. glucose) reacts with the enzyme via transfer  of a 

functional group onto the enzyme, leaving a p roduct (gluconic acid). 

The second substra te  (i.e. oxygen) then reacts picking up the functional 

group form ing a second product (hydrogen peroxide).

ki
E  + S t* ES

k2
(1.5.Id)

k3
ES E + products (1 .5 .le )
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Evidence for the existence of ping-pong m echanism  was provided by 

G ibson et al (1964). The workers determ ined  each of the individual ra te  

constants as well as the kinetic param eters  Km(gluc) and Km( 0 2) at 

d ifferent tem pera tu res . A t 25 °C glucose oxidase possessed a Km for 

glucose of 3.3 x 10'2 M and a Km for oxygen of only 2 x 10'4 M. The Km 

values for glucose and oxygen were 60 and 0.33 mM respectively from  

Duke et al (1969). M ikkelson et al (1991) found a Km of 66 mM for 

glucose using a ro ta ting  disc electrode. The turnover ra te  (k ^ )  i.e. the 

maximum num ber of substrate molecules which can be converted to 

products per m olecule per unit time is re la ted  to the maximum reaction  

velocity (Vraax = Kcat[E0]) and was calculated as being  0.605 s'1 by 

M ikkelsen et al (1991).

1.5.2 H ydrogen p eroxide based  g lu cose d e tec tio n

These sensors m easure hydrogen peroxide with the working (pla tinum ) 

e lectrode polarised  at +0.65 V with respect to A g /A gC l reference 

Hydrogen peroxide is oxidised at the p latinum  surface:- 

H 20 2 ^ 0 2 + 2 H + + 2e' (1.5.2a)

The hydrogen peroxide flux to the anode can be made to directly reflect 

the glucose concentration . This m ethod is susceptible to in terference  

from  o ther endogeneous electroactive species (e.g. ascorbate , u ra te  and 

tyrosine). Various m ethods have been  developed in o rder to increase 

the selectivity. The response may be com pensated by a using a second 

non-enzymatic sensor (Thevenot et al 1978) or the p la tinum  anode can 

be covered by selective m em branes such as cellulose ace ta te  used in the 

Yellow Springs e lectrode (Yellow Springs Instrum ent Co, 1975). 

Independence on sample p 0 2for hydrogen peroxide-based detection  is
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an advantage. The minimum local oxygen level necessary for the 

enzymatic reac tion  must be taken  into account. Oxygen regenera ted  

during the e lectrochem ical oxidation of hydrogen peroxide at the 

p latinum  surface helps to replenish  the enzyme layer.

1.5.2.1 In-vivo m onitoring

Shichiri et al (1982) developed a needle  e lec trode  comprising a 

platinum  wire working and silver-plated stainless stee l tube reference 

electrodes separa ted  by a glass sleeve insulator. G lucose oxidase was 

immobilised in a cellulose ace ta te  matrix and overlaid with a 

polyurethane which reduced glucose diffusion relative to tha t of oxygen. 

This m em brane gave independence from  solution variab les  such as pH, 

viscosity and stirring (figure 1.5.2a). The electrodes form ed p a r t  of a 

w earable closed-loop device ("artificial pancreas") and could be inserted 

into veins or subcutaneous tissue. R esponse was used to control blood 

glucose for over seven days in pancrea tec tom ised  dogs. The w earable 

system consisted of a sensor, a m icrocom puter system which calculated 

insulin and glucose infusion rates, and two ro ller  pumps which drove the 

unit for insulin and glucagon infusions respectively. Continuous 

glycaemic control with the artificial pancreas was achieved for 6 days, 

with the sensors being replaced  every fourth  day. C orre la tions  of the 

sensor response with rou tine  blood m easurem ents  were obtained in the 

range of 2.7-21.6 mmol/1.

Moussy et al (1993) evaluated the perform ance of needle  type glucose 

sensor under both  in vitro and in vivo conditions (Figure 1.5.2b). 

Essentially a tr i- lam inate  m em brane arrangem ent consisting of Nafion 

as the protective ou ter  coating and poly (o-phenylenediam ine) as the
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perm selective inner coating was used. Glucose oxidase immobilised in 

a bovine serum  album in matrix was sandwiched betw een these coatings. 

The sensor was 0.5 mm in d iam eter  and could be inserted  under  the skin 

through an 18-gauge needle . Coiled Pt and A g/A gC l wires were 

w rapped around a Cu wire and served as working and reference  

e lectrodes respectively. Sensor responses in v i t ro  were linear to at 

least 10 mM, and a maximum linearity of 20 mM with the response time 

being fairly rap id  ( - 3 3  seconds) com pared to polyure thane coated 

sensors. The time to reach  a stable basal current was betw een 10-30 

minutes and was shorter  than  the 2-hour period rep o rted  by B indra et 

al (1991). In vivo perform ance of the sensors were characterised . In an 

acute experim ent subcutaneous im planta tion  in a conscious dog was 

carried  out. A fte r  a 30-40 minute s tabilisation period  an intravenous 

glucose to lerance  test was done. The sensor signal followed a similar 

pa t te rn  to p lasm a glycaemia. A  lag time of 3 m inute was consistent with 

the lag time betw een subcutaneous and blood glucose levels.

Zhang and W ilson (1993) described an a lte rna te  need le-e lec trode  

design as shown in Figure 1.5.2c. I n  v i t ro  sensors with a high response 

size (low linearity) showed a g rea ter  dependency on oxygen partia l  

p ressure whilst low sensitivity sensors were not affected by p 0 2 levels. 

F or in-vivo evaluation glucose and oxygen sensors were im planted 

through a 20-gauge ca the te r  into the subcutaneous tissue of a ra t  on the 

back of the neck. Sensor sensitivity was found to be an im portan t factor 

in the m easurem ent of tissue p 0 2 since it rep resen ted  the level of 

oxygen consum ption by the sensor. T herefore  sensitivity had to be 

suppressed to such an extent tha t oxygen consumed by the sensor was
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negligible com pared  to the ra te  of tissue oxygen supply,

1.5 .2 .2  E xtracorporeal m onitoring

Extracorporea l monitoring of blood glucose levels fo rm ed  the basis of 

the B iosta to rR Glucose Contro lled  Insulin Infusion system (Fogt et al 

1978) developed by Miles laboratories . It was a closed-loop system and 

all of the com ponents w ere built in to a device of dimensions 42 x 46 x 

46 cm. A hydrogen peroxide sensor m easured  the glucose 

concentrations, and a com puter-contro lled  infusion pum p regulated the 

delivery of glucose or insulin according to the requ irem ents . The initial 

various biocom patibility  problem s were overcome when an ti-p la te le t 

agents w ere added.

1.5 .2 .3  M ed iator-b ased  enzym e e lec tro d es

A lthough dioxygen is the natu ra l e lec tron  acceptor fo r glucose oxidase, 

it may be rep laced  by an e lectron  transfer  m ediator. A m edia tor is 

usually a low m olecular weight redox couple which shuttles e lectrons 

from  the redox centre of the enzyme to the electrode. The m ediator 

needs to react with the reduced enzyme and then  diffuse to a second 

m edia tor m olecule or the electrode.

In so lu tion

Glucose + FAD + H 20  = Gluconic Acid + F A D H 2 (1.5.2b)

F A D H 2 + Mox -  FAD + Mrcd + 2H + (1.5.2c)

At the e lec tro d e

M red = Mox (1.5.2d)

The ra te  at which reduced m ediator Mred is p roduced can be m easured  

am perom etrically  but the m ediator is preferentia lly  re ta ined  at the 

transducer surface, (Cass et al 1984) although the biochem ical reaction
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can take place in the  bulk solution with a free diffusible m edia tor 

(Wang et al 1990).

The advantages of m edia ted  enzyme electrodes systems have been  

outlined by Cardosi and T urner  (1987). Since the reduced m ediator is 

unreactive with oxygen, m easurem ents  can be made independen t of p 0 2 

fluctuations. The working po ten tia l  is determ ined  by the form al 

po ten tia l  (E°) of the m ed ia to r  couple, which can be advantageous if the 

m ed ia to r  has a low E°; this reduces in terference from  other 

electroactive species. If the e lectrode reaction  does not involve protons 

this also makes the enzyme electrode pH insensitive.The essential 

cr ite ria  fo r  a p ractical m edia tor system are:- Chemical stability in the 

oxidised and reduced forms; absence of any side reactions; ready access 

to the active site of the enzyme; physical p roperties  including net 

charge m ust be com patib le with enzym e/e lec trode  in teraction ; lack of 

toxicity. The most successful class of m ediators use fe rrocenes  (r) bis- 

cyclopentadienyl iron) molecule, a transition  m etal jr-arene complex 

consisting of an iron sandwich or cyclopentadienyl (Cp) rings.

The reaction  scheme for glucose oxidase (flavin-containing 

glycoprotein) with fe rrocene  can be rep resen ted  as follows:-

Beta-D-glucose + G O D (F A D )0X G luconolactone + G O D (F A D H 2)red
(1.5.2e)

G O D (F A D H 2)red + 2Fecp2R + G O D (F A D )ox + 2Fecp2R + 2 H + (1.5.2f) 

2Fecp2R -> 2Fecp2R + + 2e' (1.5.2g)

F errocene has a low operating  po ten tia l  (~  + 160 mV vs SCE), does not 

react with oxygen rendering  the sensor oxygen insensitive and exhibits
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rapid reaction  kinetics. Ferrocene derivatives can be m ade relatively 

insoluble and can therefo re  be easily re ta ined .

Some disadvantages include:- com petition for electrons with oxygen; the 

rate  constant (k) for oxygen is 1.5 x 106 ImoCs'1 at 25 °C and pH  7 (Cass 

et al 1984) but with ferric in ium  ion derivatives a ra te  constant of

2.01 x 106 lm ol 'V 1 was recorded . Ferrocenes  can also catalyse the 

o x ida tion /reduc tion  of in terferen ts; polyvinylferrocene films convert 

ascorbic acid to dehydroascorbic acid (D au ta rtas  and Evans 1980).

The glucose e lectrode described by Cass et al (1984) exhibited an 

excellent linear response for glucose to 30 mM covering the medically 

relevant range whilst re ta in ing  rapid  response times (60-90s). These 

w ere achieved by the use of a "spongy" carbon-foil e lec trode  which also 

provided a sufficient diffusional restr ic tion  b a rr ie r  fo r  assay in unstirred  

samples, w ithout the requ irem ent for an add itional m em brane. There 

was a small difference in response when analysis was perform ed under 

aerobic  versus anaerobic  conditions. With an anion exclusion 

m em brane, in terference from  anionic m etabolites  was reduced.

W ith physical adsorption of ferrocene, the w ater  solubility of the 

ferric in ium  ion can affect the lifetime of the e lectrode (Cass et al 1984). 

V arious m ethods of enzym e/m edia to r  im m obilisation have therefore  

been  proposed. Thus the m ediator has been  mixed with graphite  powder 

and paraffiii and re ta ined  with a suitable m em brane  (G orton  et al 

1990). With graphite  foil m ediated  electrodes (Cass et al 1984) doped 

with l ,l '~d im ethylferrocene, the enzyme can be immobilised by a
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carbodiim ide-type reac tion  with surface carboxyl groups.

F errocene  has b een  linked to flexible, siloxane polymers (G orton  et al 

1990) thereby  allowing efficient e lectron  transfer. M edia to r  spacing 

along the polym er and the bridging distances to the polymer were 

im p o rtan t de te rm inan ts  of e lec trode  curren t and dynamic response. 

F erro cen e  has also been  linked to glucose oxidase (H elle r  et al 1990). 

An efficient "electron relay" was obtained  by in troduction  of 

approxim ately 12 fe rrocene  functions into buried  sites as well as the 

ex ternal enzyme surface. W ithout the "internal relay" the glycoprotein 

shell a round FA D  fo rm ed  an insulating layer thereby resulting in an 

exponential fa ll  in e lectron  transfer  as the m utual separa tion  distance 

betw een the redox centres  increased. A complex be tw een  the redox 

cen tre  [Os (2,2' b ipyrid ine)2 Cl ) W2+ and poly(vinylpyridine) has been  

used as an e lec tron  wire (G regg and H elle r  1990). The cationic polymer 

fo rm ed an e lec trosta tic  complex with the negatively charged glucose 

oxidase m olecule held over working electrodes; this enab led  direct 

charge relay from  the enzyme active site to the working e lectrode.

O- and p-quinoids can also act as e lectron  acceptors fo r  glucose oxidase 

(Kulys and Cenas 1983). The ra te  constants of oxidation for each 

accep tor (kox) was de term ined  and varied  from  1.5 x 106 to

3.5 x 103 M 1 s'1. P-quinoidal compounds oxidised the reduced  form  of 

glucose oxidase at ra tes  de term ined  by their  redox po ten tia ls .  A linear  

re la tionsh ip  was found  betw een the oxidation ra te  constants and the 

accep tor po ten tia ls .  The p-quinoids 1 ,2-N aphthoquinone and pyocyanin 

exhibited the  g rea tes t  reactivity. In troduction  of a negatively charged
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substituent (sulpho) to the organic acceptor 1 ,2-N aphthoquinone caused 

a decreased  ra te  of oxidation. This was because negatively charged 

reagents  had restr ic ted  access to the enzyme active site since FAD 

(cofactor) is usually em bedded in hydrophobic surroundings deep inside 

the external glycoprotein shell.

1.5 .2 .4  C h em ically  m od ified  e lec tro d es  (C M Es)

Num erous reviews and articles have been  published regarding the 

m anufacture  and use of CMEs (G orten  1991; F au lkner  1984; M urray 

1984). The earliest approaches of e lectrode m odification involved 

adsorption  of a species from  solution. This is a reversible process and 

gives only m onolayer or submonolayer coverage. A lte rna tive  direct 

covalent a t tachm en t of m ediators to the electrode were developed by 

M urray’s group (Moses et al 1975) and Kuwana’s group (Lin et al

1977). These m ethods relied  on a d irect chemical linking of the redox 

group to the e lectrode surface using silanisation of the e lec trode to 

produce M-O-Si linkages, the use of cyanuric chloride, or with carbon 

d irect reac tion  with acidic and carbonyl functionalities  at the e lec trode 

surface.

M ultilayer coverage has been  achieved by e lec trode surface polymeric 

m odification. M ethods include electrochem ical polym erisation to give 

redox polymer films, dipcoating of polymer on electrodes, and gas phase 

plasm a polym erisation of monomer. The first approach  is advantageous 

due to the ease of film form ation  and control over the thickness which 

can be provided by control of the electrochem istry (M urray 1984).

E lec tron  prom oters  have been  used in CMEs and commonly possess an
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electron-rich  pi-system with charge delocalisa tion and ready 

stabilisation. In a similar fashion, carbon electrodes with their  extended 

pi-system form  effective adsorption surfaces. A dsorp tion  of p rom oter  

species e.g. 4,4' bipyridyl onto gold electrodes has fac ilita ted  electron  

transfer  betw een the haem  site of the redox pro te in , cytochrome c and 

the elec trode surface (Albery et al 1981). However 4,4' bipyridyl was 

itself not electroactive in the poten tia l  region fo r  this reaction  and, 

there fo re  was not acting as a charge-transfer m ediator. E nhanced  charge 

transfer  was dependent upon the bipyridyl adsorption  to the electrode 

surface and rapid  on-off binding of cytochrome c at the surface. The 

pro te in  m olecule was held sufficiently close to the e lectrode surface and 

in the correct o rien ta tion  to allow the e lectron transfer  step to take 

place efficiently. The in teraction  of cytochrome c with the go ld /4 ,4 ' 

bipyridyl e lectrode was suggested to occur th rough specific lysine 

residues, on the pro te in  surface, via hydrogen bonding to one of the 

n itrogen atoms of the prom oter.  A major disadvantage of p rom oter 

adsorption  is its inheren t instability, therefore  these reagents may be 

anchored using a covalent bond. M etal oxides or oxidised carbon can 

be utilised. The la t te r  produces a high density of -CO O H  groups which 

can be modified giving -COC1 to which the pi-rich prom oters  can be 

a ttached  e.g.
.OH

0  ,0H
//  

bC
\ n h c h 2c h 2h ^ j ) — OH (1.5.2h)

A ttachm ent to m etal oxides could be achieved via the reactive silane 

functionality.

(1.5.2i)M- •OH *  XSiX;R— M ------------ OSiX2R + HX
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Polymer films have been  extensively used to make CMEs since they 

adhere  well to the electrodes to provide m ultilayer films which may be 

electrochem ically  active or inert. E lectroactive polymers have 

ion-exchange, redox or conducting properties . Ion exchange polymer 

films may becom e electroactive by doping with electroactive ions. Thus 

exchange of C104 with F e (C N )/ '  in a polyvinylpyridine film gave an 

electrode showing ferricyanide redox activity (Oyam a and Anson 1980). 

The fluoropolym er, Nafion, is a cation exchanger containing both 

hydrophilic and hydrophobic zones. This polymer requires  a redox 

cation to act as an e lectron  carrier  from  the polymer to the electrode 

(Oyama et al 1980; Oyama and A nson 1980), e.g. Ru(bpy)32+ (bpy = 2,2' 

bypyridine) (W hite et al 1982) and Cp2F eT M A + ([trim ethylam m onio) 

methyl] fe rrocene). However, since the ion-exchange reaction  is an 

equilibrium  process it will be slowly reversed in the absence of the ion 

in solution.

Redox polymers containing p- and o- quinone groups have been  

adsorbed  onto the surface of electrodes (Cenas et al 1983 and 1984). 

These act as oxidants for reduced glucose oxidase, L -lacta te  oxidase and 

xanthine oxidase. Cenas (1983 and 1984) found tha t these enzymes could 

be re-oxidised in the po ten tia l  range of 0.05-0.5 V (vs A g/A gC l) at 

pH  7. The oxidation of these enzymes was found to occur at a oxidation 

po ten tia l  of the polymer modifier suggesting th a t  these polymers acted 

as m ediators. A major drawback associated with these redox polymer 

electrodes, however, is that they can lose the ir  e lectrocatalytic  activity 

after  a relatively short period to time, typically 5 days (Cenas et al 

1984).
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Conducting polymers on CMEs may be form ed by electrochem ical 

polym erisation include polypyrroles, polyphenoxides and polyanilines. 

If e lectropolym erised in the presence of glucose oxidase they can entrap  

the enzyme. These films exist in both insulating and conducting forms, 

depending upon the oxidation state. Film s truc ture  and redox 

p roperties  can be altered by choice of derivative, and the electrolyte 

and solvent of the electropolym erisation reac tion  e.g. fo r  polypyrrole 

the conductivity is dependent on the conditions of polym erisation.

D iaz et al (1981) carried out e lectropolym erisa tion  of pyrrole in the 

presence of E t4N +B F4~ from  an aqueous solution contain ing  glucose 

oxidase to produce a polypyrrole film containing the enzyme. 

E lectro-oxidation  was believed to proceed via a reactive p i-radical 

cation, which reacted  with neighbouring pyrrole species to produce a 

chain which was predom inantly  a lpha-a lpha’ coupled (figure 1.5.2.4). 

The resu ltan t polymer incorporated  anions from  the supporting 

electrolyte. The e lectrode responded to glucose at an optim al po ten tia l 

of +0.8 V,

T e tracyanoquinodim ethane (TCNQ) as a conducting com pound has 

been  used in CMEs. The molecule is a very strong e lec tron  acceptor 

form ing first the radical anion and then the dianion.

(1.5.2j)

NC CN NC CN NC CN

Oxidised Semireduced Reduced
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Figure  1.5.2.4

M e ch an ism  of p o ly p y rro le  f i lm  g e n e r a t io n  by 
of p y r ro le  (F ro m  H a l l  1990).

le c tro ly t ic  o x id a t io n

76



In electrochem ical terms the interconversions of the system of neu tra l 

molecule, rad ical anion and dianion are characterised  by redox 

po ten tia ls  Ej = 0.127 V and E2 = -0.219 V. This gave an indication of 

energy differences betw een the oxidation states. The sem ireduced form  

is in fact s tabilised from the relatively unstable  quinoid structure to 

a rom atic  which allows extensive delocalisa tion of the pi-electrons over 

the carbon skeleton. E lec trodes  utilising glucose oxidase based on 

Charge T ransfe r  complexes, N M A+TCNQ' or N M P+TCN Q ‘ have been  

reported . The electrodes responded to glucose at poten tia ls  g rea ter  

than  0.1 V relative to A g/A gCl; i.e. the peak  oxidation po ten tia l  of 

N M P+ and N M A +. The electrodes showed a good linear range and 

rem ained  stable fo r  at least 100 days (Cenas et al 1981).

The m echanism  by which charge transfer to the e lectrode occurs has 

been  under  question. It  has been  argued th a t  the enzyme can be 

oxidised by direct electron transfer  ra th e r  than by m edia tor reaction. 

It has been  claim ed that fo r  flavin containing oxidases the mechanism 

of transfer  is m ediation  (Kulys and Samalius 1982). These workers 

suggested th a t  m ediators are  form ed near  the e lec trode surface during 

slight dissolution of the organic m etal. This m echanism  was suggested 

because substra te  oxidation only p roceeded  at po ten tia ls  corresponding 

to the "m ediator redox potential". A lternatively, Albery et al (1985) 

proposed tha t direct e lec tron  transfer  to glucose oxidase with 

N M P+T C N Q \ This m echanism was proposed  since conducting salts 

were too insoluble and the hom ogeneous kinetics was far  too slow for 

m ediated  transfer  to occur. Since the conducting salt possessed stacks 

of negative and positive ions it could form  a strong a ttachm ent to the
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enzyme and was therefore  an electrocatalyst.

1.5.3 O xygen-based g lu cose  d e tec tio n

Oxygen-based glucose m easurem ent involves the de tec tion  of oxygen

consumption due to glucose oxidase a polarising voltage of -0.6 V (Pt

cathode) versus A g/A gC l reference e lectrode:- 

0 2 + 4H + + 4e -» 2H20  (1.5.3)

Use of hydrophobic teflon or polypropylene m em branes allows selective 

perm eation  of oxygen and excludes e lectroactive in terferen ts . Clark and 

Lyons (1962) described the concept of the glucose enzyme electrode. 

Soluble glucose oxidase enzyme was re ta ined  behind  a polymer 

(C uprophan)R m em brane and an oxygen e lec trode  es tim ated  the local 

decrease of p 0 2. However the response was very sensitive to partia l 

pressure of oxygen within the fluid in contact with the electrode. This 

problem  was solved by the addition of a second e lec trode  associated 

with a glucose oxidase m em brane, form ing a d ifferen tia l  system (Updike 

and Hicks 1967). Sample p re-equ ilib ra tion  with oxygen by air bubbling 

was carried  out by some workers.

R om ette  et al (1979) solved the p rob lem  of sample oxygen variability 

by using an enzyme m em brane which had a much higher solubility (x20) 

for oxygen than water. The active m em brane consisted of gelatin  and 

enzyme over a polypropylene film, with the enzym e/gela tin  mixture 

subsequently crosslinked using glutara ldehyde. A th ree-part  

m easurem ent protocol was carried  out. G lucose was firstly injected into 

the m easurem ent cell, this was followed by a rinsing stage using isotonic
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phosphate  (0.05 M) buffer and finally rinsing using air. During 

m easurem ent, oxygen was rapidly consumed at the enzyme layer however 

this was com pensated  by equ ilib ra tion  in air.

A  differentia l m ethod of glucose m easurem ent was tested  in dogs by 

Bessman et al (1981). The sensor consisted of two galvanic oxygen 

electrodes covered by polypropylene m em branes with a circular (15 mm 

diam eter)  plastic housing. The sensor response was linear over the 0-20 

mmol/1 range and responses decreased  substantially  by a lowered 

oxygen tension. E lec trodes  im planted  in the subcutaneous tissue of 

dogs recorded  glucose levels which were approximately half those of 

blood. A closed-loop system consisting of a sensor and reciprocative 

insulin pump also failed  to m ain tain  euglycaemia in d iabetic  dogs in 

spite of using a d ifferentia l mode of m easurem ent (Bessm an 1977). The 

underestim ation  of glucose was explained by the lowered tissue p 0 2 

levels.

Kondo et al (1982) utilised a d ifferentia l glucose sensor for a Clark-type 

oxygen e lectrode. An oxygen-permeable hydrophobic Teflon m em brane 

covered the e lectrode which was overlaid by a nylon M illipore f il te r  and 

an ou ter  polyester m em brane. The la t te r  ensured  sufficient oxygen 

reached  the enzyme layer but reduced the glucose flux. The sensor was 

tested  in dogs w here an external arterio-venous shunt was created  

between the carotid  artery and the jugular vein and the electrodes 

p laced in the shunt. Four out of eleven experim ents failed due to 

throm bosis or e lectrical problems, but in o ther studies there  was a good 

corre la tion  betw een sensor output and blood glucose levels.
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1.6 Polym er chem istry

1.6.1 B asic d e fin itio n s  and c la ss ifica tio n

A polymer is a large molecule consisting of repea ting  s tructura l units 

jo ined  by covalent bonds. A s tructural unit comprises a simple group 

of atoms jo ined  by covalent bonds in a specific spatia l orien ta tion . 

Polymers can be classified as condensation and addition  type depending 

on the m ethod of synthesis. In a condensation polymer the s truc tu ra l 

unit contains fewer atoms than  the m onom er (or m onom ers) from  which 

the polymer is derived. In an addition polymer the s truc tu ra l unit has 

the same m olecular form ula  as the monomer.

Polym erisation reactions can also be classified according to mechanism. 

The processes are divided into stepwise and chain polym erisations. In 

a stepwise polym erisation the polymer is built up slowly by a sequence 

of discrete reactions; the initiation, propagation  and te rm ina tion  

reactions are  kinetically similar. The m onom er can reac t with ano ther  

m onom er or polymer molecule with equal ease, the re fo re  there  is rapid 

d isappearance of m onom er at an early stage. In chain polym erisation 

there  is rapid  polymer chain growth once in itia tion  takes place. The 

initiation, p ropagation  and te rm ination  reactions are  significantly 

d ifferent in ra te  and mechanism. The m onom er cannot react with 

ano ther  molecule but only with an active end group on a polymer radical 

or ion. T herefo re  high m olecular weight polymer and m onom er are 

p resen t th roughout the reaction.

1.6.2 S t ru c tu r a l  u n i t  v a r ie ty

Polymers can be classified as being e ither h o m o p o ly m e rs  (where the 

polymer consists of repea ting  structura l units of the same kind) or as
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co p o ly m ers  containing more than  one structural unit. Most im portant 

commercial copolymers contain 2-kinds of structura l unit whilst a few 

have 3 units (terpolym ers). D epending  on the m onom ers utilised  and the 

experim ental techniques used, various d istributions of s tructural units 

within the polymer as illustra ted  in Figure 1.6.2.

1.6.3 S t ru c tu r a l  u n i t  o r ie n ta t io n  a n d  tac t ic i ty

In vinyl polym erisation, th ree  d ifferent types of linkages can be form ed 

because each m onom er molecule can assume e ither  of two orien ta tions 

as it adds to the  p receding  unit. They are  identified  by referring  to the 

substitu ted  end of the m onom er molecule as the "head" and to the 

unsubstitu ted  end as the "tail". T hree  arrangem ents  are therefore  

possible in the polymer; the linkages may be all head-to-tail,  they may 

be alternate ly  head-to-head  and ta il-to-ta il or they may be mixed. All 

vinyl polymers are predom inantly  head-to-ta il in the ir  o rien ta tion  

(Figure 1.6.3a). F u r th e r  variability in structure  arises when the 

backbone of the polymer molecules contains a carbon a tom  attached to 

two different side groups. These polymers may have various 

configurational arrangem ents  or tacticity. Polymers with a regular 

a rrangem ent are  known as t a c t ic  whilst those with a random  

arrangem en t are a ta c t ic  (Figure 1.6.3b).

1.6.4 P h y sica l  s t r u c tu re

Polymers can be both  linear and branched. The bulk polymer s tate (also 

known as condensed or solid s ta te)  includes bo th  am orphous and 

crystalline regions. In am orphous m ateria ls  the m olecules are highly 

kinked in an irregu lar fashion (randomly coiled) whilst in crystalline 

m ateria ls  the molecules are  generally spiral or zigzag and 

do not possess crystalline regions. " Crystalline " polymers are
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F ig u r e  1 .6 .2

R e p r e s e n t a t i o n  of th e  d i f f e r e n t  c o p o ly m e r  ty p e s :-  (a )  R a n d o m  
c o p o ly m e r ,  (b )  A l t e r n a t i n g  c o p o ly m e r ,  (c )  B lo c k  c o p o ly m e r
(d )  G r a f t  c o p o ly m e r

82



(a )

~ C H , — CHR +  H , C = C H R

■ CH 2— CH R— CH j— CH R 
head-to-tail linkage

C H 2— CHR— CHR— CH,  
head-to-head linkage

CHR— C H 2 +  H j C = C H R

(•signifies a radical, anion or cation)

CHR— CH,  — C H 2— CHR  
tail-to-tai! linkage

■ CHR— C H 2— CHR— C H 2 
tail-to-head linkage

(b )

d d d d d d d d

( I ( i I I { I

d  t d I d I d I

Isofacric

Isohacric >■ Tactic

Syndiotacric

d d  d I d  { I d Atactic

F ig u re  1.6.3

R e p r e s e n t a t i o n  of p o ly m e r  (a )  s t r u c t u r a l  u n i t  o r i e n t a t i o n
(b )  ta c t ic i ty .
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generally semicrystalline containing appreciable  quantities of 

am orphous m ateria l  and the m elted  state is am orphous. It is therefore 

essential to consider the kinetics of transform ation  from  the am orphous 

to crystalline s ta te  and vice versa.

Am orphous polymers exhibit widely different physical and mechanical 

behaviour pa tte rn s  depending on tem pera tu re  and structure . A t low 

tem pera tu res , am orphous polymers are glassy, hard  and brittle . As the 

tem p era tu re  is increased  they go through a glass-rubber transition. The 

g lass-transition tem pera tu re  (Tg) occurs when the polym er softens to a 

rubbery s tate. The polymer chain conform ation in the am orphous state 

has been  considered. X-ray and m echanical studies have led to the 

p roposed  random -coil model. H ere , polymer chains are  perm itted  to 

w ander about in a space filling way as long as they do not pass through 

themselves or ano ther  chain (Flory 1979).

X-ray diffraction can be done for crystalline polymers where they also 

undergo the firs t o rder transition  known as melting. Polymers 

crystallized in the bulk sta te  are not totally crystalline due to the ir  long 

chain na ture . The melting (fusion) tem pera tu re , Tf exceeds the glass 

transition  tem pera tu re .  Therefo re  a polymer can be hard  and rigid or 

flexible. Crystallinity is dependan t on the s truc tura l regularity. 

G enerally  isotactic  and syndiotactic polymers e.g., polyamides and 

polyesters usually crystallize whereas atactic  polymers do not. Non- 

regularity  firstly decreases the m elt tem pera tu re  and then  prevents 

crystallinity. M elting tem p era tu re  is governed by polarity, hydrogen 

bonding and packing capability.
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1.7 Plasticisers

A plasticiser is a nonvolatile, high boiling, non-separating  substance 

which when added to ano ther  m ateria l, alters the physical and chemical 

p roperties  of th a t  m ateria l. Plasticiser and plasticised m ateria l  are held 

together by in term olecu lar  forces to give complexes called m o le c u la r  

a g g re g a te s .

Boyer (1951) considered  a plasticiser to decrease the  in term olecu lar 

forces along polymer chains. Tensile strength  and softening tem pera tu re  

are reduced, but flexibility, tensile strength, adhesion, gloss, w ater 

resistance, fire  resistance, oil resistance and e lectrical p roperties  may 

be altered .

In polymer production  plasticisers  are  usually liquids, miscible with the 

polymers to a t least 10-20% or preferably  to 100% by weight and endow 

a polymer resin  with enhanced  therm oplasticity  and rubber-like 

p roperties .  In po la r  polymers plasticisers mask po la r  sites and reduce 

hydrogen bonding. In all polymers, they tend to force chains apart  and 

reduce V an  der W aals forces giving them  g rea ter  f reedom  of movement.

1.7.2 Types  o f  p la s t ic i s e r s

Solvent, nonsolvent and polymeric type plasticisers exist. Each  decrease 

in term olecu lar  forces in slightly d ifferent ways. The solvent type is 

miscible in all p roportions  of the polymer. M olecules are d ispersed 

th roughout the polymeric system and action is restr ic ted  to a small local 

region, de term ined  by the Brownian motion of tha t  m olecule. The non­

solvent type has lim ited miscibility. D ispersed m olecules behave as the 

solvent-type while non-dispersed  forms create  clusters which can disrupt
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in ter-chain  forces over long distances.

The polym eric type p lastic isers have m olecular weights from  a few per  

cent up to 100 per cent of the base polymer. W heth er  com patib le or 

incom patib le , they fo rm  large continuous regions which separa te  the 

main polymer chains from  each o ther. The most widely used plasticisers 

are  the este r type ones (solvent type). These are  of high m olecular 

weight and can possess m ore th an  one functiona l group, and include 

organic ph tha la tes  and phosphates. P lasticisers can be categorised as 

being prim ary or secondary (P artr idge  and Jo rd an  1952). The primary 

type contains high dispersing power and com patib le  w ith polymer in all 

useful p roportions. Secondary p lastic iser exhibits lim ited  compatibility 

and has to be used in conjunction  with a prim ary plastic iser  in o rder to 

achieve the desired  properties .

1.7.3 M echanism  of p la st ic isa t io n

Several theories  have b een  p roposed  regarding the m echanism  of 

p lastic iser action:- viscosity theory, therm odynam ic theories  

and m echanistic  theories.

1.7.3.1 V iscosity  theory

The viscosity theory states th a t  the viscosity of the p lastic iser 

determ ines  the behaviour of the plasticised polymer (Leilich 1943). The 

proposed  theory is dependen t on the viscosity-tem perature  behaviour of 

miscible plasticisers. Jones (1947) s tates tha t  in genera l p lasticisers of 

lower viscosity give softer plastics than  those of higher viscosity. Also 

plasticisers with low tem p era tu re  coefficients of viscosity give polymers 

which are in turn  less sensitive to tem p era tu re  change. This 

tem p era tu re  dependence  is generally  g rea te r  than  th a t  of polymers.
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T herefore  compounds of low plasticiser-to-polym er ratios are less 

tem pera tu re  sensitive. Viscosity theory cannot explain how polymers are 

plasticised by o ther substances, and can only re la te  the physical property  

to the v iscosity-tem perature behaviour of the plasticiser.

1.7.3.2 Thermodynamic theories

Doty and Z ab le  (1946) classified plasticisers fo r  polyvinyl chloride on 

the basis of X^values. X t can be defined as the coefficient 

characteris tic  of the in terac tion  betw een polymer and solvent from  the 

equations derived by Flory (1953) and Huggins (1947). It can also give 

a quantita tive crite rion  of compatibility and an index of the solvent 

power of a liquid for a particu la r  polymer.

The therm odynam ic p roperties  of po lym er/d iluen t mixtures may be 

summarised using the following equation:- 

Polymer + d iluent ** solution (1.7.3a)

In general therm odynam ic terms this process will be a t equilibrium  if 

the free  energy change AG is zero. W ith negative values of AG the 

process will p roceed  from  left to right, and in reverse fo r  positive 

values. The free  energy change in any process can be re la ted  to the 

respective enthalpy and entropy changes (AH and AS) by the equation: 

AG -  AH - TAS (1.7.3b)

W here T  is the absolute tem pera tu re .  If mixing is to occur it follows 

tha t the balance of the enthalpy change and entropy changes of mixing 

must be negative. Therefore , an exothermic process, i.e. negative values 

of AH, or increase in the entropy of the system, will tend to favour 

mixing. Entropy of mixing may be considered as the increase in 

random ness resulting from  the form ation  of a mixture. According to the
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Boltzm ann equation, if W } and W2 are respectively the probabilities  of 

a random  mixture and a state of com plete segregation of two 

components, then:-

AS = klogc(W 1/W 2) (1.7.3c)

where k is the Boltzmann constant.

Flory and Huggins have approached the p rob lem  of evaluating W i/W 2

for polymer-liquid systems by considering constituent molecules of a

solution to be arranged  in a regular lattice. Each  solvent molecule

occupies one site whilst the polymer molecule occupies a succession of

neares t neighbour sites. The resu ltan t equation  expresses entropy

change associated with increase in a variety of ways of arranging solvent

and polymer molecules when a solution is form ed i.e., the

configurational entropy change, as follows:-

AS* = R[loge( l-v 2) + v2( l - l / m ) j  (1.7.3d)

w here AS* is the configurational entropy of mixing
v2 is the volume fraction  of polymer in the mixture 

and m is the ratio of the molar volumes of polymer and diluent.

By the addition of the semi-em pirical hea t of mixing term Xi to the 

above equation  the free energy of mixing may be expressed as:- 

AG = -RT[loge( l-v 2) + v2( l - l / m )  + X ^ 2] (1.7.3e)

Xj can also be expressed as:-

X, = X s + Xh/R T  (1.7.3f)

w here Xs and XH represen t the entropy and hea t contributions to the 

value of X t. From the equations it can be s ta ted  tha t the g rea ter  the 

negative value of free energy of dilution of a polymer solution (A G) the 

fu r th e r  the system is removed from  the point of phase separa tion  i.e. the
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greater the solvent power.

Frith  and T uckett (1945) assumed th a t  polymer and p lastic iser were in 

therm odynam ic equilibrium  and plasticiser compatibility was explained 

according to the Flory-Huggins theories  of polymer solutions. They 

stated  tha t phase separa tion  should occur when the free  energy of 

dilution becom es zero. For a plasticised polymer two phases are 

form ed, one is the swollen polymer and the o ther  alm ost pure 

plasticiser. If the tem pera tu re  is increased there  is a decrease  in free  

energy perm itting  more p lasticiser to en te r  the p lasticiser-polym er 

phase. T herefo re  at a given tem pera tu re , the com position of the 

swollen phase rep resen ts  the maximum quantity  of p lastic iser the can be 

incorpora ted  w ithout leaching out. A quantita tive m easure of phase 

separa tion  (X c) has been  provided using the following equation:- 

X e = (1 + m 1/2)7 2 m  (1.7.3g)

For a polymer and solvent of m olar volumes of 20 000 and 200 

respectively, m = 100, so tha t X c = 0.605. With an increase in the value 

of m, Xc decreases reaching a limiting value of 0.50 when m is infinitely 

large. T herefo re  if Xj for a par t icu la r  system is g rea te r  then  Xc the 

polymer and liquid will be incom patible. If Xi is less then  Xc they will 

be com patible, A small value of Xt indicates a large degree of 

in terac tion  betw een polymer and liquid. T herefo re  fo r  a given polymer, 

small or negative values of X, are indicative of liquids with high solvent 

power, larger values up to Xc indicating a low degree of solvent power. 

The con tribu tion  of the thermodynamic theory for e lucidation of the 

m echanism  of p lasticisation is at p resen t limited. The theory only deals 

with ideal solutions involving simple molecules.
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1.7.3.3 M echan istic  th eor ies

According to the "lubricity theory" the plasticiser is said to act as a 

lubricant reducing in term olecu lar  "friction" betw een the polymer 

molecules. D ifferen t workers have proposed slight varia tions of the 

lubricating mechanism, but the basic idea was the same.

According to the "gel theory" (M anfred and O brist 1927) plasticisation 

occurs due to the separa tion  or d isaggregation of the polymer molecules 

followed by orien ted  aggregation. D oolittle  (1947) published work 

which supported  the theory derived from  studies on the m echanism of 

solvent action whereby polymer molecules are b rought into solution by 

organic solvent. These  are a t trac ted  to each o ther  by forces originating 

form  the "active centres" along the polymer chains. In solution therm al 

ag ita tion  tends to separa te  polymer molecules, w hereas in term olecu lar  

attractive forces opera te  to reun ite  them. A dynamic equilibrium  exists 

at every concen tra tion  and tem pera tu re .  T here fo re  there  will always be 

a fixed fraction  of these active centres or cross-linking points binding 

the polymer molecules together at any time. The fo rm ation  and 

breakdow n of these polymer-polymer contacts is known as the 

aggregation-disaggregation equilibrium.

While the polymer molecules are constantly making and breaking close 

contacts with each other, solvent molecules are sim ultaneously attaching 

themselves to the "active centres" on the polymer chains (polar side 

groups, for example) and being dislodged by collisions with o ther 

molecules. The overall result is tha t for a given tem pera tu re  and 

concentration, a certa in  fraction  of the active centres  on the polymer
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chains is solvated. Although the dura tion  of any given polymer-solvent 

contact may be momentary, the overall result is to e lim inate  a definite 

frac tion  of the active centres on the polymer as po ten tia l  crosslinking 

points. This second equilibrium  is known as the solvation-desolvation 

equilibrium  and it operates  simultaneously with the 

aggregation-disaggregation equilibrium . D oolittle  (1947) applied these 

ideas to explain the m echanism  of plasticisation. The rigidity of the 

unplasticised polymer mass was considered to be caused by an in ternal 

th ree-d im ensional honeycomb or gel s tructure  fo rm ed by contacts 

betw een polymer molecules at various points along the chains. By the 

above solvation-desolvation mechanism, p lastic isation reduced the 

num ber of polymer-polymer contacts, thereby decreasing the rigidity of 

the three-d im ensional s tructure  allowing deform ation  without rupture.

1.8 Synthetic membranes

1.8.1 Structure and c lass if ica tion

M em branes separa te  two solutions or phases and differ in chemical 

composition from  both of them  which results in a differential 

perm eability  to various solution components. Those through which ions 

perm eate  with d ifferent ease are term ed  electrochem ical. They regulate 

movement of solute, partic ipa te  in the developm ent of (not necessarily 

static) hydrostatic pressures and in achieving partia l  or com plete 

separa tion  of solutes from  solvent. With electrolytes add itional effects 

occur e.g. static or dynamic m em brane potentia ls , anom alous osmosis, 

movement of third ions against concentra tion  gradients, electroosmosis 

etc. In all cases they transform  the free  energy of the adjacent phases 

(or energy applied  through them ) into o ther forms of energy
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(mechanical, concentration , e lectrical etc) sometim es in a reversible but 

mostly in an irreversib le  m anner. They function in an analogous m anner 

to m echanical m achines because they regula te  energetic  processes 

without being changed, exhausted or consumed.

M em branes can be classified according to the ir  pore  structure:- 

hom ogeneous phase  m em branes ("oil m em branes") and heterogeneous 

phase m em branes (m em branes of porous character)  shown in Figure 

1.8.1. H om ogeneous phase m em branes exert their  function  by selective, 

d ifferentia l solubility. H eterogeneous m em branes act as sieves which 

screen out various solute partic les according to the ir  d ifferent 

adsorption  capabilities, and ions, also depending on size and m agnitude 

of their  charge e.g polyvalent ions are readily excluded since they have 

a larger size and high charge. This prevents them  by electrostatic  

repulsion from  en tering  narrow pores which are m ore  readily accessible 

to univalent ions of the same sign.

H eterogeneous  m em branes consist of a solid m atrix in which there  are 

well defined pores. These vary from  the  c o a rse ly  p o ro u s ,  with pore 

d iam eters  of 5 nm upto  several jum (e.g. glass frits  and track etched 

polycarbonate  m em branes), to f in e ly  p o ro u s  (ion sieve) with pore 

d iam eters reaching  1 nm-5 nm (e.g. some ion exchange and cellulosic 

m em branes). H eterogeneous m em branes may be symmetric or 

asymmetric. The la t te r  possess a well defined "skin" layer above a highly 

porous region. The "skin" layer partic ipa tes  in the function of 

permselectivity, while the porous zone provides m echanical support. 

Asymmetric m em branes could be a composite with a d ifferent polymer
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—   SYMMETRIC

HOMOGENEOUS

F ig u re  1.8.1

S c h e m a tic  d ia g ra m  of s y n th e t ic  m e m b ra n e  s t r u c tu r e  (F ro m  
M c D o n n e ll  & V a d g a m a  1989).

T E R O G E N E O U S

ASYMMETRIC
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providing the porous support layer and the skin layer itself may be 

microporous or hom ogeneous. H om ogeneous m em branes consist of a 

continuous, non-porous phase on a micro-scale.

1 .8.2 Fabrication  procedures

1.8.2.1 Phase-inversion

This process involves dissolving a polymer in an app rop ria te  solvent, 

followed by altering  the phase to form  the polymer m em brane by varying 

conditions such as tem pera tu re . The simplest p rocedure  involves 

com plete evaporation  of the solvent of a polymer solution under 

am bient conditions, with the resulting condensation  of the polymer on 

a solid surface or substrate . Rea, Rolfe and G oddard  (1985) developed 

a dip-coating m ethod for im plantable  needle-type sensors. Initially the 

e lectrode tips were dipped into a suspension of glucose oxidase (200 

m g/m l) made in cellulose aceta te  (2.5% w /v  in acetone or a 1:1 mixture 

of e thano l and acetone) and after  45 m inutes (room  tem p era tu re )  a 

layer of 6 g 100 m l'1 po lyure thane (Estane 5701fl)  in a 1:18 (v/v) 

mixture of d im ethylform am ide and te trahydrofuran  was applied. They 

were left to dry in air at room tem pera tu re  for 12-18 hours p rio r to use.

A no ther  m ethod requires  the polymer to be dissolved in a w ater  

immiscible solvent and by pouring the solution into w ate r  or a suitable 

gelation m edium  as described by Sourirajan (1972) fo r p repara tion  of 

reverse osmosis asymmetric cellulose aceta te  m em branes. Taylor et al 

(1977) developed a similar m ethod fo r  casting cellulose aceta te  

m em branes. A solution consisting of 1 part  cyclohexanone, 1/24 part 

Eastm an CA resin powder and 1/23 part  isopropanol (by weight) were 

dissolved in a s toppered  flask and stirred  for several hours. An aliquot
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of the casting solution was poured  onto dust-free w ater  to form  a 

circular pool ( - 1 5  cm in d iam eter).  A fter the curing process 

(5-10 minutes) the m em brane was picked up onto a polyethylene sheet. 

The problem  lies in solvent and non-solvent se lection because suitable 

solvents may not be volatile under  norm al conditions. T herefo re  the 

evaporation step may require  extended periods at e levated tem pera tu res  

in o rder to remove the high boiling point solvent.

An a lternative solvating system may be com prised of two liquids which 

individually are solvents for the polymer under specified conditions of 

concentra tion  and tem pera tu re . However, when com bined in the p roper  

proportions, the mixture of these liquids may dissolve the polymer and 

form  an asymmetric m em brane.The solubility can be defined according 

to the following relationship:-

d2 = dd2 + (5P2 + d,2 (1.8.2a)

where d = usual solubility p a ram ete r  defined by H ildebrand  and 

Scott (1949) and d; = corresponding (dispersion, po la r  or hydrogen 

bonding) com ponent of the solubility p aram eter .T he  th ree  param eters , 

dd, (5P and dh can be plo tted  in a triangular  graph (Teas 1968).

F, = [d, / ( d d + dp + (5h)] (100 %) (1.8.2b)

Each of these th ree  terms rep resen t an axis on the triangular diagram. 

The region of solubility known as the "solubility envelope" is defined by 

those solvents which dissolve the particu lar polymer. The solubility 

envelope dimensions are governed by tem p era tu re  and polymer 

concentration.

For solvent mixtures, the partia l  param eters  for the mixture (ddm, dpm and
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(5,im) can be calculated from:-

<5iin = (pAi + 0 A  (1.8.2c)

(pi and (p2 are the volume fractions of com ponents 1 and 2. It  is possible 

to choose a mixed, good solvent (re ferred  to as cosolvent) composed 

exclusively of liquids which individually are non-solvents and are located 

on opposite sides of the region of solubility. The two solvents are 

selected so that the tie line joining the two pure  liquids passes through 

the solubility envelope. The exact location of the initial cosolvent 

system in the solubility envelope may be adjusted by varia tion  of the 

volume ratio of the two nonsolvents.

K inzer et al (1985) utilised the above system for the  p repara tion  of 

su lphonated  polysulphone m em branes using a cosolvent system 

consisting of te trahydrofuran  and form am ide and a gela tion  medium of 

isopropylalcohol. The proportions of cosolvent used w ere dependent on 

the  3-com ponent solubility p a ram ete r  concept of H ansen  (1967).

M icrofiitration polysulphone m em branes were p rep a red  using a 

so lvent/non-solvent system. The solvent possessed high w ater affinity 

and m odera te  solution power. Casting solution viscosity increased by 

inclusion of a polymer additive which also influenced porosity and pore 

size. G enerally  solutions in highly swollen sta tes  were made with 

increasing non-solvent content. A non-so lven t/so lven t ra tio  above 0.35 

caused the solution to become unstable and phase separa tion  occurred 

(Stengaard  1988). A fu rther  m odification could be by inclusion of a 

small am ount of w ater and w ater soluble salt in the original polymer 

solution. This forms channels or pores as the salt leaches out following
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contact of the polymer solution with w ater to form  a porous structure . 

M agnesium  perch lo ra te  has been  included during casting of cellulose 

ace ta te  m em branes (Lonsdale et al 1962).

1.8.2.2  N u c lea t io n  track etching

A polycarbonate  or polyester film of 10-20 ^ m  thickness is exposed to 

collim ated, charged high density fission products of a nuclear reactor 

with the resu ltan t  fo rm ation  of d iscrete tracks of dam aged m em brane 

m ateria l. This is produced due to breakage of chem ical bonds of the 

original polymer. Ionising rad ia tion  e.g. u ltrav io le t light (G esner  and 

K elleher 1968), high energy electrons, neutrons, X-rays or y r a y s  

induces crosslinking or degradation  of the polymer. H ere  hydrogen 

atoms are first split out with the form ation  of free  rad icals  which may 

lead to prim ary crosslinking or to chain breaking and the  fo rm ation  of 

carbon-carbon  double bonds (F igure 1.8.2a). The film is then  placed in 

an alkali etch ba th  w here the tracks become preferen tia lly  etched, 

leaving mainly cylindrical pores (Figure 1.8.2b). Pore  density is 

contro lled  by the residence tim e in the reactor, while pore size is 

de term ined  by the duration  of the etching process.

1.8.2.3 M echanica l stretching

This has b een  used mainly for hom ogeneous polymers such as polyenes, 

e.g. when extruded annealed  isotactic polypropylene, containing equal 

p roportions  of crystalline and am orphous regions are  stre tched , pores 

can be fo rm ed  in the am orphous domain.

1.8.2.4 M elt extrusion

Preform ed therm oplastic  polymers can be m elted and extruded in the
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F ig u re  1 .8 .2a

R e p r e s e n t a t i o n  o f  th e  b r e a k d o w n  of p o ly c a r b o n a te  by u l t r a v i o l e t  
i r r a d i a t i o n .

98



Tracks'

R ADIATION 
SOURCE

ET CH BATH

Figure 1.8 .1b

S c h e m a t ic  d ia g r a m  of th e  t r a c k - e tc h  p ro c e s s  u sed  fo r  th e  
m a n u f a c tu re  of p o ly c a r b o n a te  ( N u c le p o r c R) m e m b ra n e  f i l t e r s  
(F ro m  M c D o n n e l l  & V a d g a m a  1989).

Pores
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form  of m em brane sheets. Therefo re  by forcing a hot bulk polymer slab 

through a slit die and into a w ater  bath  e.g. polyethylene gas perm eable 

m em branes may be created  in sheet form  by this method.

1.8.2.5 In-situ form ation  by polym erisation

Polymer m em branes can be form ed directly from  their  m onom ers or 

oligomers by polym erisation in s itu . Many gel-type m em branes are 

p repared  in this way e.g. polyvinyl alcohol (PVA) which is fo rm ed  into 

a gel from  its low m olecular weight oligomers and polyacrylamide gels 

are form ed from  acrylamide monomers.

1.8.3 Ion exchange m em branes

Ion exchange m em branes contain  ionogenic groups fixed to a resin  or 

polymer matrix ( -S 0 3‘, -COO', -N H 3+, N H 2+). These m em branes can be 

made by dispersion of ion-exchange resin  within a polymer matrix, by 

chemical m odification of an existing non-ionic polymer, or casting a film 

from  an ionom eric polymer (Helfferich 1962; F le tt  1983). 

Permselectivity relies on the ability to allow passage of ions with 

opposite charge to that of the fixed groups (counter-ions) whilst 

excluding ions with the same charge (co-ions) by e lec trosta tic  repulsion. 

The degree of repulsion depends on electrolyte concen tra tion . At low 

concentrations, coions are almost absent in the m em brane phase but as 

concentration  is increased coions enter together with counterions in 

order to m ain ta in  electrical neutrality . The num ber of coions in the 

m em brane phase will be less than the num ber of counterions by an 

amount equal to the num ber of ionogenic groups in the m em brane.
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There is a need to produce ion exchange m em branes with ever- 

increasing selectivity. In the main, m em branes are  produced from  

derivatives of divinylbenzene copolymer (e.g. styrene-divinylbenzene and 

chloromethyl-styrene-divinylbenzene). O thers have been  produced by 

g r a f t i n g  m o n o m e r s  o n t o  p o l y m e r i c  f i b r e s ,  s u c h  as  

poly(te trafluoroethylene) and poly(propylene). H ere  the ion exchange 

groups have a less uniform distribution in the film (Hegazy et al 1984). 

Charged groups have been in troduced by su lphonation  and am ination 

of polyethersulphone and polyvinylchloride respectively.

Composite ion-exchange m em branes and allowed m odification of basic 

ion-exchange properties . Thus, am photeric  m em branes have p resen ted  

mixed surface charge in a single m em brane structure . In mosaic 

m em branes, discrete arrays of anion and cation exchange sites are 

p resen ted ; such m em branes have enhanced perm eability  to electrolytes 

(W einstein  and Caplan  1968) and have been used to separa te  salts from  

low relative m olecular mass non electrolytes and amino acids.

1.8.4 M embrane transport

M em brane transport can be classified as being active or passive. During 

passive transport, the driving force for mass transfer is a chemical or 

po ten tia l  gradient across the m em brane. It may be "facilitated" where 

mobile carriers  in the m em brane phase combine reversibly with 

p erm ean t molecule to increase its solubility in the m em brane  phase and 

increase its ra te  of transfer. In active transport, the driving force is 

provided by a specific chemical reaction taking place within the 

m em brane phase or the opposite bulk phase.
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There  is a close corre la tion  betw een the type of m em brane  used and the 

transport m echanism  (Lakshim inarayanah 1969). M odels for transpo rt  

in coarsely porous m em branes assume sieve-like behaviour, with 

partic les passing through the pores by mainly a convective mechanism, 

with little d iscrim ination and with little in teraction  with the polymer 

matrix. Finely porous m em branes show transport by both  convection 

and diffusion with molecules moving in the voids as well as the 

m em brane matrix. However in order to cross a hom ogeneous 

m em brane, perm ean ts  have to be soluble in the polym er matrix and 

transport is de term ined  mainly by diffusion.

1.8.5 M em brane separation  processes

M em brane separa tion  processes may be divided into three  classes 

according to the ir  characteristics  e.g. pore size and charge distribution  

(M cD onnell and V adgam a 1989; Van den Berg and Smolders 1992):-

( i)  S ieve e f fec t

In u ltra f il tra tion  (U F) and m icrofiltra tion (M F) separa tion  is based  on 

the differentia l s ize /m o lecu la r  weight d istribu tion  of the perm eating  

species, with a p ressure gradient as the driving force; the m em branes 

used in u ltra f i l tra t ion  can have pore sizes of 1-50 nm, while for 

m icrofiltra tion  the pore dimensions are from  0.05-10 /urn.

( ii )  E lec tro ch em ica l e ffec t

S eparation  is based  on the differences in the charge of the perm eating  

molecules e.g. in electrodialysis. This allows the separa tion  of charged 

molecules from  uncharged ones by using ion exchange m em branes. The 

ions are t ransported  by a m igrational mechanism, as a result of an
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applied potential difference.

( i i i )  Solubility  e ffec t

This involves a separa tion  process based on the d ifferent solubility of 

the perm eants  in the m em branes e.g. reverse osmosis, gas separa tion  

and pervaporation.

The primary requ irem ent fo r separa tion  is the use of dense m em brane 

structures (pores < 1 nm). It makes use of a difference in affinity 

betw een several feed  com ponents and the m em brane, and of the 

difference in diffusivity through the m em brane; the driving force is a 

pressure difference for reverse osmosis and gas separation . For 

pervaporation  the driving force is a concen tra tion  gradient.

M em brane separa tion  processes can be classified according to the 

smallest partic le  or molecule which is re tained . Thus, m icrofiltra tion  

m em branes re ta in  particu la tes, organisms, colloids and viruses; 

u ltra f il tra tion  m em branes re ta in  m acrom olecules in solution such as 

pro te ins and oligosaccharides; reverse osmosis m em branes re ta in  small 

ionic species such as sodium chloride. O ther  m em brane processes 

include:- fac ilita ted  transport by liquid and fixed site charge carrier 

m em branes (Noble 1991; Lonsdale 1982; T oher et al 1977; Duax et al 

1972.)

1.8.5.1 M icrofiltration

M icrofiltration m em branes are usually m icroporous and rely on the 

sieve effect with d iscrim ination based on size and shape. Particles of 

larger dimension than  the largest pore are  re ta ined  sm aller particles 

pass through and degree of separa tion  depends on pore size
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distribution. Typically substances ranging in MW, from  300 to 300 000 

are re ta ined  and low operating  pressures can be used. Examples of 

m icrofiltra tion m em branes include:- track-etched  polycarbonate filters, 

PT FE  and polyolefins.

1.8 .5 .2 U ltrafiltration

U ltra filtra tion  m em branes are generally asymmetric. They possess a 

thin (0.5-1.5 /^m) skin layer of finely porous m ate r ia l  on a thicker 

(50-250 ^m ) non porous layer. The dense pellicle layer confers high 

perm eability  with selectivity and reduces blockage of pores. Early 

filters  were cellulose-based but more recently polysulphone, polyesters, 

polyamides and polycarbonates have been  used. M aterials  may be used 

as copolymers and may need to resist strong acids and bases, solvents 

and high tem peratures .

Separation  is based on sieving, with species ranging in size from 1-10 

nm (m olecular weight 300 and 300 000). O pera ting  pressures are 2-10 

x 105 Nm'2. A t lower pressures, f i l tra te  flux rises linearly with pressure, 

but a p la teau  is reached at which no fu rther  increm ents  in flux occur. 

This is due to a zone of increased solute concen tra tion  in the feed side 

of the m em brane due to solvent removal at this point. This 

phenom enon of concentration  polarisation  leads to the back transport 

of solute away from  concentra ted  zone into the bulk feed solution. 

A dditional increase in applied pressure may lead to gel fo rm ation  at the 

m em brane creating an additional f iltra tion  barrie r .  Mass transfer into 

and out of the boundary layer establishes a hydraulic resistance which 

is the re fo re  g rea te r  than that of the m em brane.
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1.8.5.3 R e v e rs e  o sm osis

Reverse osmosis m em branes can separate  small organic solutes such as 

NaCl or M g S 0 4 which are otherwise freely perm eable  through 

m icrofiltration and u ltra f il tra tion  m em branes. During the process 

pressure is applied  in the reverse d irection to tha t of norm al osmotic 

flow across a sem iperm eable  m em brane. W ater flux varies linearly with 

the net p ressure gradient (aP  - a n)  where aP is the applied pressure 

gradient and a jz is the osmotic pressure gradient. W hile solute flux is 

independent of applied pressures, at a sufficiently high pressure, w ater 

can be m ade to flow from  the concentrated  to the d ilu te solution side. 

Desalting of w ater  (A^r - 2 5  atm) and brackish w ater (A# —1-4 atm) can 

be carried out at operating  pressures of 10-100 x 105 Nm'2. Reverse 

osmosis m em branes are asymmetric, and are usually made of cellulose 

aceta te  or arom atic  polyamides comprising a hom ogeneous skin and 

m icroporous support.

Composite cellulose ace ta te  m em branes have been  made by Lonsdale 

et al (1971). In  their  work, a thin film of cellulose tr iace ta te  

(0.04-8 jum) was applied to a porous support by vertically withdrawing 

the support m em brane at a constant speed from  a solution of cellulose 

tr iace ta te . These "integral" composite m em branes gave good reverse 

osmosis m em branes. Subsequently Dave et al (1992) have used a 

cellulose ace ta te /ce llu lo se  d iacetate  b lend in o rder  to improve reverse 

osmosis characteristics. Separation  is based on a solution-diffusion 

mechanism, determ ined  by differences in solubilities and diffusivities. 

It is assumed tha t each com ponent is sorbed by the m em brane at one 

in terface, transported  by diffusion across the m em brane and desorbed



at the o ther in terface. The rate-lim iting step is taken  to be diffusion. 

The transport of solute and solvent are also assumed to be independent. 

Lonsdale et al (1965) derived the following equation  for w ater 

transport:-

Jw -Dw -Cwm—■ »
RT

AP - Ajt
Ax (1.8.5a)

where Jw = w ater flux (g ram /cm 2.sec)
Dw = w ater diffusion coefficient (cm2/sec )
Cwm = concentra tion  of w ater in the m em brane (g ram /cm 3)
Ax = m em brane thickness (cm)

For solute transport:-

j 5 “  -D s A .Clsm
Ax (1.8.5b)

where J s = salt flux (g ram /cm 2 sec), D s = salt diffusion coefficient 
(cm2/sec )  and C,m = solute concentration  in the m em brane.

The m olar d istribution  coefficient K, may be expressed as the ratio

of the mass of solute (g) p resen t per  unit volume (cm3) of

m em brane to the mass of solute (g) dissolved per  unit volume (cm3)

in solution.

Assuming K is constant over the concen tra tion  range of in terest:-

Js = D s K £ b
Ax (1.8.5c)

w here Csb = concen tra tion  of salt in the bulk solution

Species of m olecular weight g rea te r  than  150 are re jected  but also 

larger organics may perm eate  through cellulose aceta te  and some 

phenols perm ea te  more readily than  water. M atsuura  and Sourirajan 

(1971) p roposed  th a t  perm eation  of organics through cellulose aceta te  

was affected by pKa and hydrogen bonding by undissociated  species 

enhanced perm eation . E lec tros ta tic  repulsion of the ionic
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form  led to rejection. Reverse osmosis has also been  used for the 

concentra tion  of food products and solutions in chemical and 

pharm aceutica l industries.

1.8.5.4 Membrane d istillation

This is a non-pressure driven process. W hen a hydrophobic m icroporous 

m em brane of appropria te  therm al conductivity (e.g. poly(propylene), 

PTFE, poly(vinylidene) fluoride is placed betw een two aqueous 

com partm ents  m ain tained  at d ifferent tem pera tu res , w ater vapour 

transfers through the m em brane from  the high to the low tem pera tu re  

side, with condensation of vapour at the low tem pera tu re  interface. The 

driving force is the vapour pressure difference across the m em brane. 

Such m em branes may be usable fo r desalination  of seaw ater and have 

the advantage tha t a higher solute rejection is achievable than  for 

reverse osmosis m em branes, which are lim ited by osmotic pressure of 

the concen tra ted  feed solution.

1.8.5.5 E lectrodialysis

H ere  an ion-exchange m em brane is used to separa te  ions from  

electrolyte solution using an external e lectrical field as the  driving force 

(Solt GS 1976; T anaka 1991). A  series of com partm ents  separa ted  

a lternate ly  by cation-selective and anion-selective m em branes is used 

(50-200 pairs). The term inal com partm ents  are bounded  by two 

electrodes employed to pass cu rren t through the en tire  stack (Figure 

1.8.5). A  d ilu tion s tream  of e.g. N a+ and Cl' is fed  into the a lternating  

dilution com partm ents; N a+ ions then migrate towards the cathode, 

perm eating  the cation exchange m em brane, and collect in the adjacent
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concentra tion  com partm ent, blocked from  fu r th e r  passage by the anion 

exchange m em brane. A t the same time Cl' ions m igrate  towards the 

anode, perm eating  the anion exchange m em brane, collecting in the 

concen tra tion  com partm ents  on the opposite side, being then  trapped  

by a cation exchange m em brane. Ion-exchange m em branes  used in 

electrodialysis need to have good selectivity for the coun te r  ion, a high 

ionic perm eability  (low electrical resis tance) to minimise power 

requ irem ents  and high chemical and m echanical stability. They are  used 

in the p roduction  of salt and fresh  w ater from  brackish  and sea water, 

reduction  of acidity in citrus juices and processing of galvanic waste 

waters.

1.8.5.6  Pervaporation

This process separa tes  a liquid mixture by removing the perm ea te  in the 

form  of a vapour. The partia l  pressure of the p e rm ea te  on the 

dow nstream  side is lower than  its sa tu ra tion  vapour pressure . The 

process can be m ade continuous; using a vacuum  or ca rrie r  gas on the 

vapour side. A lthough liquid is in contact with the m em brane  on the 

feed  side, the dow nstream  face is dry, and aniso tropic  m em brane 

swelling may occur; this could lead to time d ep en d en t changes in 

m em brane characteristics. D ifferences in solution-diffusion determ ines  

selectivity.

1.9 P ro je c t  a im s

The m ajor aim of the pro ject is to develop m em branes  for enzyme 

electrodes used for glucose de term ina tion  in clinical samples. D irect 

and rapid  m easurem ent of glucose and lactate  for example is p referab le
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in undilu ted  biological fluids especially at the bedside. E levated  blood 

lac ta te  levels can occur in the intensive care unit. A  glucose sensor will 

be of use in the t re a tm e n t/m an ag e m en t of d iabetes  and diabetic  

ketoacidosis. Com bined lac ta te  and glucose m onitoring  would be 

potentia lly  useful in diabetics as pa r t  of controlling insulin delivery. 

This is because rapid  rises of lac ta te  levels in the absence of exercise 

usually indicate increased glucose turnover due to excess insulin 

adm inistration. Cholestero l m easurem ent is essential in the 

d e te rm ina tion  of cardiovascular disease. Biosensors provide an 

alternative to routine  m ethods of analysis in the Clinical Biochemistry 

laboratory. R outine  enzymatic m ethods of analysis often  prove to be 

labour intensive and require  skilled technicians. Laboratory  analyzers 

are expensive and cum bersom e. T herefore  these techniques are 

impossible or im prac tica lfo r  continuous m onitoring or im plan ta tion  and 

may requ ire  continual blood withdrawal from  the pa tien t.

One of the m ajor drawbacks with the use of hydrogen peroxide sensors 

is tha t o ther oxidisable compounds presen t in blood including ascorbate, 

u ra te  and parace tam ol can also give rise to responses. Additionally, 

diffusible e lectroactive species produced f rom p la te le t  degranula tion  

may passivate the p latinum  working electrode surface. These problem s 

have been  solved during the pro ject by the use of various screening 

in terna l m em branes including:- cellulose acetate , plasticised polyvinyl 

c h l o r i d e  a n d  p o l y e t h e r s u l p h o n e .  A l s o  t h e  

perm selectiv ity /b iocom patib ility  p roperties  of su rfac tan t-incorpora ted  

cellulose aceta te  have been  considered.
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A  second major problem is that the linear range of a sensor response 

limited by the enzyme Km (M ichaelis constant) . In clinical conditions 

analyte levels may extend far beyond this particular value e.g. in 

diabetics glucose levels may increase up to 30 mM. Substrate diffusion- 

limiting membranes employed include:- low pore size (0.01 jum) 

polycarbonate, surfactant-incorporated and unmodified cellulose acetate 

and polyurethane were used. Miniature needle-type glucose and lactate 

sensors could be useful for continuous trend monitoring of the 

m etabolites in v ivo .  The needle-shaped devices are designed to 

minimise trauma and clot formation when implanted and may form part 

of a closed-loop system which could control insulin administration 

according to measured glucose levels in future. The electrode response 

should show independence from external variables such as pH, 

temperature and stirring rate. The needle electrodes should be 

biocom patible and platelets aggregation near the sensor surface should 

be avoided. The properties are governed by the external polyurethane 

membrane. The sensor should be easily sterilisable prior to 

implantation. The response should exhibit low oxygen dependency since 

subcutaneous tissue is often is the chosen site of implantation for 

glucose determination in diabetics. However poor oxygen tissue 

perfusion in conditions such as hypoglycaemia and ketoacidosis make 

measurement difficult.
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C H A PTER  TW O - E X PE R IM E N T A L  A N D  M ETH O D S

2.1 L ist o f C hem icals

The following reagents (of analytical reagent quality) were all obtained  

from BDH Chemicals, Poole, Dorset:- polyvinyl chloride (molecular 

weight 100,000 and 200,000), glutaraldehyde (50% v /v ), hydrogen 

peroxide (approximately 30% v /v  hydrogen peroxide),

D-glucose, paracetamol, catechol, uric acid, polyvinyl alcohol 

(molecular weight 125,000), dimethylsulphoxide and cholesterol. 

Cellulose acetate (39.8% acetyl content), and the nonionic surfactants 

Triton X-100, dioctyl phthalate were purchased from Aldrich Chemical 

Co., Milwaukee USA.

The following enzymes were obtained from Sigma Chemicals, Fancy 

Road, Poole, Dorset:- glucose oxidase (EC 1.1.3.4 from A sp erg illu s  

niger, type XS, 138 U /m g ), Lactate oxidase (EC 1.1.3.2 from  

P ed iococcu s Sp.,38 units/m g). The following chemicals were also 

purchased from Sigma Chemicals:- lithium L( + ) lactate, Bovine serum  

albumin fraction (V), Tween-80, hydroquinone and sodium  

deoxycholate. The enzymes lactate oxidase (EC 1.1.3.2 from  

P ed iococcu s sp e c ie s , 200 units of specific activity ~55  U /m g protein) 

and Cholesterol oxidase (EC 1.1.3.6 from N ocard ia  erythropolis, 1 mg 

of specific activity 45 U /m g protein) were obtained from Boerhinger 

Mannheim, D iagnostics and Biochem icals Ltd, Bell Lane, Lewes, East 

Sussex. Isopropylmyristate, L( + ) ascorbic acid (sodium salt), 

dimethylformamide, p-am inophenol were purchased from Fluka, 

Glossop. Tetrahydrofuran and acetone were purchased from FSA

112



Laboratory  supplies, Bishop Meadow Road, Loughborough.

The Na* and H + polyethersulphone polymers containing d ifferent ratios 

of sulphated  arom atic to non-sulphated arom atic  constituents  (10:1, 

20:1) and S = 5 (polyetherethersu lphone) were the kind gift of Dr 

G raham  Scott, ICI Chemicals and Polymers Group, Runcorn, UK. 

"Estane 5754f 1'* (polyesterurethane) was generously donated  by BF 

G oodrich, Belgium. The medical grade po lye theru re thane  "Pellethane" 

2363-90AE, produced by Dow Chem ical Co (No L81541 10/90TL) and 

was m anufactured  by Fronline Filmbashing, Norkopping, Sweden (Batch 

910428 CEN TR) and supplied by the EC B iom ateria ls  Research 

C oord ination  Secretaria t, Berlin. The precurso r  Polyurethane Trixene 

SC 762 was a gift from Baxenden Chem ical Co. Ltd, Accrington, 

Lancashire.

2.1 .1  B uffers and Stock S olu tion s

Isotonic phosphate  buffer (Yellow Springs Buffer, Yellow Springs, Ohio) 

(Chua and Tan 1978) comprised disodium hydrogenphosphate  

(52.8 mmol/1), sodium dihydrogenphosphate (15.6 mmol/1), sodium 

chloride (5.1 mmol/1) and dipotassium  ED TA  (0.15 mmol/1) (Reagents 

were from  BDH Chemicals).

The following quantities were employed for isotonic buffer 

p rep ara tio n  N aH 2P 0 4 12.2 g, Na2H P 0 4 37.47 g, NaCl 15 g, and 

K2ED TA  3 g. These m aterials were dissolved in approximately 800 ml 

of distilled w ater and the pH was adjusted to 7.4 by dropwise addition 

of concentra ted  sodium hydroxide solution (5 M). The buffer solution
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was made up to 1 litre in a volum etric  flask and d ilu ted by a fac to r  of 

five to yield the assay buffer.

Stock solutions w ere p repared  by dissolving the appropria te  chemical in 

a suitable volume of isotonic phosphate  buffer. These were stored at 

4 °C when not required , and allowed to a tta in  room tem p era tu re  before 

use. A  1.0 mol/1 glucose stock solution was p rep ared  by initially 

dissolving 18 g of D-glucose in approximately 90 ml of phosphate  buffer, 

which was made up to 100 ml in a volum etric flask. The solution was 

left overnight to allow the equilibrium  between alpha and be ta  anom ers 

to be a tta ined  (Pileggi and Scustkiewics 1974).

A 100 mmol/1 lac ta te  stock solution was p rep ared  by dissolving 0.098 g 

of lith ium  L( + ) lac ta te  into 10 ml of isotonic phosphate  buffer. A

5.3 mmol/1 cholestero l s tandard  solution was made up by addition  of 

208 mg of solid in 10 ml sodium deoxycholate solution (containing 1 mg 

sodium deoxycholate in 10 ml distilled w ater) according to the m ethod 

described by Clark et al (1981).

Solutions of o ther  solutes were p repared  on a daily basis to avoid 

autooxidation. A 10 mmol/1 hydrogen peroxide solution was p repared  

by dilu tion of 11.2 /u.1 of 100 volume concentra ted  hydrogen peroxide 

solution into 10 ml of buffer. A 10 mmol/1 solution of 

L-ascorbic acid (sodium salt) was p repared  by addition of 19.8 mg of the 

solid into 10 ml phosphate  buffer. Similarly an approximately 1 mmol/1 

uric acid solution was made by dissolving 4.5 mg uric acid into 25 ml 

phosphate  buffer. Catechol and parace tam ol solutions (10 mmol/1)
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were made by dissolving 11 mg catechol and 15 mg parace tam ol 

respectively in 10 ml phosphate  buffer. H ydroquinone and 

para-am inophenol solutions (10 mmol/1) were m ade up by addition  of 

11 mg hydroquinone and 10.9 mg p-am inophenol into 10 ml buffer.

2.1 .2  O ther M aterials

The following com m ercial m em brane sources were used th roughout the 

study:- C uprophanR dialysis m em branes w ere  obta ined  from  

haemodialysis cartridges (G am bro, Lund, Sweden). Porous track-etched  

polycarbonate  m em branes (pore sizes of 0.01 fxm, 0.03 ^m,

0.05 j«m, 0.4 jam and 1.0 jxm) were obtained  from  Poretics, California, 

USA.

Stainless steel tubes ( in terna l d iam eter 0.25, 0.50 mm with wall 

thicknesses 0.05, 0.08 mm respectively) were purchased  from

Goodfellow M etals Ltd, Cam bridge, UK. Teflon-coated  platinum  wires 

(bare  d iam eter 0.05 mm or 0.125 mm) were ob ta ined  from  Clark 

Elec trom edical Instrum ents, Pangbourne, Reading, UK. Quick-set 

epoxy resin and h a rd en er  were supplied by RS Com ponents, Corby. 

Alum inium  oxide (a lpha-A l20 3) polishing powder (partic le  size 0.3 ^am) 

was ob ta ined  from  BD H  Chemicals Ltd. Serum  and whole blood 

samples (stored in f lu o r id e /o x a la te  tubes containing blood specimen 

were used in order to prevent glycolysis) were ob ta ined  from  the D ept 

of Chemical Pathology NHS laboratory  at H ope H ospital, Salford.

2.2 A pparatus

2.2 .1  E lectro ch em ica l m easurem ent system s

The m easurem ent system com prised 2-electrode electrochem ical cells 

(e ither  an oxygen e lec trode m anufactured  by R ank B rothers, Bottisham,
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Cambridge or a needle  e lectrode), a voltage so u rc e /c u r re n t  m eter  

(po ten tios ta t)  and a chart recorder. The p o ten tio s ta t  provided a 

variab le  polarising voltage at the working e lectrode while this e lectrode 

effected the  electrochem ical reaction. The resu ltan t cu rren t was 

digitally displayed and reproduced at a strip chart reco rder  as a pen  

deflection (shown in Figure 2.2.1a).

( i)  A m p erom etric  oxygen e lectro d e

This was m anufactured  by R ank  Brothers, Bottisham , Cambridge, 

England and consisted of a 2.0 mm diam eter cen tra l p la tinum  disc 

(working e lectrode) and a concentric ou ter  12.0 mm d iam eter  silver ring 

as the reference electrode, both of which were em bedded  in a Perspex 

body. The assem bled cell was clamped using a locking nut.

The arrangem ent is illustrated  in Figure 2.2.1b.

( ii)  N eed le  e lec tro d e

This was composed of a central Teflon-coated platinum  wire of d iam eter 

0.05 or 0.125 mm employed as the working e lectrode and an outer 

stainless stee l tube (d iam eter 0.25 or 0.50 mm) acting as a 

pseudoreference  e lectrode (shown in Figure 2.2.1c). Epoxy resin 

sandwiched betw een the two m ateria ls  provided e lectrical insulation.

( i i i )  P o ten tio sta t

This was m anufactured  by the School of Chemistry W orkshops, 

University of Newcastle-Upon-Tyne. The instrum ent had the capacity to 

vary of the applied  polarising po ten tia l  (range + / -  2.0 volts) and
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provide a current readou t on a digital display (range 20 nA-2mA).

(iv) C h a r t  r e c o rd e r

Two types of strip chart recorder were used including a J J Lloyd

Model CR652S (J J  Lloyd Instrum ents  Limited, Brook Avenue, W arsash,

Southam pton, 8 0 3  6HP, England) which had a maximum 

sensitivity of 0.5 mV (full scale deflection), input im pedance of 

20 M O h m /V  and a chart speed from  0.02 m m /m in  to 20 m m /s. A 

Linseis Chart reco rder  (supplied by E lec troplan , Royston in 

H ertfo rdsh ire)  was otherwise employed. A sensitivity scale of 

50, 100 or 200 mV full scale deflection was mostly used although 20 or 

10 mV scales were utilised for high sensitivity work.

2 .2 .2  S C A N N IN G  E L E C T R O N  M IC R O S C O P Y

The polymer m em brane surfaces were analyzed using this technique. 

This was carried  out at the E lec tron  Microscopy Unit, School of 

Biological Sciences, University of M anchester using the Cambridge 

m odel S360. Specimen p rep ara tio n  prior to SEM exam ination was 

requ ired  to obtain  the optim al visual image. The procedure  as detailed  

below consisted of drying the m em brane, m ounting it on a 10 mm 

diam eter m etal stub, earth ing  (using a silver pain t)  and coating with a 

conductive film of gold (less than 100 ^m  thick).

Air-drying was used for all of the m em branes. The dried m em brane was 

transferred  onto a stub and coated with gold by a sputtering  technique 

in a vacuum. An even m etallic  covering of was achieved by mounting the
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stub on a rotating turntable. During the process m etal (gold) atoms 

were eroded from a target material by argon. A transfer of 

m omentumfrom  the argon ions to the gold surface resulted in ejection  

of gold atoms. A general method involved evacuation of the specimen  

chamber to the 10'2 torr range and removal of residual vapours. A high 

voltage of - 2 .5  KeV was then applied and argon was admitted to a 

plasma discharge current of - 2 0  mA for - 3  minutes (Figure 2.2.2a)

SEM operation is based on the following:- an electron beam is emitted  

by a heated hairpin filam ent positioned inside a cathode assembly 

behind a small aperture. Electrons are drawn off the tip of the filam ent 

due to the high negative voltage on the cathode and earth potential at 

the anode. The subsequent beam diameter is regulated through use of 

two condenser lenses. The electron beam is bent backwards and 

forwards by scan coils to form a raster over the membrane surface, and 

is focused by a lens onto the surface to produce a sharp image. The 

electrons scattered from the surface are attracted to the collector which 

is positively biased. The collector surface is coated with phosphor which 

emits light when an electron collides with the surface, and the photons 

of light are passed to photom ultiplier which produces an electronic 

signal, which, in turn is displayed on the monitor (Figure 2.2.2b).

2.2.3 N eed le  electrode - fabrication and membrane dipcoating

The method of needle electrode construction according to Churchouse 

et al (1986) was utilised initially. A stainless steel tube (of diameter 

0.25 or 0.50 mm) was cut to a 3-4 cm length and Teflon-coated platinum  

wire (0.05 or 0.125 mm bare diameter) to a length of 5 cm. Both ends
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of the stainless steel tube were filed  with coarse emery paper  to open 

the tube holes and to make them  burr-free. The Teflon-coated  p la tinum  

wire was carefully inserted  into the steel tube so tha t approximately 

1 cm pro truded  at one end. A small am ount of epoxy resin  was applied  

to the wire and the wire was gently pulled backwards and forwards in 

the tube so tha t the resin on hardening  firmly fixed it in place. Epoxy 

resin  was applied  to the o ther end of the tube thereby  securing the 

platinum . The thin Teflon coating was s tripped from  the connection  

end of the p la tinum  wire and the bare  wire and s teel tube at this end 

were soldered to a subm iniature  coaxial cable. The so ldered  connection  

was p ro tec ted  with a sleeve cut from  a m icropipette  tip and em bedded  

in epoxy resin. The working end of the needle  was polished with coarse 

then fine emery paper  and the tip was checked und er  a b inocular 

microscope to ensure that a smooth, polished surface was produced.

For needle  electrodes, a dip-coating m ethod (V adgam a et al 1989) was 

employed in o rder to affix the polymer m em brane over the needle  tip. 

A single step procedure  was used in which the needle  tip was im m ersed 

in the polymer so lution (e.g. 5%  w /v  polyurethane in te trahydrofuran) 

for 1-2 seconds, taken  out and allowed to dry in an  upright position. 

For polyethersu lphone m em branes there  was an absolu te  requ irem en t 

to use a vacuum  oven because  the  solvent em ployed 

(dimethylsulphoxide) was not sufficiently volatile  at room tem p era tu re  

and atm ospheric  pressure; a pressure reduced to +700 mmHg was 

applied for 3-4 hours at 40 °C.
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2.3 M em brane casting  m ethods (for oxygen e le c tro d e )

2.3 .1  Polyvinyl ch lorid e

PVC (high m olecular weight, 200,000), 0.12 g was slowly dissolved in 

10 ml te trahydrofu ran  at room tem pera tu re . The dissolved polymer 

solution was poured  into a fla t glass Petri-d ish  of d iam eter  10 cm 

(precleaned  with acetone to ensure tha t it was clean and dust-free). 

Controlled  evaporation  was achieved by leaving the dish covered using 

the glass lid for 2 days.

2.3 .2  P la stic ised  polyvinyl ch loride

A similar m ethod of casting as for unplasticised PVC was used 

(Christie 1988), however 300 fi\ or 150 jul isopropylm yristate (or dioctyl 

ph tha la te )  was added  to the polymer solution p rio r to casting.

2 .3 .3  D eterg en t-m o d ified  polyvinyl ch lorid e

Polyvinyl chloride (0.06 g of high or low m olecular weight) was slowly 

allowed to dissolve in 5 ml te trahydrofuran . A 100 ji\ a liquot of 

Tween-80 or Triton  X-100 was added to this and thoroughly mixed. The 

resu ltan t polymer solution (2 ml) was poured  into a fla t glass petri-dish 

(8 cm d iam eter)  and left covered in a horizonta l position overnight.

2 .3 .4  C e llu lo se  a ceta te

The appropria te  masses of cellulose aceta te  (39.8 % acetyl content) 

were taken  in o rder to make 1.2%, 1.6%, 2.0% and 2.4% w /v solutions 

in acetone. M em branes were cast e ither on a glass p late  or into a Petri- 

dish. The following procedure  was employed, adap ted  from  (Tsuchida 

and Yoda 1981) for casting onto a glass plate:-  a one ml aliquot of the
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polymer solution was applied dropwise to the centre of a 60 cm x 60 cm 

glass plate and spread evenly using a plastic pasteur pipette or "Gilson" 

pipette tip. The solution was allowed to evaporate at room temperature 

until a membrane gel layer had formed after 2-3 minutes. During this 

procedure the plate was slowly rotated manually in a horizontal position  

in order to facilitate a uniform covering layer. The resultant membrane 

was then left to dry at room temperature for at least one hour. The 

previous steps were conducted in a fume cupboard. In some cases, the 

glass plate was pre-treated with dimethyldichlorosilane (2% v /v  in 

1, 1, 1 trichloroethane) to provide a hydrophobic casting surface to 

allow easier separation of the membranes. A membrane was removed 

from the glass plate using a pair of fine tweezers or was alternately 

pre-soaked in buffer and allowed to float off.

The following protocol was utilised when casting cellulose acetate 

membranes in glass Petri-dishes:- the appropriate cellulose acetate 

solution was made up into 10 ml acetone. The polymer solution was 

poured into a clean dust-free petri-dish (8 cm diam eter). Controlled 

evaporation was carried out at room temperature by covering the dish 

overnight.

2.3.5 Solvent-m odified cellu lose  acetate

A 2% (w /v in acetone) cellu lose acetate solution was made using a total 

volume of 5 ml acetone. To the resulting polymer solution 50 pi  of 

dimethylformamide, formamide or ethanol was added. After thorough 

mixing, the solution was poured into a flat glass Petri dish 

(diameter 7 cm) and was left covered in a horizontal position at room  

temperature overnight.
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2.3 .6  D eterg en t-m o d ified  c e llu lo se  a ceta te

A 5% (w/v in acetone) solution of cellulose ace ta te  was made by 

dissolving 0.25 g cellulose ace ta te  into 5 ml acetone. A fixed aliquot 

(100 jul) of d e te rg en t/su rfac tan t  (T riton  X-100 or Tween-80) was added 

to this making a 2%  v /v  solution. Two ml of the resulting mixture was 

p ipetted  into the centre  of a glass petri-d ish  (10 cm d iam eter).  The 

solution was spread evenly and the dish ro ta ted  slowly in a horizonta l 

position so that a uniform  gel layer was produced. The solvent was 

allowed to evaporate  at room tem pera tu re  from  the uncovered dish for 

at least 2-3 hours before use.

2 .3 .7  P olyeth ersu lp h on e

Polyethersu lphone (0.4 g) dissolved slowly into a solvent mixture of 7.5 

ml dim ethylform am ide and 2.5 ml 2-methoxyethanol (or 10 ml 

dim ethylform am ide alone). The dissolved polymer was poured  into a 

fla t glass Petrid ish  (d iam eter  10 cm) and covered. The dish was left in 

a horizonta l position for at least two days.

2 .3 .8  P olyurethane

Solutions of the polyurethane "Pellethane" (0.5-1.5% w /v  in 

te trahydrofuran) were made up into a to tal volume of 5 ml solvent. The 

solution was poured  into a glass Petridish (d iam e te r  7 cm) and left 

covered overnight.

2.4 Enzym e e lec tro d e  con stru ction

2.4 .1  A m p erom etric  oxygen e lec tro d e

Initially the plastic e lectrode top was removed by loosening the screw
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nut as depicted in Figure 2.2.1b. The surface of the working elec trode 

was m oistened  with buffer in o rder to provide p ro p er  e lec tr ica l contact 

with the surrounding  s ilver/silver chloride re ference  elec trode. The 

p repared  lam inate  (incorporating  chemically crosslinked enzyme) was 

rinsed using isotonic buffer and carefully layered over the working and 

reference e lec trode surfaces, so tha t no air bubbles were trapped  

underneath . A securing rubber  "O" ring was applied  over the lam inate 

and finally the whole assembly was tightened by m eans of the  screw nut. 

P rior to any m easurem ent a stable current reading for the given voltage 

po lar isa tion  source was required . This was prim arily achieved by 

placing a few drops of buffer under  constant stirring onto the lam inate. 

The appara tus  used was an oxygen elec trode construction  but a 

po larisa tion  app rop ria te  for hydrogen peroxide de tec tion  was employed.

2 .4 .2  Enzym e im m ob ilisa tion

The main p rocedure  in the construction of an enzyme electrode was the 

im m obilisation of the enzyme. W hen a layer of im m obilised enzyme was 

p repared  and employed over a oxygen electrode, the  main parts  of the 

enzyme electrodes were thus form ed. V aria tion  of the external covering 

m em brane and the underlying m em brane resu lted  in the p roduction  of 

enzyme electrodes  of varying practical perform ance; d ifferen t analytes 

(substra tes)  could be determ ined  by a lte ra tion  of the enzyme in the 

immobilised layer.

The enzyme m em brane employed over the oxygen e lec trode  was of a 

"sandwich" structure , with the immobilised enzyme layer betw een the 

polymer m em branes, Perm selective inner m em branes were cellulose
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aceta te , polyvinyl chloride or polyethersu lphone) and usually included 

C uprophan  in contact with the working electrode. Com m ercial 

pre-form ed polymeric m em branes e.g. of polycarbonate  were generally 

used as external covering m em branes.

For glucose or lac ta te  electrodes, chemical im m obilisation of the 

g lucose /lac ta te  oxidase were used. The p rocedure  for p reparing  a 

crosslinked enzyme layer (Tang et al 1990) was as follows:- two pieces 

of polymer m em brane approximately 10 mm x 10 mm were placed onto 

separa te  glass m icroscope slides. Six fil of the enzyme reagen t solution 

containing 30 m g/m l glucose or lactate  oxidase and 200 m g/m l bovine 

serum  album in w ere placed onto a glass microscope slide using a 20 fA 

"Gilson" au tom atic  m icropipette . The enzyme solution was mixed with 

the crosslinking reagen t, g iu tara ldehyde (5% and 1% w /v  fo r  glucose 

and lac ta te  oxidase respectively) on ano ther slide and the en tire  mixture 

im m ediately  transfe rred  onto the centra l portion  of one of the 

m em branes. The second m em brane was placed on top and the two 

m em branes w ere pressed  betw een the two glass slides und er  hand 

pressure  for five minutes. The slides were then prised apart  and the 

m em brane /enzym e sandwich layer ("laminate") was left to dry in air at 

room  tem p era tu re  for at least five minutes. The lam inate  was washed 

with buffer and p laced  over the oxygen electrode.

For cholestero l electrodes, two m ethods of enzyme im m obilisation were 

used:- chemical cross-linking using g iutara ldehyde and physical 

en trapm en t using polyvinyl alcohol solution. The crosslinking m ethod 

was sim ilar to the p rep a ra t io n  of the immobilised glucose oxidase layer.
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The polyvinyl alcohol en trapm ent procedure  involved the following 

steps:- Initially, a 8% (w/v) polyvinyl alcohol was m ade up by dissolving 

0.8 g of polyvinyl alcohol into 10 ml buffer. T hree  jul of polyvinyl 

alcohol solution (stirred) was mixed with 6 /x 1 cholestero l oxidase 

enzyme reagent and spread evenly over a polycarbonate  m em brane 

square onto a silanised glass slide. A  second polycarbonate  m em brane 

was placed over the first and the "laminate" was allowed to set in air for 

approximately 10 minutes.

2 .4 .3  N e e d le  e le c t ro d e

Unlike oxygen type ("Rank") enzyme electrodes, the immobilised 

enzyme layer and the m em branes w ere form ed in  s i tu  on the needle tip 

by using a dipping, coating and drying method. Initially a perm selective 

polyethersulphone m em brane (as described in section 2.2.3) was 

applied. Then the needle  was coated with a very th in  layer of 

immobilised enzyme G O D  or LO D by applying the needle  tip into a 

viscous mixture of enzyme, album in and giutara ldehyde for 1-2 seconds 

and allowing it to dry at room  tem pera tu re  for at least 10 minutes. 

Finally the diffusion-limiting polyurethane m em branes were applied. 

These were p repared  by sequentia l dip-coating using polyurethane 

dissolved in te trahydrofuran  (5%, 10% w /v for the G oodrich  "Estane 

5724f 1", 8%, 16%, 33%, 50% v /v  for the Baxenden SC 762 

prepo lyurethane and 1-3% for "Peliethane") (V adgam a et al 1989). The 

sensor was dipped once into the relevant polyurethane solution for 1-2 

seconds, kept in a vertical position to allow solvent to evaporate  in air 

for 30 minutes before the next polyurethane layer was applied. The 

fully-coated needle  was stored  dry in air overnight before use. The

128



PE S

H

C rosslin k ed
E n zym e

PU m em b ra n e

PES - polyethersulphone  

Crosslinked enzym e  

PU - polyurethane

^ Platinum working 
electrode

Stainless steel 

reference electrode

F ig u re  2.4.3

S c h e m a tic  d ia g ra m  of the  enzym e m e m b ra n e  s t r u c tu r e  of n e e d le  
e le c t ro d e s .

129



prepolyurethane (Trixene SC 762) polymerised on exposure to 

a tm ospheric  w ater vapour (Figure 2.4.3).

2.5 A n alysis  using enzym e e lec tro d es

2.5 .1  M easurem ent in aqueous so lu tio n

The pro toco l for setting up a 2-electrode hydrogen peroxide detection  

system has been  described previously (section 2.4.1). In  all cases, steady 

state m easurem ents  were made. Calibration  curves w ere ob ta ined  by 

adding increasing am ounts of stock substrate  s tandard  to a fixed volume 

of assay buffer solution (stirred) up to final volume additions of less 

than 0.02%. This avoided electrical transients  due to com plete 

rep lacem ent of solutions. For discrete m easurem ents  the assay volume 

was 5000 jul for e ither  the e lectrode cell or needle  electrodes.

2 .5 .2  M easurem ent in w h ole b lood

For glucose m easurem ents  in undilu ted  blood the e lec trode  was initially 

ca lib ra ted  using aqueous glucose standards. A series of heparin ised  

whole blood samples stored in f lu o r id e /o x a la te  tubes, were obta ined  

from  the NHS laboratory, H ope Hospital. Samples were m easured  

without fu r th e r  reca lib ra tion  or m anipulation. For biocom patibility  

evaluation, aqueous glucose s tandards were tested  betw een blood 

exposure and the percentage change of e lec trode  response was 

de term ined  to assess blood effects on m em branes and there fo re  

elec trode  perform ance. An a lternative m ethod m onitoring the drift in 

signal during continued blood exposure w ithout a rinsing stages using 

buffer fo r  reca lib ra tion  was also carried  out. To examine the possibility 

of Pt working e lectrode passivation the following p rocedure  was 

employed; the response of a bare  Pt e lectrode to 0.04 mM hydrogen
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peroxide in buffer was first recorded, then after  two-hour indirec t blood 

exposure behind a particu la r  specific m em brane lam inate , the lam inate  

was removed, the e lectrode rinsed thoroughly and the s tirred  response 

to H 20 2 re-recorded .

2.6 S o lu te  p artition in g  in polyvinyl ch loride

The following experim ental protocol was followed in o rder to 

dem onstra te  solute partition ing:- a 300 jul a liquot from  a solution of 

e lectroactive species (5 mM) was tested  on a oxygen type ("Rank") 

am perom etric  cell covered with a dialysis m em brane, P lasticiser 

( IP M /D O P  -1 0  ml) was mixed with 10 ml of the 5 mM s tandard  solution 

of the electroactive com pound into a separating funnel. A fte r  vigorous 

shaking (10 m inutes) a 300 fi 1 aliquot from  the aqueous phase was 

tested  and the solute was assayed electrochemically.
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C H A P T E R  T H R E E  - C E L L U L O S E  A C E T A T E  M E M B R A N E S

3.1 IN T R O D U C T IO N

The cellulose ace ta te  polymer is m ade by acetylation of cellulose with 

acetic anhydride in the p resence of sulphuric acid as catalyst. If 

acetylation is in te rru p ted  before este rification  is com plete a mixed 

p roduct consisting of cellulose tr iac e ta te  and cellulose are produced. 

Hydrolysis of cellulose tr iace ta te  lead to "primary cellulose acetate" 

p roduction  which hydrolyses to form  cellulose d iace ta te  as illustra ted  

below:-

The physical and chem ical p roperties  of the polymer are  determ ined  by 

the degree of este rification  e.g. cellulose aceta te  (52-54% acetyl 

content) undergoes decom position well below its softening point. 

T herefo re  plastic iser incorpora tion  e.g. d im ethylp thalate  or triphenyl 

phosphate  (25-35%) is required . P lasticiser type and concen tra tion  

greatly affect polymer physical p roperties  for instance cellulose aceta te  

(54-56% acetyl con ten t)  is used for film, fibre and lacquer p roduction  

due to its enhanced  w ater resistance. A cetone is the most im portan t 

solvent for cellulose aceta te . All types of cellulose aceta te  are readily 

hydrolysed in aqueous acids and alkalis.

c o — c h
CHjCO

nu O

O— C O — CH

C O — CH j 
Io

CH
(3 .1 )

o — C O — C H j
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Dense asymmetric cellulose aceta te  m em branes have been  used fo r  salt 

removal from  seaw ater (reverse osmosis). Loeb and Sourirajan  (1962) 

showed tha t  the m em branes consisted of a relatively dense surface layer 

followed by a gradual transition  to a m acroporous structure . The 

solvent composition used to dissolve the polymer de term ines  w hether 

asymmetric m em branes are form ed e.g. ternary  cellulose acetate-plus- 

acetone solutions containing o ther  solvents such as te trahydrofuran , 

acetonitrile  or p-dioxane mixtures do not lead to asymmetric m em brane 

form ation . A dditional, M g(C104)2 (Loeb and Sourirajan  1962), 

form am ide (M anjikian 1967) or additives (V aughan 1959; E lford 1937) 

require  incorpora tion  to form  resu ltan t asymmetric structures.

Cellulose aceta te  (CA) m em branes have been  widely used for biosensors 

based on glucose oxidase because of their  high selectivity for hydrogen 

peroxide. P refabrica ted  cellulose ace ta te  films may be placed over the 

e lectrode (M ullen et al, 1986) or a dip-coating technique may be 

employed fo r  m iniature  needle-type sensors (Shichiri et al 1982; Bindra 

et al 1991). Additionally the e lec trode  surface could be modified using 

cellulose ace ta te  by drople t evaporation  or spin-coating.

Sittam palam  and Wilson (1983) dem onstra ted  tha t  a cellulose acetate- 

coated bare  e lec trode is able to prevent e lec trode  poisoning by the 

p ro te in  bovine serum  albumin (BSA) in a s tandard  hydrogen peroxide 

solution. BSA is a high m olecular weight p ro te in  and is therefo re  

blocked by the cellulose ace ta te  from  diffusing to the electrode. 

Lonsdale et al (1971) showed tha t only small m olecules (H 20 2, Oz) and 

ions (N a+, Cl ) could perm eate  cellulose ace ta te . The polymer has been
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utilised commercially in the Yellow Springs In s trum en t Glucose 

analyzer (Chua and Tan 1978). The m em brane allows hydrogen 

peroxide perm eation  whilst excluding other e lectrochem ically  active 

species from  blood including ascorbate, urate , certa in  amino acids and 

small peptides e.g. glutathione (Palleschi et al 1986). Wang and 

Hutchins (1985) showed that film permeability could be controlled  by 

using base hydrolysis. As the hydrolysis period was extended to 30 

minutes perm eation  of paracetam ol (MW 151) and oestrio i (MW 288) 

gradually increased. Larger species e.g. N A D H  or ferrocyanide 

p ene tra ted  the film after  40 minutes of alkaline hydrolysis. However 

coated cellulose aceta te  m em branes could lose adhesion  to the polished 

e lectrode surface with prolonged use due to swelling and seepage of 

w ater in betw een the m em brane and electrode. This occurs partly 

because of the hydrophilic nature  of the p la tinum  surface as well as of 

cellulose acetate .

The following investigations were carried out:-

(1) A pplication  of cellulose acetate  films in bo th  inner and outer 

configurations of glucose electrodes; (2) D ete rm ina tion  of the impact 

of polymer concen tra tion  on perm eability  of hydrogen peroxide, 

phenolics and ascorbate; correlation  of s tructure  to perm eation  

characteris tics ,(3) Solvent effects on perm eation  (4) Film  m odification 

using surfactants  (Tween-80 and Triton-XlOO).

3.2 U n m od ified  ce llu lo se  aceta te

3 .2 .1  C e llu lo se  a ceta te  surface structure

Surface exam ination of the cellulose aceta te  film (Figure 3.2.1)
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essentially hom ogeneous, uniform  and no pores are visible. SEMs of 

phase-inversion cellulose ace ta te  m em branes have been  shown by 

From m er and D oron  (1972). A  magnified cross-section of the 

acetone-cast m em brane m ade by phase inversion (in w ater)  revealed the 

presence of many 1 //m or less d iam eter  pores (Type B m em branes). 

Non-porous hom ogeneous m em branes were form ed with acetic acid or 

triethylphosphate  (Type A m em branes). The s tructure  of acetone-cast 

m em branes which were air dried was also shown to be completely 

s tructureless (Riley et al 1964). This was believed to be the ou ter  dense 

layer from  the phase-inversion modified m em branes cast by Loeb and 

Sourirajan  (1962). However the modified m em branes  also contained  a 

porous in terio r  of pore size (0.1 /^m).

3 .2 .2  C e llu lo se  a ce ta te  con cen tra tion  e ffec ts  on p erm eab ility

The transport of electroactive species at 0.04 mM through  acetone-cast 

m em branes using increasing concentrations of the polymer (w/v) were 

determ ined. Increased  polymer concen tra tion  caused a decreased  

perm eation  of hydrogen peroxide although m ainta in ing  selectivity 

against ascorbate. However the flux of phenolic com pounds were not 

dependen t on polymer concen tra tion  which was especially valid for 

catechol and ace tam inophen  (parace tam ol)  m easurem ent (Figure 3.2.2).

3.2 .3  Inner m em brane of g lu co se  e lectro d e

In te rposition  of aperm selec tive  non-porous cellulose ace ta te  m em brane 

between the working e lec trode and the crosslinked enzyme layer 

produced a p ronounced dim inution in signal size in com parison to the 

0.03 fim (control) po lycarbonate  m em brane (F igure 3.2.4). A t 2 mM
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F igure  3.2.1

Scanning e lec tro n  m icrograph of a c e llu lo se  a ceta te  (5% w /v  in 
a c e to n e )  m em brane.
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glucose, response with a 2% w/v  cellulose acetate  m em brane  was —50% 

of the polycarbonate control and a 25% for  the 5% w /v  cellulose 

ace ta te  membrane.  Both of the laminates also showed a limited linear  

range (maximum linearity of 2-3.5 mM), and response times went f rom 

30-60 s (0.03 [zm polycarbonate membrane)  to 1.5-2 minutes  (cellulose 

acetate) .

3.2.4 Outer membrane of g lucose  e lec trode

Inclusion of acetone-cas t 2% and 5% w/v  cellulose ace ta te  as an 

external  membrane  caused a dramatic  increase in the l inear  range for  

glucose to ~ 100 mM (Figure 3.2.4). However this was accompanied by 

a sharp decline in the sensor  sensitivity ( - 0 . 5  n A /m M  for  5% cellulose 

acetate,  0.8 n A /m M  for  2% cellulose acetate and 100 n A /m M  for  the 

0.03 jum polycarbonate m embrane)  and response time extended to 3-5 

minutes.  Signal size was reproducible  to + / -  0.9% for  the ent ire  

glucose range.

3.3 Modif ied  solvent  casting

3.3.1 Permeabil i ty  study

Two % cellulose acetate  showed a greater  pe rm eat ion  of H20 2 than  to 

phenolics (catechol,  paracetamol,  hydroquinone and p-aminophenol)  at 

a concentra t ion of 0.04 mM. However,  almost comple te  exclusion of 

anionic interferences (ascorbate  and ura te )  was observed. 

Dimethylformamide in the casting solution produced a slight elevation 

in the response to phenolic species especially catechol,  hydroquinone 

and para-aminophenol ,  however a l tera t ion  in H20 2 : charged

interferents  permeabil ity  ratios was not  seen. E thano l  in the casting
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mixture increased response to H 2O a, but also a general  increased flux for  

the o ther  species except urate .  Formamide incorpora t ion  resulted in a 

considerably greater  rise in perm eat ion  for all species with no evidence 

of any selectivity (Figure 3.3.1).

3.3 .2  Mixed solvent  membranes in glucose  e lec trod e

Diminution in current  was observed for all of the membranes  

accompanied also with a loss in l inear range. Inclusion of acetone,  

acetone-ethanol  and acetone-dimethylformamide during membrane  

casting resul ted in a 80% current  decline, and the effect was less (50%) 

using the acetone-formamide mixture (Figure 3.3.2).

3.4 D etergent-m odif ied  ce l lu lose  acetate

3.4.1 Surface examination

The scanning electron micrographs in Figure 3.4.1 show that  Tween and 

Tr i ton-modif ied  cellulose aceta te  films are non-porous , homogeneous 

s tructures.  A much smoother  surface is noticeable for  the 

Tri ton-modif ied  compared to the Tween-modif ied membrane.

3.4.2  Permeabil i ty  properties  of  Tween-80 and Triton-XlOO  

modif ied  ce l lu lose  acetate

Detergen t- incorpora t ion  increased permeabil ity  to all electroactive 

species compared to unmodified  cellulose acetate .  Also selectivity 

against ascorbate  was enhanced. Significant elevations in response were 

especially observed for  catechol and p-aminophenol.  Triton-modif ied 

m em brane  showed an enhanced effect compared to Tween-modif ied 

cellulose acetate,  where the flux was twice the magnitude of
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F ig u re  3.4.1

S c a n n in g  e l e c t r o n  m ic ro g ra p h s  of  (a )  T w ee n -8 0  a n d  (b)  T r i t o n  
X100 m o d i f i e d  c e l lu lo se  a c e t a t e  m e m b ra n e s .
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Tween-modif ied membrane (Figure 3.4.2a). Since both  surfactants were 

pure liquids the molar  content  in the casting solution differed. 

Triton-XlOO had a lower molecular  weight of 650 compared to Tween-80 

(1300) therefore  a greater  amount  was incorporated  per  unit  volume. 

Membranes  were also assessed by determining the percentage residual 

signal, compared with a bare  elec trode (im/ i b x 100). A  generalised 

reduction in permeabil ity  for  all species was confirmed, though 

hydrogen peroxide and parace tam ol  perm eat ion  were reduced to a lesser 

extent compared to o ther  species (Figure 3.4.2b).

3.4.3 R esponse  to H20 2 and phenol ics

Resul ts  for  Tween-modif ied and Tri ton-modif ied cellulose acetate  

membranes  were similar. Elec trode  cal ibrat ion for  H 20 2, phenolic  

species and urate  showed a l inear  dependence of concentration to at 

least 0.1 mM. Although catechol perm eat ion  showed ear l ies t  sa turation 

and p-aminophenol  did not appear  to sa tura te  at 0.4 mM. This 

interesting phenomenon could be shown with both membranes  (Figures 

3.4.3a and 3.4.3b).

3.4.4 Permeabil i ty  effects  of  detergent

A general  trend of gradual increased perm eat ion  of hydrogen peroxide 

and parace tam ol  with increased detergent  incorporat ion  (1-4% v/v  in 

acetone)  was seen for  both Tween and Triton-modif ied cellulose acetate 

membranes , while rejection of ascorbate  was mainta ined for  the 

Tween-modified  cellulose ace ta te  membranes  (Figures 3.4.4a and 

3.4.4b).
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3.4.5 U se  as external  membranes

D ete rgen t  modified cellulose aceta te  external membranes  resul ted in 

elevations in response to glucose with sensitivities of 0.4 n A /m M  for 

Tween-modif ied and 0.7 n A /m M  for Tr i ton-modif ied  compared to 

0.2 n A /m M  for  unmodified  cellulose acetate.  This is despite 

mainta ined l inear  ranges to at least 100 mM (Figure 3.4.5).

3.4.6 Inner membrane of  g lucose  e lec trode

Inte rposit ion of cellulose aceta te  between the working e lectrode and 

crosslinked enzyme resulted in less of a decline in sensor  sensitivity, and 

the linear  range was also less affected compared with the unmodified 

membrane.  Tween-modif ied  response was 25 nA /m M , Tri ton-modif ied 

was 40 n A /m M  and unmodified cellulose aceta te  was - 1 6  nA /m M . 

(Figure 3.4,6). Response  times were similar in all cases (1-3 minutes).

3.4.7 Stabili ty of g lucose  e lec trodes

R epea ted  aqueous cal ibrat ion using 2 and 4 mM standard  solutions for  

enzyme laminates  using Tween or Triton-modif ied ( in ternal)  cellulose 

aceta te  membranes  were carried out over a 6-day per iod.  The 

Tween-modif ied  membrane  showed a general  s tabi lisation of elec trode 

response th roughout  the 6-day per iod (Figure 3.4.7a). For the 

Tri ton-modif ied cellulose aceta te  all responses were less stable showing 

a general  upward t rend in output signal (Figure 3.4.7b). Var ia t ion  in 

response is more  evident for  the 4 mM glucose calibration.
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3.5 Discussion

Cellulose acetate membranes  are apparently non-porous  on the basis of 

scanning electron micrograph evidence. The membranes  thus consist of 

a dense homogeneous phase with perm eat ion  governed by close solute 

membrane polymer interactions. The cast membranes  were s tructurally 

distinct f rom the asymmetric Loeb-Sourira jan  type reverse osmosis 

membranes  which usually consist of two distinguishable layers. The 

anisotropic  membranes  consist of a salt-rejecting "skin" layer and a 

highly porous supporting s tructure  with relatively lit tle resistance to 

water  flow and no selectivity to low molecular  weight solutes.  The 

thickness of the ’’skin" layer is difficult to define. E lec tron  micrographs 

done by Riley et al (1964) show that  the skin blends into the porous 

s tructure through a region of graded porosity.  The effective m embrane  

thickness is dependent  on the casting conditions and subsequent  

t rea tment .  The porous  subst ructure of the membranes  contains  —60% 

water by weight. If the m em brane  is allowed to dry without special 

t rea tm en t  it shrinks and distorts markedly and the water  permeabil ity  

is reduced. Apparently  the pores  collapse increasing resis tance to flow.

The selectivity propert ies  were de termined using 0.04 mM standard 

solutions (Figures 3.2.2a and 3.2.2b). A low concentra t ion  of phenolics 

prevented possible fouling by generat ion of phenoxy radicals from 

phenol  which undergo a polymerisat ion react ion (Koile and Johnson 

1979). The observed results were similar to the acetone cast 

membranes  (1.5% w/v)  of Koochaki et al (1991). An increase in 

polymer concentrat ion caused a decline in permeabi lity.  The results are 

consis tent with those of Kuhn et al (1989). H ere  cyclic voltammetry  of
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a fe rrocene  derivative showed an associated decline in the diffusion 

controlled  current with increased cellulose aceta te  incorporat ion. The 

permselect ive behaviour of the polymer has been  explained on the basis 

of charge (Lonsdale  et al 1965) and size (Wang and Hutchins 1985) 

exclusion. Species e.g. ascorbate (pKa = 4.04) which are anionic at the 

working pH  of 7.4 are rejected by cellulose ace ta te  by charge repulsion. 

This is consistent with findings of Koochaki et al (1991) and Wang and 

Hutchins (1985). Ferricyanide was also rejected by cellulose aceta te  

since the polymer has p ro ton  acceptor  character .  Therefore  anionic 

species are rejected preferential ly  to undissociated  phenolics  and H20 2. 

Since p-aminophenol  is cationic it is not re jected by cellulose acetate.  

It has been  theoretically proposed  tha t  ions are excluded from 

perm eat ing  by Coulombic forces arising f rom the pore  walls in 

ul t raf i l t ra t ion membranes  (Lonsdale  et al 1965). A  similar hypothesis 

can be appl ied to cellulose acetate .  For reverse-osmosis type 

membranes  M atsuura  and Sourirajaan (1972) corre la ted  the permeat ion  

of phenolic and organic species with pka and hydrogen bonding ability.

Wang and Hutchins (1985) found a rapid decline in perm eat ion  with 

molecular  weight upto -1 4 0 .  This was followed by a gradual  decrease  

in pe rm eat ion  associated with fu r ther  increases in solute molecular 

weight.  A similar t rend was observed in Figures  3.2.2a and 3.2.2b. A 

decrease in perm eat ion  with parace tamol  (MW 151) obta ined compared 

to catechol (MW 110) which may be a t t r ibu ted  to the bulky acetamide 

subst i tuent  p resent  in paracetamol .

Inclusion of cellulose acetate  interna l  m em brane  caused a decreased
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sensitivity to glucose compared to the 0.03 fim pore size polycarbonate 

(Figure 3.2.3). This was due to the increased mass t ranspor t  barr ie r  to 

hydrogen peroxide presented  by cellulose ace ta te  with a resul tant 

decreased flux to the working e lectrode and hence a reduced current.  

A  greater  polymer concentrat ion in an equivalent  solvent volume,

(5% w/v  in acetone)  membrane  presen ted  a g rea ter  bar r ie r  to hydrogen 

peroxide diffusion and hence showed a grea ter  d iminution in current  

compared to the 2% w/v  membrane;  the increase  in response time is 

consistent with this possibility.

Inclusion of cellulose acetate  (external  m em brane)  in a glucose 

laminate  presented  a subst rate diffusional barr ier .  This is indicated by 

the extended linear  range as well as a decline in response magnitude 

(Figure 3.2.4). The results indicate that  anionic (from dissociated acetyl 

groups) cellulose acetate  is essentially permeable  to uncharged glucose. 

The results are consistent with the findings of G o r ten  et  al (1991) using 

ano ther  "anionic" membrane.  H ere  a carbon paste  glucose elec trode 

coated with polyestersulphonic acid barr ie r  gave an extension of the 

apparen t  Km from 50-70 mM (uncoated)  to 200 mM (coated)  was 

obtained.

When e thano l / fo rm am ide  non-solvents are used (Figures 3.3.1a and b) 

The probable  mechanism for increased permeabil ity  is pore formation 

as discussed by Rest ing et al (1964) for dense reverse osmosis 

membranes.  Generally there is rapid removal of solvent (acetone)  

followed by entry of nonsolvent with resul tant  pore formation.  Chawla 

and Chang (1975) showed that  increased e thanol  incorpora t ion  resul ted

155



in an enhanced dialysis ra te  for  creatinine.  A  direct  rela tionship 

between ethanol  incorporat ion and membrane  w ater  content  was found. 

Also F rom m er  et al (1970) investigated two-component  mixtures of 

cellulose aceta te  and several solvents including acetone,  dioxane, acetic 

acid, triethylphosphate,  dimethylformamide and dimethylsulphoxide. 

H ere  solvent movement out  of the cast layer and of water  into the layer 

depended  on the solvent used and therefore  de te rm ined  the porosity of 

the resul tant  membranes.  Since formamide is a nonsolvent  for  cellulose 

aceta te  at room tem pera tu re  it also acts as a secondary plasticiser 

(Daane  and Barker  1964) and lowers the polymer glass transi tion 

tem pera tu res  f rom the normal values of 50 °C and 115 °C. Formamide 

incorporat ion  results in increased polymer chain flexibility and the 

spacing between chains increases with a resul tant  increased flux for  all 

membranes.

Solvent-modified and unmodified  cellulose ace ta te  in terna l  membranes  

(Figure 3.3.2) both resulted  in a diminut ion in glucose elec trode 

response. Hydrogen peroxide flux to the e lectrode surface was reduced 

due to the barr ier  presented by the membranes.  However with 

fo rmamide  response was comparatively high presumably  because of the 

plasticiser effect of formamide.

By SEM, detergent  incorporated cellulose aceta te  membranes  revealed 

non porous structure.  Therefore  permeat ion  behaviour occurred via 

parti t ioning through a homogenous membrane  phase. Permeability 

increased,  but there  was also some in selectivity (Figures 3.4.2a and b). 

The mechanism of act ion of the two nonionic surfactants  is unclear  but
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they probably increased interchain spacing. Also, they would promote  

both hydrophilic and hydrophobic interactions  with solute and facil i ta te  

solvent par tit ioning, though this needs  to be tested. Differences  

between the plasticising effects can therefore  be due to polarity 

differences. A fu r ther  advantage for  biosensor  use is that  the 

membranes  as well as being t ransparent  are more pliable and physically 

tougher (Desai  et al 1993).

Electrode calibrat ion for  detergent-modif ied  cellulose ace ta te  (Figures 

3.4.3a and b) are similar to the findings of Koochaki  et  al (1991) for  

unmodified cellulose acetate.  However, p-aminophenol  responses were 

linear  beyond 0.1 mM for both modified membranes  unlike the case 

with the basic membrane.  This property could be of use for  PAP 

detect ion,  of value in the determination  of alkaline phosphatase  activity 

based on p-aminophenol  phosphate  substrate (Chris tie et  al 1992).

A general  increased perm eat ion  for  hydrogen peroxide and parace tamol  

with ascending detergent  concentrat ions was observed al though 

selectivity against ascorbate  was maintained (Figures 3.4.4a and b). 

Such results were obtained by Christie et al (1992) for  polyvinyl chloride 

m embrane  plasticised with dioctyl phthalate;  a rise in catechol flux was 

seen but the m embrane  remained impermeable  to ascorbate.  The 

results suggest that  surfactants  also acted as plasticiser  without 

compromising base polymer selectivity.

While general decrease in current  magnitude compared  to a 0.03 jum 

polycarbonate  membrane  was obtained with cellulose aceta te  in ternal
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membranes  (Figure 3.4.6), the effect was less p ronounced with the 

plasticised structures.

For  practical  use, the stability of glucose e lectrodes  incorporat ing 

surfactant-modif ied cellulose acetate  ( in ternal)  membranes  revealed 

that responses were relatively constant  within experimental  e rror  over 

a 6-day per iod (Figures 3.4.7a and b). These  show tha t  there  is no 

apparen t  leaching of membrane  incorporated  surfactant for  both 

Tween-80 and Tri ton X100 within this t ime per iod.

3.6 Sum m ary

This chapter  was concerned primarily with the development of cellulose 

acetate  membranes  for enzyme-coated sensors.  The permselectivity 

propert ies  of these par t icular  anionic membranes  were investigated. 

The ability to screen out anionic in terferents  was not  markedly affected 

by polymer  concentrat ion, a l though the permeabil ity  to o ther  species 

especially hydrogen peroxide was concentra t ion  dependent .  It was not 

par ticularly advantageous to employ cellulose ace ta te  as the internal 

membrane of a glucose enzyme "laminate".  However,  an extended linear  

response to glucose was reproducibly produced with cellulose acetate  as 

the external  membrane.  The use of solvent mixtures during membrane  

casting was not advantageous. Although formamide  incorpora t ion 

resulted in much elevated hydrogen peroxide permeat ion ,  a general ised 

loss of selectivity was observed. Therefore  this casting procedure  was 

impractical for  sensor applications. Surfactant (Tween-80 or 

Triton-XlOO) incorporat ion resulted in membranes  with enhanced 

perm eat ion  of hydrogen peroxide as well  as of phenolics  compared to 

unmodified cellulose aceta te  although selectivity against charged species
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including ascorbate and urate  was maintained.  These  permeat ion  

propert ies  are beneficial for  the development  of oxidase-based sensors 

util ising hydrogen peroxide detect ion as well as for drug detect ing (e.g. 

parace tam ol)  sensors.  A m em brane  surfactant  concentra t ion-dependent  

p e rm eat ion  pa t te rn  was obtained for  hydrogen peroxide, paracetamol  

and ascorbate.  From these results an optimised surfactant  (detergent)  

concentra t ion of 2% v /v  in acetone was used. Surfactant incorporated  

cellulose aceta te  (external)  m em branes  of glucose electrodes  proved to 

be advantageous  especially with regard  to the amplified response to 

hydrogen peroxide and linearity of < 100 mM compared to the 

unmodif ied membrane.  Stabili ty studies with glucose electrodes  using 

surfactant  incorpora ted  in ternal  membranes  in aqueous solut ion showed 

tha t  stable responses were obta ined  over a 6-day period. This 

prel iminary investigation has shown that it is feasible to employ 

cellulose acetate,  and in par t icu la r  surfac tant- incorpora ted  membranes  

in practica l  biosensors.
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C H A P T E R  F O U R

P O L Y V IN Y L  C H L O R I D E  M E M B R A N E S

4.1 I n t r o d u c t i o n

The polyvinyl chloride (PVC) polymer possesses a head-to-tail  structure. 

X-ray studies have shown that  commercial PVC is amorphous although 

a low degree  ( - 5 % )  of crystallinity is present.  NM R studies (Tonelli  

et  al 1979) suggest that  PVC is —55% syndiotactic.  The vinyl chloride 

may be prepared  by addit ion of HC1 to acetylene,i .e.

H C  = CH + HC1 » H 2C-CHC1 (4.1)

The reaction is carried out in the vapour phase with a mercuric chloride 

catalyst.  Alternatively, vinyl chloride may be manufactured by the 

addit ion of chlorine to ethylene to give ethylenedichloride which is then 

pyrolysed at 500 °C and 25 atms pressure.  Suspension polymerisation of 

vinyl chloride is carried out to produce polyvinyl chloride. In this 

technique,  vinyl chloride monomer is dispersed in water  in small 

drople ts  of lO 'M O1 cm diameter  under  vigorous stirring conditions. A 

m onom er  soluble init ia tor (di-2 ethylhexyl) peroxydicarbonate  is added 

and polymerisat ion occurs within each droplet .  Generally  a mater ia l 

e.g. polyvinyl alcohol is included in order  to provide a protective coating 

for the droplets ;  it also prevents  the droplets f rom cohering when they 

are at a stage of being composed of a sticky mixture of  monomer  and 

polymer. The contaminant-f ree polymer is obtained in a small bead 

form.

Polyvinyl chloride is a colourless,  rigid mater ia l  of relatively high 

density and low softening point.  It has a high dielectric  cons tant due to 

the presence of the polar  C--C1 bond. PVC is a weak proton donor and 

is soluble in the solvents, dioxan, te t rahydrofuran  and ethylene
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dichloride Plasticisers (40-60 par ts  per  100 parts  of polymer) may be 

incorporated  in order  to convert it to a flexible rubber- l ike mater ia l.  

PVC is chemically iner t  and resis tant to acids, alkalis and strong 

oxidising agents.  However the polymer is degraded at elevated 

tem pera tures  ( < 7 0  °C) and during ul traviolet  l ight exposure.

Polyvinyl chloride has been widely used as a m em brane  matrix mater ia l  

for po ten t iom etr ic  ion-selective elect rodes  (ISEs) (Masadome et al 

1992; Yim and Meyerhoff 1992), H ere  it is employed as a continuous 

separate  phase and is impermeable  to ions. A typical ISE m em brane  

may contain 33% PVC, 66% plasticiser and 1% carr ier  w/v. The 

selectivity proper t ies  have been  achieved by inclusion of appropria te  

plasticisers (e.g. o-dini trophenyle ther ,  dioctylsebacate) ,  ion exchangers 

and neutra l  carrier  molecules.  A combination of the ionophore ,  

valinomycin and ion-exchanger,  te t raphenylbora te  (inc luded in order  to 

reduce lipophilic anionic in te rferences  e.g. Cl', SCN' and perchlora te)  

has been  used for K + selective electrodes  (Morf  et al 1974). Even 

without  the presence of ion-exchangers,  ISEs respond to lipophilic ions 

e.g. thiocyanate and phenols  (Morf  and Simon 1978; Christie 1988) due 

to possible ion parti t ioning in the organic polymer  phase.

The following investigation examined the role of plasticiser 

(d ioc ty lp tha la te  and isopropylmyris ta te)  in con tro l l ing  the 

permselectivity behaviour of polyvinyl chlor ide (in the absence of any 

ion exchanger) especially in rela tion to exclusion of charged 

interferents .  The PVC m em brane  formed an integra l par t  of an oxidase 

enzyme based am perom etr ic  glucose detect ion system. The possible
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applicat ion in clinical measurement  of whole b lo o d /se ru m  glucose has 

been  exploited. The effect of de tergent  incorporat ion on flux behaviour 

was considered.

4.2 Unplast ic ised  polyvinyl chloride

4.2.1 Permeabil i ty  propert ies

The membrane showed limited permeabil ity  to alt electroactive species 

at 1 mM (Figure 4.2). All species including ascorbate  and ura te  

perm ea ted  through the membrane.  Selectivity ratios of 4.4:1, 3.8:1, 

3.7:1 and 0.69:1 were obtained for  hydrogen peroxide : ascorbate,  urate,  

paracetamol  and catechol  respectively. However the membranes  were 

less perm eable  to phenolics than plasticised polyvinyl chlor ide (section 

4.3.1).

4.3 P last ic ised  polyvinyl chloride

The cast plasticised PVC membranes  were t ransparent ,  colourless and 

possessed slight elasticity. Even slow solvent evaporat ion resulted in 

incomplete  incorpora tion of isopropylmyristate (1PM). There  was some 

residual l iquid plasticiser on the membrane  surface. However 

dioctylphthalate incorpora t ion was complete  and produced uniform 

membranes.  A dialysis (CuprophanR) supporting m embrane  was used 

for  all measurements .  The CuprophanR membrane main tained a stable 

inner electrolyte film and allowed reliable,  reproducible  responses. 

Also the problem of PVC insulating the electrodes  and prevent ing the 

completion of the electrochemical  cell was avoided.
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4.3.1 Permeabil ity  effects  of  isopropylmyristate  (IPM) and 

dioctylpthaiate  (D O P)

A general ised enhancement  in selectivity for hydrogen peroxide against 

charged interferants  was observed compared to unplast ic ised polyvinyl 

chloride e.g. H 20 2 : ascorbate permeabil ity  rat ios  were 168.5 : 1 (DOP 

as plasticiser),  720.8 : 1 (IPM as plasticiser) and 4.4 : 1 (unplasticised).  

However an increased perm eat ion  of phenol ics  compared  to 

unplast icised polyvinyl chloride was observed as shown in Figure 4.3.1. 

This was especially noticeable  for  catechol  where  the response was 

increased 148 times (IPM) and 75 times (DOP).  The re  was an increase 

in response with IPM compared to DOP-incorpora ted  polyvinylchloride 

membranes.

4.3.2 So lute  part it ioning

The results in Figure 4.3.2 showed that  aromatic  species readily 

par t i t ioned  into the organic phase e.g. catechol,  hydroquinone, 

p-aminophenol  and paracetamol.  However charged species e.g. 

ascorbate did not partit ion.  The degree  of part i t ion ing  was g rea ter  in 

IPM than DO P especially for p-aminophenol  and paracetamol .

4.3.3 G lucose  e lec trode  response with polyvinyl chloride inner  

membrane

Interposit ion of a plasticised polyvinyl chloride-dialysis composite 

between the working elec trode and the crosslinked enzyme layer 

produced a considerable decline in the response.  However an increase 

in the l inear  range was obtained with various  external  membranes  

(Figures 4.3.3a-d).  The degree  of l inearity was governed initially by the
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porosity of the outer  polycarbonate  (PCM) mem brane ,  i.e. a l inear  

range of ~ 8  mM was recorded  for  a 0.4 pm  ou te r  PCM and linearit ies  

of 8-10 mM and 15-25 mM were obta ined for  0.05 /im  and 0.03 jum 

PCMs respectively. The dialysis (control)  external m em brane  produced 

a similar effect.  In all cases linear  ranges increased with the use of 

im perm eab le  inner  polyvinyl chloride membranes .  A control 

exper iment  using dialysis (Cuprophan)  as the inner  m em brane  showed 

a worsening in the l inear  range as well as a dec line in response.

4 .3 .4  Serum  g lu cose  m easurem ent

Serum samples (n = 20) were measured  using an enzyme laminate  

containing plasticised polyvinyl chloride as the inner  m em brane .  A 

corre la t ion  coefficient of r = 0.99 was ob ta ined  when the results were 

compared  with those obta ined using a Yellow Springs glucose analyser 

(as in F igure  4.3.4). There  was no evidence of fouling during the 

e lec trochemical  assay.

4.3 .5  M easurem ent of w h ole  b lood  g lucose

Whole  blood samples  (n = 1 9 )  were assayed using a glucose enzyme 

laminate  containing plasticised polyvinyl chloride as the in ternal  

m em brane .  A corre la t ion coefficient of r = 0.96 was ob ta ined  when the 

results  were  compared with measurem ent  using a routine  clinical 

de te rm ina t ion  (Yellow Springs glucose analyser) as i l lustra ted in Figure 

4.3.5.
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4.4 D e te rg en t-m o d if ied  polyvinyl ch lo ride  m em branes

Cast, de tergen t- incorpora ted  membranes  were homogeneous, 

transparent  and possessed flexible rubber- like characteris tics.  This was 

in sharp contras t with the rigid unplas ticised polyvinyl chloride 

membranes;  the membranes  were also mechanical ly robust and could 

therefore be handled easily.

4.4.1 Perm eability  with T w een-80  and Triton-XlOO incorporation

The membranes  were highly perm eable  to all species (at 0.04 mM) and 

responses were enhanced  compared  to unplas ticised polyvinyl chloride. 

However there  was no selectivity for  H20 2 over ascorbate  for both  

de tergent- incorpora ted  membranes.  However  the Tween-modif ied 

membrane showed grea ter  perm eat ion  of H20 2 to ascorbate  than the 

Triton-XlOO modified membrane.  Selectivity rat ios  obta ined for  

H 20 2 : ascorbate  were 15:1 and 4:1 for  Tween and Tri ton-modif ied 

polyvinyl chlor ide (high molecular  weight) membranes  respectively. 

Both detergent-modif ied  membranes  exhibited varying permeabil ity  to 

phenolic species (Figure 4.4.1a). Detergent-modif ied  membranes  were 

also cast using low molecular  weight polyvinyl chloride. The 

permeabili ty  p ropert ies  were essentially similar to the previous modified 

membranes  (Figure 4.4. lb )  a lthough the signal sizes were approximately 

increased by 2-fold.

4 .4 .2  U se  as in ternal m em branes of g lu cose  e lec tro d es

Incorporat ion of detergent-modif ied  polyvinyl chloride membranes  

between the working e lectrode and the external  enzyme membrane
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produced a lower response compared to the dialysis (control).

A t  2 mM the response was 41% and 35% for the Tri ton  and 

Tween-modif ied membranes  respectively. However the l inear  range of 

the glucose cal ibration curve was unchanged (Figure 4.4.2).

4.4.3 U se  as e x te rn a l  m e m b r a n e s  of g lucose  e l e c t r o d e s

A 4-fold increase in linear  range was observed for  the 

detergent-modif ied polyvinyl chloride membranes  as compared  to the 

use of a 0.03 jum polycarbonate (control) m embrane  . The linearity 

increased f rom 2mM to 9 mM for  both of the modified membranes,  the 

magnitude of the electrode responses remained  high (Figure  4.4.3). The 

Triton-modif ied  polyvinyl chloride membrane gave higher  responses 

than the Tween-modif ied membrane.

4.5 D iscu ss io n

The magnitude of the e lectrode responses of plasticised polyvinyl 

chloride were considerably enhanced compared to unplasticised 

membranes , probably the plasticiser imparts an a l te ra t ion  in the 

ordered  3-dimensional  conformation of the rigid unplast icised polymer 

network (Boyer 1951). Plasticiser incorpora tion lead to an effective 

reduction in in termolecular  forces causing a net increase in polymer 

chain spacing. There  is also increased chain flexibility and the polymer 

is converted to an elastic state.  A more detai led  description on the 

mechanism of plast icisation has been considered in chapter  one (section 

1.7).
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Polyvinyl chloride (PVC) membranes  (containing dioctylphthalate or 

isopropylmyristate as plasticisers)  showed extreme permselect ive 

behaviour and excluded charged species to a g reat  extent (especially 

ascorbate and ura te) .  Uncharged  aromatic  species (at pH 7.4) 

perm ea ted  readily especially catechol,  hydroquinone and paracetamol.  

Para-aminophenol  although charged at pH 7.4 managed to perm eate  

PVC possibly due to its aromatic  character  which may have facil i ta ted 

par t it ioning into the organic phase of the polymeric m em brane  (figure

4.3.1). The results agree with the findings of Christie et  al (1992). 

According to their data  polyvinyl chloride gave a H20 2 : Ascorbate  

selectivity ratio of 1500 : 1 whereas  it was 200 : 1 for  cellulose acetate.  

Other  workers used polyestersulphonic acid (Wang et al, 1990), Nafion 

(Bindra and Wilson 1989; H arr ison  et al 1988), and cellulose acetate  

(Bindra et al 1991). However,  comple te  exclusion of ascorbate  was not 

achieved with any of the membranes.

Fur ther  evidence showed that permselectivity behaviour  was based on 

solute charge discriminat ion (Chris tie et al 1992). At elevated pH 

values beyond the pKa of catechol (9.46) there  was a pronounced 

a t tenuat ion  in signal size. Therefore  at a high pH, dissociation of the 

hydroxyl substi tuents  of catechol  took place causing the charged species 

to p redom ina te  which could not pe rm eate  through polyvinyl chloride. 

Almost  complete exclusion of catechol was observed at pH 11.0. Since 

catechol  was uncharged and aromatic  at pH  7.4 it showed high 

perm eat ion  behaviour  from my data.  However ascorbate  possessed a 

pKa of only 4.04 therefore  it was charged at pH 7,4 therefore  it could 

not pe rm ea te  polyvinyl chloride.
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The results may be explained on the basis of s tructure of the cast 

membranes.  They are essentially non-porous  liquid membranes  

containing a solid membrane phase. A scanning e lectron  micrograph of 

the membrane  showed that  the external  surface was free from 

perfora t ion  or cavities (Rosenberg  1992). The permeabil ity  propert ies  

were analogous to isopropylmyristate-coated polycarbonate  membranes  

(Tang et al 1990). These may be a t t r ibuted  to the presence of the liquid 

lipid isopropylmyristate (plasticiser for  PVC).  T ranspor t  through the 

polyvinyl chloride membranes  appears  to rely mostly on par tit ion. The 

aromatic  (uncharged)  species were readily soluble in the liquid lipid, 

isopropylmyristate and could pe rm eate  into it. Non-lipophil ic (polar) 

species e.g. ascorbate  and ura te  could not par t i t ion  into the lipid and 

were therefore  excluded. Hydrogen peroxide is still a polar  molecule 

therefore  limited perm eat ion  occurred.

Membranes  plasticised using isopropylmyristate (IPM) exhibited greater  

permeabi lity to all species including H20 2 compared to the 

dioctylpthalate (DOP) incorporated m em branes  (Figure 4.3.1). 

Theoret ical ly  the efficiency of plasticisation was governed by the size 

and concentration of plasticiser and independent  of molecular  structure 

(Wurstlin and Klein 1955). It is inherently  re la ted  by the ability of the 

par t icula r  plasticiser to shield specific polar  groups along the polymer 

chains and reducing in terchain bonding (Zhurkov 1945). Therefore  

since IPM is a smaller,  aliphatic (polar)  molecule compared to bulkier 

D O P (containing aromatic  and ester  chains) it has a g rea ter  ability to 

shield polar  groups in the polymer. Due to the g rea ter  response size, 

IPM was used the plasticiser for  fur ther  exper iments.  However
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dioctylphthalate is more commonly u sed fo r  plasticisation in membranes  

employed for  ion-selective electrodes.

Solute par ti t ioning studies confirmed that  this was an important  route  

for solute transfer  into the organic phase (Figure 4.3.2). The results 

essentially followed the same pa t te rn  as the permeabil ity  experiments.  

Parti t ion coefficients were de termined by Rosenberg  (1992) who found 

that  at  a pH  of 7.4, ca techol  (uncharged) had a par t i t ion  coefficient of 

1.8 which exceeded other  par t i t ion  coefficients including ascorbate 

( i . i ) .

Inclusion of plasticised PVC as an internal  m em brane  of a glucose 

e lectrode produced a significant extension of l inear ity as well as a 

marked decrease  in the magnitude of the electrode response (Figures

4.3.3 a-d). The trend in linearity was also dependen t  on the porosity of 

the external membrane  containing crosslinked enzyme. This is expected 

because diffusional l imitation of substra te (glucose) meant  that  enzyme 

would be sa tura ted  with subst rate  less rapidly leading to an increased 

apparen t  Kra value hence an increased l inear  range. The results 

essentially agree  with previous data  (Vadgama et al 1989) using various 

polycarbonate membranes  of different  porosities to cons truct  glucose 

enzyme electrodes.

The extension of l inearity was also thus due to the in ternal polyvinyl 

chloride membrane.  This was confirmed by a control exper iment  where 

the linearity was unaffected using a CuprophanR (dialysis) in ternal 

membrane.  The results could be explained on the basis that  the H20 2
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reaction product  could diffuse back into the bulk solut ion or could be 

electrochemically oxidised at the working e lectrode to genera te  the 

oxygen cosubstrate for  the enzymic reaction.  Therefo re  the rate of H20 2 

oxidation at the elec trode to regenera te  oxygen could be a critical step 

in the operat ion  of the electrode.  If the 0 2 permeabil ity  propert ies  of 

the inner  membrane governed the amount of 0 2 which could thereby be 

replenished, then the polyvinyl chloride interna l  m em brane  possibly 

increased p 0 2 in the enzyme layer. This may be a t t r ibuted  to the 

enhanced oxygen solubili ty of the liquid lipid, IPM (Thews 1960).

The pract ical  use of polyvinyl chloride as an interna l  m embrane  has 

been  il lustrated by subsequent  glucose analysis per form ed in whole 

blood and serum (Figures 4.3.4 and 4.3.5). Excellent corre lat ion 

coefficients were obtained in both biological matrices.  With an 

improved r value (r = 0.99) in serum and r = 0.96 in whole blood. The 

results essentially confirm the findings of Christie et  al (1992). There  

is no PVC membrane fouling in serum when used to assay alkaline 

phosphatase and the results corre la ted  well with spec trophotometr ic  

measurement  (r = 0.99). K ihara  et al (1984) en t rapped  pyruvate 

oxidase in a polyvinyl chlor ide matrix for  am perom etr ic  de termina tion  

of pyruvate.  These workers  also found good corre la t ion coefficients in 

b lood /se rum .

Detergent- incorporat ion  caused an analogous effect on flux of 

electroactive species to the previous plasticised ( IP M /D O P )  membranes  

(Figure 4.4.1). Non-ionic surfactants  (Tween-80 and Tri ton  X-100) 

probably increased the chain spacing/flexibili ty of the rigid polymer
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network and charged species such as ascorbate  managed to permeate  

the membrane.  This was because surfactants  could not prevent  ions 

from permeat ion.  The selectivity propert ies  were therefore  not 

improved compared to previous cellulose aceta te  (Koochaki  et  al 1991) 

or polyestersulphonic  acid (Wang 1990) membranes .

No general ised impact on the linear  range of glucose cal ibrat ion curves 

with detergent-modif ied  PVC inner membranes  was observed, although 

a decrease  in signal size was obta ined due to the diffusional barr ie r  to 

H 20 2 presen ted  by the modified membranes  (Figure 4.4.2). An elevated 

linear  range was obtained with de te rgen t- incorpora ted  PVC (external) 

membranes .  However the linearity did not correspond with the 

clinically relevant  range of 2-20 mM (Figure 4.4.3). F rom  the 

magnitude of the responses it may be concluded that  the 

detergent-modif ied  membranes  were highly perm eable  to glucose.

4 .6  S um m ary

Plasticised polyvinyl chloride membranes  similar to those used in 

ion-selective electrodes  but without any specific affinity molecules (e.g. 

ion exchangers or neuiral  carriers) have been successfully exploited as 

permselect ive barriers  in am perom etr ic  enzyme electrodes . Fluxes of 

specific classes of molecule investigated, especially uncharged aromatic  

compounds gave enhanced e lectrode responses coupled with extreme 

selectivity against charged species.  Par ticularly important  is the virtual 

exclusion of the in te rferents  found in biological matrices  (e.g. blood, 

serum) which pose problems during amperometr ic  biosensor 

development.  The part it ioning behaviour  of the incorporated 

plasticisers has supported  the selectivity characteris tics  of the
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membrane.

Plasticised polyvinyl chlor ide has been  successfully employed in internal 

membranes  of amperometr ic  electrodes. The enhanced permselectivity 

together  with the improved linear  range in aqueous solut ion meant  that 

the sensors could be used for  glucose determination .  The resulting 

electrodes also showed lit tle or no fouling in serum and therefore  could 

be used to measure  glucose in biological matrices  accurately. The 

selectivity of plasticised polyvinyl chloride was much improved 

compared to conventional permselect ive membranes.  Therefore  

polyvinyl chloride may be used for  fu ture  clinical biosensor  

development.

Detergent-modif ied  polyvinyl chloride did not  give the desirable 

selectivity proper t ies .  A general ised increase in perm eat ion  of all 

electroact ive species was found including ascorbate .  No part icular  

effect on linearity of glucose response was observed when employed as 

an internal membrane.  An extension of the l inear  range was not iceable 

when the membranes  were uti l ised externally a l though this was not 

within the re levant clinical range.
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C H A P T E R  F I V E  - P O L Y E T H E R S U L P H O N E  M E M B R A N E S

5.1 I N T R O D U C T I O N

Polysulphones generally contain sulphone ( -S 0 2) groups in the main 

polymer chain. They are  polysulphide derivatives and can be p repared  

by o x id a t io n  of p o ly su lp h id e s  w i th  h y d ro g en  p e ro x id e .  

Polyethersulphone constitutes  one type of polysulphone.  However  

polyarylsulphones and polysulphones are the o ther  main groups (Figure

5.1). Two general  methods for  polysulphone p repara t ion  are used, 

including polyetherif icat ion and polysulphonylation. Polyetheri f icat ion 

involves nucleophil ic  subst itut ion of aromatic  halogen by phenoxy ions. 

The  reac t ion  is carr ied  out in 2 stages at 130-250 °C in ch lorobenzene  

or  dimethylsulphoxide (solvents).

Polysulphonylation involves electrophi lic  subst i tut ion in 2 steps of 

a rom at ic  halogen by sulphonylium ions, i.e.
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Structural  uni t T g  D e s i g n a t i o n

so2—

230°C Polyethersulphone•O—S O ,

290°C  Polyarylsulphone■S02

•O—  190°C PolysulphoneSO,-

F ig u re  5.1

D i f f e r e n t  types  of p o ly su lp h o n e s  (Tg  = glass  t r a n s i t i o n  
t e m p e r a t u r e ) .
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The reactions are  done in n i t robenzene or te trachloroethylene at 100°C 

to 250 °C in the presence of a Friedel-Crafts  catalyst e.g. ferr ic chloride.

The sulphone group is highly po lar  therefore  the polymers possess high 

softening temperatures .  However e ther  l inkages may be introduced to 

reduce chain stiffness. The polymers are soluble in organic solvents e.g. 

aniline, dimethylacetamide,  pyridine and are resis tant to dilute acids 

and alkalis. Polyethersulphone membranes  have been  widely used for  

u l traf i l t ra t ion (Kotezelski et al 1991; Kim et al 1992), microfi lt ration 

and reverse osmosis (Kinzer  et al 1985). They are generally prepared  

by using a phase-inversion technique (discussed in chapter  one).  These 

membranes  provide a screening bar r ie r  in biosensors  for  the passage of 

anionic interf erents including ascorbate,  and perm eat ion  of parace tamol  

is also reduced. They are mechanically robust and can be easily 

deposited into needle- type sensors (Vadgama et al 1989; Churchouse et 

al 1986).

Polysulphone has been  sulphonated to varying degrees by using a 2:1 

mixture of sulphur trioxide and tr ie thylphosphate  as the sulphonating 

complex. The react ion was done at room tem pera tu re  in 

1,2-dichloroethane. The resulting polysulphone sulphonic acid was 

neutral ised with sodium methoxide to give the sodium salt  ( S 0 3‘ Na+) 

(Noshay and Robeson 1976). The salt form was only soluble in polar  

organic solvents such as dimethylformamide,  dimethylsulphoxide, 

methylpyrrolidone and diethylene glycol monoethylether.  Polysulphone 

membranes  of in termediate  sulphonation content exhibited greater  

hydrophilicity allowing enhanced water  flux and improved salt  rejec tion
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during reverse osmosis compared to unmodified  polysulphone.

The following study was aimed at evaluating the selectivity of both 

dipcoated  and "cast" membranes . The proper t ies  of three different  

polymers of varying sulphat ion content were considered.

5.2 N eed le  e lec trod es

5.2.1 Com parison of bare and coated  responses

Calibrat ion curves for  hydrogen peroxide and ascorbate  (0-1.0 mM) 

were constructed as shown in Figure 5.2,la-f  and Table  5.2.1a-c. For 

the 20:1 (sulphonated ratios) polymer a significant reduction in 

response to hydrogen peroxide occurs on dipcoat ing al though the 

ascorbate  response remains essentially unal tered .  However if 

dimethylformamide (DMF) or a mixture of D M F and 2-methoxyethanol  

are used, the coated response to ascorbate diminishes to a g reater  

extent.

For the S = 5 (with a sulphonation ratio of 5:1) polymer a marked 

decline in H 20 2 response does not  occur but there is an accompanied 

diminution in ascorbate flux (Figure 5.2.1a and d). The results are also 

indicated by the Bare:Bare and Coated :Coated  selectivity ratios for  

H 20 2 : Ascorbate  (Table 5.2.1a). For  the 10:1 polymer there is a 

diminution in H 2O a response on coating which is not as pronounced as 

the S = 5 polymer al though there is an accompanied decrease in 

ascorbate response (Figure 5.2.1b and e). The Coated (H20 2):Coated 

(Ascorbate)  (in dimethylsulphoxide) selectivity ratios  are improved 

compared to the 20:1 polymer (Table  5.2.1c).In general  selectivity for 

H 20 2 over ascorbate  worsens for  each polymer if dimethylsulphoxide
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(a)

Selectivity
ratios

D M F alone A 3:1 solvent 
ratio of
DMF:2 methoxy- 
e thanol

DMSO alone

Bare : Coated
H 2O 2 : H 2O2 2.6 : 1 1.3 : 1 1.2 : 1
ASC : ASC 150 : 1 70 : 1 9 : 1

Bare : Bare 
H 20 2 : ASC 8.2 : 1 10.4 : 1 6.4 : 1

Coated : Coated 
H 20 2 : ASC 470 : 1 545 : 1 59.5 : 1

(b)

Selectivity
ratios

D M F alone A 3:1 solvent 
mixture of 
DMF:2 methoxy- 
ethanol

DMSO
alone

Bare : Coated 
H 2O 2 : H 20 2 8.9 : 1 4.7 : 1 1.97 : 1
ASC : ASC 17.5 : 1 25 : 1 3.25 : 1

Bare : Bare 
H 20 2 : ASC 6.7 : 1 8.9 : 1 5.76 : 1

Coated : Coated 
H 20 2 : ASC 13 : 1 53 : 1 9.5 : 1

T ables 5 .2 .1a  and b

Com parison of bare and coated  responses for hydrogen peroxide and 
ascorbate for d ipcoated  p o lyethersu lphone m em branes (a )  S = 5 and
(b) 20:1 on n eed le  e lec trod es .
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(C )

Selectivity ratios A 3:1 solvent mixture 
of D M F  : 
2-methoxyethanol

Dimethylsulphoxide
alone

Bare : Coated
H 2O2 : H 2O 2 1.7 : 1 2.9 : 1
ASC : ASC 13 : 1 4 : 1

Bare : Bare
H 20 2 : ASC 6 : 1 8 : 1

Coated : Coated
H 20 2 : ASC 28 : 1 11 : 1

Table  5 .2 .1c

C om parison of bare and coated  responses  for  hydrogen peroxide and 
ascorbate for a n eed le  e lec tro d e  d ipcoated  with  a p o lyethersu lphone  
m em brane (10:1).

190



instead of dimethylformamide or a solvent mixture (dimethylformamide 

and 2-methoxyethanol) is used as the casting solvent. This is clearly 

evident f rom the Coated (H 20 2): Coated (Asc) response rat ios  (Table 

5.2.1a-c). A general ised selectivity pa t te rn  of S = 5 > 10:1 > 20:1 is 

clearly dem onstra ted  with the S = 5 polymer having the greatest  

sulphonation content .

5.2 .2  E ffect  of casting so lvent com posit ion

Table  5.2.2a il lustrates the selectivity ratios for a needle elec trode 

coated  with the S = 5 polymer using three different  casting solvent 

compositions. The results indicate that selectivity for hydrogen 

peroxide over ascorbate,  paracetamol ,  ura te  or cysteine remain  invar iant 

of dimethylformamide or dimethylsulphoxide inclusion and interference 

f rom parace tam ol  still remains. However a dramatic  increase in 

selectivity for  H 20 2 over all of the electroact ive species occurs for  the 

solvent mixture. For the 20:1 polymer (Table  5.2.2b) the selectivity 

ratio for  H 20 2: ascorbate is invariant  of the casting solvent composition. 

The inclusion of 2-methoxyethanol does not improve selectivity for  H20 2 

over ascorbate,  paracetamol  and cysteine compared  to the solvents 

dimethylformamide or dimethylsulphoxide.

5.2.3 E ffect  of polym er concentration

General ly  the permselectivity of each m em brane  is improved by 

increasing the concentrat ion of polyethersulphone f rom 2-4% (w/v) in 

dimethylformamide (Table 5.2.3a and b). However for  the S = 5 polymer 

m embrane  the H 20 2 : paracetamol  selectivity rat io remains  unaffected.  

Figure 5.2.3 i l lustrates  a gradual  decline in flux for  all species
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(a)

Solvent D M F alone A 3:1 solvent 
ratio of
DMF:2 methoxy- 
ethanol

. DMSO alone

H 20 2:ASC 107:1 575:1 116:1

H 20 2:PARA 37:1 383:1 42:1

H 20 2:URA 120:1 575:1 78:1

H 20 2:CYS 87:1 383:1 58:1

(b)

Solvent D M F alone A  3:1 solvent 
mixture of 
DMF:2 methoxy- 
ethanol

DMSO alone

H 20 2:ASC 16:1 10:1 14:1

H 20 2:PARA 28:1 7:1 27:1

H 20 2:URA 220:1 50:1 59:1

H 20 2:CYS 95:1 45:1 35:1

T ables 5 .2 .2a  and b

E ffect  of so lvent variation  on the se lectiv ity  ratios of a number of 
e lectroactive  sp ec ie s  for  p olyethersu lphone m em branes  
(a) S = 5 and (b) 20:1 on n eed le  e lec trod es .
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(a )

Selectivity ratios 2%  PES (w/v in DM F) 4% PES (w/v in DM F)

H 20 2 : Ascorbate 32 : 1 107 : 1

H 20 2 : Ura te 177 : 1 120 : 1

H 20 2 : Cysteine 55 : 1 87 : 1

H 20 2 : Paracetamol 41 : 1 37 : 1

(b)

Selectivity ratios 2% PES (w/v in DMF) 4% PES (w/v in DMF)

H 20 2 : Ascorbate 5 : 1 16 : 1

H 20 2 : Urate 14 : 1 220 : 1

H 20 2 : Cysteine 12 : 1 94 : 1

H 20 2 : Paracetamol 16 : 1 28 : 1

T ables 5 .2 .3a  and 5.2.3b

E ffect  of variation  of the concentration  of polyethersu lphone (a)  
S = 5 and (b) 20:1 in dim ethylform am ide on perm selectiv ity .
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associated with increments  in polymer concentration. In te rference  is 

still not iceable  from anionic species (ascorbate  and ura te) ,  parace tamol  

and urate  using 2% polyethersulphone (w/v in dimethylformamide).  A 

significant loss in hydrogen peroxide response occurs on dipcoating 

using 6% (w/v) polyethersulphone.  An optimal concentra t ion  of 

4% (w/v) shows an improved selectivity for hydrogen peroxide over all 

of the species compared to 2% (w/v).

5.3 Oxygen-type e lectrod e

5.3 .1  Perm eability  of cast polyethersu lphone

Both polymer membranes  (10:1 and S = 5) demonstra te  a high degree  of 

permselectivity for  hydrogen peroxide (Figure 5.3.1a and b). They are 

also capable  of rejecting charged as well  as aromatic  species.  This is 

particular ly t rue for  the 10:1 polymer where a high degree of exclusion 

is observed. For  the S = 5 polymer a certain  amount  of in terference 

f rom catechol  and parace tam ol  is clearly seen.

5.3 .2  As the inner m embrane of g lucose  e lec tro d es

Interposi tion of polyethersulphone (4% w/v)  between the enzyme layer 

and working elec trode results in a marked diminution in response 

compared to the 0.03 /um polycarbonate m embrane  e.g., at  2 mM there 

is a 85-90% decline in hydrogen peroxide flux. The linear  range 

remains essentially unal te red  (5-6 mM) for  polyethersulphone compared 

to polycarbonate  internal membranes  (Figure 5.3.2).
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5.4 Discussion

It is clearly evident f rom Table  5.2.1a and b that  each polymer possesses 

unique permselectivity propert ies .  The S = 5 m em brane  selected against 

ascorbate to a much greater  extent that the 20:1 polymer. This may be 

due the high concentrat ion of pendan t  su lphonate  (anionic)  groups in 

the S = 5 polymer. Therefore  the variabili ty in permselect ive propert ies  

can be accounted  for by knowledge of the molecular  

s t ruc ture /organ isa t ion  and dispersion of sulphonate  groups present  in 

the membranes.  A decrease  in response size for  hydrogen peroxide and 

ascorbate was obtained after  dipcoating using each polymer solut ion 

(Figure 5.2.1a-f). This is probably because the presence of an 

addi t ional  film (barr ier)  across the e lectrode which lead to a reduction 

in the steady-state concentra t ion  gradients  and hence decreased 

responses, Polyethersulphone cation exchange membranes  have been 

used for electrodialysis and can be p repared  by including ion-exchangers 

into polymer solutions (Zschoke & Quel lmalz  1985) with subsequent  

immersion into water.

From Table  5.2.2 it appears  that polyethersulphone membranes  selected 

against perm eat ion  of ascorbate,  ura te  and cysteine. The  mechanism of 

permselectivity may be partly d ependen t  on difference in molecular  

weight but  this does not appear  to be the case here  where ascorbate 

(MW 198) was re jected al though parace tam ol  (MW 151) was not. 

Therefore  discr imination between various electroact ive compounds was 

also achieved by the presence of negatively charged (su lphonate)  groups 

in the polymer matrix. This results in the fo rm at ion  of ion (cation) 

exchange membranes  which allow perm eat ion  of neu tra l  hydrogen
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peroxide but prevent  access of negatively charged species (co-ions) 

e.g. ascorbate.  A  similar mechanism of permselect ivity exists for  o ther  

cation exchange membranes  including:- cellulose acetate ,  

poly(ester-sulphonic) acid (Wang et al 1991) and Naf ion (Harr ison  et 

al 1988).

Poly(ester-sulphonic)  acid has a similar molecular  s tructure to 

polyethersulphone consisting of a hydrophobic polyester  backbone and 

sulphonated exchange sites. The selectivity against ascorbate  for these 

m embranes  was determined by measuring the response ratios 

(m embrane-coated  : bare)  and was found to be 0.03 according Wang et 

al (1991). In comparison the polyethersulphone (S = 5) polymer gave a 

ratio  of 0.0066 and cellulose ace ta te  gave a value of 0.03 (Koochaki  et 

al 1991). Therefore  polyethersulphone selected against ascorbate  to a 

much g rea ter  extent than the o ther  membranes.  Also, according to 

Churchouse et al (1986) polyethersulphone m em branes  were much more 

robust and could reject a g reater  amount  of pa race tam ol  than  cellulose 

acetate.

From Table  5,2.2 it can be seen that  m embrane  s truc tu re /perm eab i l i ty  

can be al tered  by using solvent/non-solvent  mixtures containing 

dimethylformamide and 2-methoxyethanol  dur ing casting. This could 

lead to pore formation  due to the presence of the non-solvent  pore 

fo rm er  (2-methoxyethanol) .  Therefore  these m em branes  may act as 

molecular  sieves as well as having ion-exchange charac ter  leading to 

increased permselectivity for  hydrogen peroxide. An analogous 

m em brane  was formed by the inclusion of e thanol  (pore-former)  in the
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casting solut ion containing cellulose acetate and acetone (Chawla and 

Chang 1975). Yasuda and Tsai  (1974) also suggested that  the mechanism 

of pore fo rm at ion  is similar to that in cellulose acetate .  The  important  

factors are the rate of solvent removal and rate of water  or nonsolvent 

entry during m em brane  formation.  Porosity is increased by ei ther  

increasing the tem pera tu re  of the water  coagulat ion bath or decreasing 

polymer concentrat ion.  Scanning electron micrographs of the resul tant  

membranes  (Zchocke and Quellmalz  1985) revealed an asymmetric 

s tructure consisting of a 12 ^ m  thick homogeneous layer supported  by 

a 40 ,wm thick porous substructure. A  detai led  study into the phase 

separat ion  which occur in the polyethersu lphone/so lven t /non-so lven t  

has been under taken  (Lau et al 1991). Non-solvent inclusion into the 

polymer solution resulted in a reduction in the solvating ability of the 

solvent leading to eventual  polymer precip ita tion.  Polyethersulphone 

itself was shown to be hydrophilic and formed a close associat ion with 

water  during m em brane  formation. Hence it may be possible that

2-methoxyethanol,  also a pola r  molecule  could form a close interaction 

with the polymer in an analogous manner .

The permselectivity of polyethersulphone has been  shown to increase 

with a higher  polymer concentra t ion (Table 5.2.3a-b and Figure 5.2.3). 

This is possibly due to the thicker  diffusion limiting barr ie r  presented  

at a concentra t ion  of 6% w/v and there  is an associated higher  level of 

sulphonate groups.

The permselectivity of "cast" polyethersulphone is shown in Figure 

5.3.1a and b. The perm eat ion  fea tures  are similar to dipcoated
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membranes  and show cation exchange character .  As expected a 

decrease in hydrogen peroxide flux occurs when polyethersulphone is 

included as the inner  m embrane  of a glucose electrode (Figure  5.3.2).

5.5 Sum m ary

Results have demonstra ted  the permselectivity proper t ies  of dipcoated  

and "cast” polyethersulphone membranes  which are  able to reject 

negatively charged species.  Selectivity for  hydrogen peroxide was 

different for  each polymer. The S = 5 polymer exhibi ted the highest 

whilst  the 20:1 polymer showed the lowest selectivity for  hydrogen 

peroxide. An increase in polymer concentra t ion  lead  to improved 

permselectivity which was also governed by the solvent composi t ion used 

for  casting. The ideal casting solution composi tion consisted of a 

mixture of dimethylformamide and 2-methoxyethanol.
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C H A P T E R  SIX - P O L Y U R E T H A N E  M E M B R A N E S

6.1 I N T R O D U C T I O N

Polyurethane polymers also known as polycarbamates  (from carbamic 

acid) contain u re thane  groups (NH-CO-O-)  in the main polymer chain. 

These groups are derived f rom the addi t ion  in terac t ion  of an isocyanate 

and a hydroxyl compound:-  

R-NCO + H O -R '  RNHCOOR* (6.1a)

When a diisocyanate and a diol react  together  a l inear  polyurethane is 

formed although a branched polymer is formed if the diol is replaced by 

a polyhydric compound (polyol). The  type of polyure thanes  called 

"Thermoplast ic elastomers"  are commonly used in biomedical  

applications, and are p repared  by reac t ion  of l inear  hydroxyl- terminated 

p o l y e s t e r s  ( m a in l y  a d i p a t e s )  o r  p o l y e t h e r s  ( c o m m o n l y  

polyoxytetramethylene glycol), di isocyanates (4,4' diisocyanate) and 

glycols (ethylene glycol and 1,4 bu taned io l ) .  The resul tant  block 

polymer is made up of a l ternat ing  polyester  or polyether  blocks (soft 

segments) and polyure thane blocks (hard segments) e.g. the 

polye therure thane  "Pel le thaneR" is a block  copolymer consisting of a 

long l inear  polyether  segment compris ing the u re thane  and aromatic  

groups (Bouvier et al 1991).

[ O H  H O  r T 0  H  . H 9

Polyure thane has been  mainly used as an external  m embrane  for  

needle-type sensors (Sternberg et al 1988; Shichiri  et al 1982; Vadgama
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et al 1989; R ea  et al 1985). The mater ia l was util ised because it could 

be dipcoated easily f rom a solution in o rder  to form thin, robust 

membranes,  and addit ional layers could be applied once the initial  

m embrane  was deposited.  One of the major  problems associated with 

enzymatic biosensors is that  most enzymes obey classical 

Michaelis-Menten kinetics.  Therefore  the enzymic reactions are 

non-linear  with respect to subst rate  as manifested by a finite Km 

(Michaelis constant)  which if small results in a poor  l inear  dynamic 

range. The m em brane  characteristically maintains oxygen (cosubs tra te  

for  oxidases) flux to the enzyme active site relat ive to subst rate 

transport.  Therefore  the enzyme does not  become sa tura ted  with 

subst rate  rapidly and the oxygen supply is no longer  rate-limiting. A 

combination of these effects results in an increased apparen t  Km at the 

expense of reduced sensitivity and prolonged response times. A 

f ine-tuning mechanism exists for  control of subs t ra te /cosubs tra te  

t ransport  in order  to optimise the linear  range and sensitivity of 

subst rate  detect ion. General ly  if the enzyme activity is high, thick 

membranes  may be required  to limit subst rate diffusion although 

th inner  dense membranes  are p referable .  Polyurethane also reduces the 

dependence  of sensor response on external  variables  e.g. mass transfer  

rate,  pH, tem pera tu re  and oxygen variat ions  (Bindra et al 1991; 

Vadgama et al 1989; Weiss and Camman 1988; K erner  et al 1988) since 

the response is no longer kinetically controlled. A combined  hydrogel 

(polyhydroxyethylmethacrylate) and polyurethane has also been 

employed as a diffusion-limiting bar r ie r  (Shaw et al 1991). H ere  sensor 

response was unaffected by a reduction in oxygen tension from 20 to 

5 kPa. This is partly a t t r ibuted  to a grea ter  permeabil ity  to oxygen
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compared to glucose of the outer  polyhydroxymethacrylate /polyurethane 

membrane.  Therefore  the sensor  should opera te  in subcutaneuous 

tissue where f luctuations in oxygen levels often occur.

Low permeabil ity  polyure thane may be used to reduce the rate of 

hydrogen peroxide production at the enzyme layer which is a known 

dena turan t  of glucose oxidase (Kleppe 1966). Hydrogen peroxide was 

particularly effective in denatur ing the reduced form of glucose oxidase 

(E -F A D H 2). It was suggested that  hydrogen peroxide reac ted  with 

methionine res idues  in the enzyme prote in  close to the active site. It 

was also proposed  that  hydrogen peroxide reac ted  with glucose oxidase 

to give semiquinones  and hydroxyl radicals.

E -F A D H 2 + H 2Oa E-FAD’ + O H  + H 20  (6.1b)

The hydroxyl radicals could p romote  oxidation of the semiquinone form 

to produce oxidised glucose oxidase.

In this par t  of the work, the p reformed polyure thane (Pelle thane  

2393-90AE) for  the fabricat ion of glucose or lactate  needle  biosensors 

will be explored. The suitabili ty of this mater ia l  was assessed following 

its incorporat ion  over enzyme electrodes  and an evaluat ion of e lectrode 

performance in aqueous buffer made and compared  against o ther  

polyurethanes.  The effect of hydrochloric acid t re a tm en t  of 

polyure thane on storage stabili ty will be determined.  An addit ional  

study using preformed "Pellethane" films in 2-electrode am perom etr ic  

e lect rodes  was carried out. The selectivity of these par t icular  

membranes  was de term ined  and the possibili ty of using these as interna l  

membranes  also explored.
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6.2 Results

6.2.1 Polyurethane surface structure

From Figures  6.2. l a  and b for  dipcoated polyure thane ("Pellethane").  It 

is evident that  a smooth external  surface is provided by the elec trode 

containing an interna l  polyethersulphone screening membrane.  No 

evidence of pores is seen (Figure 6.2.1b). The surface of the electrode 

coated with polyurethane alone was not  uniform and exhibited a p i t ted 

surface (Figure 6.2.1a).

6.2.2 Polyurethane comparative stabilities and diffusional  

limitation

From Table  6.2.2 the optimised performance  of a glucose or lactate  

sensor with "Pellethane" as the ou te r  diffusion-limiting m em brane  was 

compared to sensors using the polyure thanes  "Trixene" or "Estane". A  

variat ion in the number  of applied  coats and the concentra t ion of 

polyure thane was required  to cons truct  sensors exhibiting similar 

response times (T90), extensions in linearity and responses (n A /m M ) to 

substrate.  The "Estane" appeared  to be the most diffusion limiting, 

followed by "Pellethane" and "Trixene" respectively al though Trixene 

gave the most stable sensors.  Stabili ty studies for  enzymic (Figures 

6.2.2a and b) and non-enzymic (Figure  6.2.2c) for the polyure thane 

"Pellethane" indicated that the responses  stabilised af ter  at  least 4 days. 

An initial  increase  in response was observed in all cases followed by a 

steady value. Dry storage between measurements  led to more 

stabi lisa tion of sensor  performance than storage under  wet conditions 

buffer  at  24 °C.
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F ig u re  6.2.1

Scanning electron micrograph of a dipcoated polyurethane 
membrane of a needle e lectrode,(a) without an internal 
polyethersulphone layer and (b) with a polyethersulphone  
membrane
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Polyurethane

Pellethane 
(3% w/v in THF)

Trixene SC 762 
(10%, 16%, 33% 
50% v/v in THF)

Estane 5724fl 
(5% w/v in THF)

Maximum
linear
range
(mM)

30
(glucose)

24
(lactate)

40
(glucose)

12-14
(lactate)

38
(glucose)

Response 
Time Tw 
(minutes)

5-7

5-7

5-7

5-7

3-4

Number of Initial 
coats Slope

required (nA/mM)

0.5

Stability

1.0

0.4

1.0

1.8

Acceptable 
after 4-6 
days (dry/ 
wet) and 5-8 
days (wet)

Stable for 
> 5  days 
dry/wet

Stable for 
only a few 
hours (dry/ 
wet)

T a b l e . 6.2.2

C o m p a r i s o n  of the  in v i t ro  p r o p e r t i e s  of t h r e e  d i f f e r e n t  
p o l y u r e th a n e s  in a q u e o u s  so lu t io n .
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6.2.3 H ydrochloric acid treatm ent

The impact of hydrochloric acid t rea tm en t  on polyurethane (Estane 

5724f 1) is i l lustrated in Figure 6.2.3. There  was an initial  amplificat ion 

in sensor response however no s tabil isat ion occurred.

6.3 Polyurethane "cast" m em branes

6.3.1 Surface exam ination

The scanning electron micrographs of cast polyure thane membranes  

(Figures 6.3.1a and b) indicated the presence of a non-porous almost 

uniform structure.

6.3 .2  Selectiv ity  of "Pellethane" m em branes

"Pellethane" (1-2% w/v)  cast f rom te trahydrofuran  exhibited limited but 

measurable  solute permeabil ity  when placed on the 2-electrode 

amperometr ic  cell system in 0.2 mM test solutions of H20 2, ascorbate,  

ura te  and paracetamol .  Pel le thane membranes  (0.5% w/v)  were very 

fragile and showed no p referen t ia l  selectivity towards ascorbate,  urate  

or parace tamol  compared to hydrogen peroxide (figure 6.3.2). The 

following selectivity ratios were obtained for  H20 2 : ascorbate,  

paracetamol ,  u ra te  respectively (3.7:1, 2.3:1, 2.3:1) for 0.5%

polyurethane (w/v in te t rahydrofuran)  coated membranes.

6.3.3 Inner m embrane of g lu cose  e lec tro d e

Util isat ion of polyure thane as an in terna l  m em brane  resulted in a 

marked diminution in peroxide response,  accompanied by an extension 

of the l inear  range from the 3 mM value  found with polycarbonate films 

to 8 mM (Figure 6.3.3). However a maximal sensitivity of only 1.2 nA 

for  a glucose concentra t ion of 16 mM was only achieved.
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Figure 6.3.1

Scanning electron micrographs of cast polyure thane "Pellethane" 
membranes .
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20

h2o 2 p a r a  a s c  u r a  

Electroactive species  (0.2 mM)

, I 1.5% PU

1.0% PU 

0.5% PU

F ig u re  6.3.2

P e r m e a b i l i t y  p r o p e r t i e s  of a t e t r a h y d r o f u r a n - c a s t  (0 .5 % -1 .5 %  
w /v )  p o l y u r e th a n e  "P e l le th a n e"  m e m b ra n e s  t e s t e d  on an 
a m p e r o m e t r i c  oxygen cell .
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6.4 D iscussion

The polyure thane "Pellethane" cast onto a glass surface appeared  to be 

impermeable  to most solutes including glucose. Scanning electron 

micrographs of the surface (Figure 6.3.1a and b) showed a distinct 

absence of pores which must restrict solute t ransport .  This is in 

accordance with previous results obtained by Churchouse et al (1989) 

and Lelah et al (1985). In contrast films dipcoated onto needle  

electrodes  were showed definite permeability to glucose a l though actual 

"pores" were not  visible from the SEM of Pel le thane  (Figure 6.2.1). 

However  ear lier  SEM analysis of dipcoated Trixene SC762 (Churchouse 

et ai 1986) demonstra ted  the presence of pores which should facil i tate 

diffusion to the electrode.

A comparison between the different diffusion-limiting proper t ies  of the 

3 polyure thanes was carried out (Table 6.2.2) because  of the apparent  

number  of polyure thane coats required to produce sensors with similar 

characteristics.  Sequentia l  dipcoating using increasing concentrat ions  

of polyure thane (Trixene SC762 and Pellethane)  lead to a progressively 

increased l inear  range. The results agree with those of V adgam a et al 

(1989) for the Trixene SC672 prepolyurethane.  The results signify that  

increasing m em brane  thickness caused enhanced substra te  diffusion 

leading to an extension in enzyme apparent  Km hence increased 

linearity.  It was advantageous to use "Pellethane" since the number  of 

dipcoats required  was reduced to 2 or 3 and a low concen tra t ion  was 

needed.  The "ideal" polymer was "Estane 5724fl" since a single 

appl ication of the membrane (5% w/v in te t rahydrofuran)  in 

conjunction with an in ternal  polyethersulphone m em brane  resulted in
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a linearity of 38-40 mM with enhanced sensitivity and short  response 

times, though R ea  et al (1985) only obta ined a maximum linearity of 

12-13 mM using the same polymer but an interna l  cellulose acetate  

membrane.

According to Vadgama et al (1989) repea ted  coating using Trixene 

SC762 was ineffective in extending linearity for  glucose beyond 20 mM. 

However 2-3 coats of "Pel le thane’' (3% w /v  in te t rahydrofuran)  resulted 

in enhanced linearity for glucose ( ~ 3 0  mM). The results are a 

considerable  improvement f rom those obta ined by Bindra et al (1991) 

where a maximal range of ~14  mM for glucose was achieved using 

polyurethane. Sternberg  et al (1988) also found multiple dipcoats of 

3.5% polyurethane (in 98% te trahydrofuran,  2% dimethylformamide)  

gave an extended linear range.

From table 6.2.2 it is evident that storage stability was affected by the 

type of polyure thane used. Pe l le thane  (po lye therure thane)  and Estane 

(polyesterure thane)  membranes  were f rom form ed polyurethane,  had a 

lower initial stabilty than Trixene. Trixene is a polymer precursor  which 

polymerised over the e lectrode and appeared  to be more solvent 

( te trahydrofuran)  res is tant and was preferable  as multilayers,  giving a 

more rigid structure.  The hydrolytic stabili t ies closely corre la te  with the 

polymer diffusion-limiting propert ies  according to Pavlova et al (1984). 

It was found that polyurethane oligomers based on polyetherpolyols 

(similar to Pel le thane)  possessed a lower diffusion velocity than 

polyesterpolyol based polyure thanes (similar to Es tane)  and showed 

enhanced stability in aqueous /a lka l ine  media. The different diffusion

217



velocities can be deduced from the initial  slope measurements  from 

Table  6.2.2, where Pel le thane gave a sensitivity of 0.5 n A /m M  and 

Estane 1.8 n A /m M . Gunat i ta l lake  et al (1993) suggested that  hydrolytic 

stability was dependen t  on the hydrophobic nature  of the par ticular  

polymer which in turn is governed by the carbon:oxygen ratio of the 

macrodiol used for polyure thane synthesis.

Pel le thane performance  may be preferable  for pract ical  use because 

electrodes  fabr ica ted  using the mater ia l  gave a more  steady response 

af ter  a 4-8 day period (Figures 6.2.2a-c). An increase in current  

followed by stabil isat ion was observed in each case. A similar  pa t te rn  

of s tabi lisat ion was observed for enzymic and non-enzymic sensors 

therefore  signal drift  due to the gradual  inact ivation of enzyme by 

hydrogen peroxide during the first  few days could be ruled  out. Also 

Sternberg  et  al (1988) assessed enzyme activity of e lec trodes  using 

radiolabelled 125I-glucose oxidase. No significant re lease  of 

radiolabelled  enzyme occurred during the first  two weeks of sensor  use 

and the enzymatic response also remained constant.  Signal drift could 

have occurred because of hydrolytic and swelling processes of 

polyurethane membranes  as the residual solvents were replaced by water  

during the conditioning per iod thereby leading to an increase in 

substrate  permeabil ity.  The results are consistent with Bindra, Zhang 

et al (1991) and Weiss and Camraan (1988). The sensor  could therefore  

be used af ter 4-5 days storage in buffer.

Bindra, Zhang et al (1991) used their sensors af ter  3-days buffer 

storage. According to these workers buffer t rea tm en t  was required for
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removal of leachable  toxic substances such as residual organic solvents 

used for  membrane  dipcoating and excess glutaraldehyde.  Storage under  

aqueous conditions caused hydrolytic/swelling reactions of membranes  

and lead to a larger  response size compared with sensors under dry 

storage. Hydrochloric  acid hydrolysis of polyure thane (Estane 5724fl)  

did not result  in a stabil isation of response (Figure 6.2.3). However it 

was expected f rom evidence (Pavlova et al 1984) that  polyure thane 

containing polyester groups possessed a compact cross-linked structure 

which was resis tant  to acidic hydrolysis.

The selectivity studies of p reformed polyurethane membranes  

demonstra te  a general  decrease  in flux of all electroactive species,  

although they were not selective, An increased polymer concentrat ion 

resulted in decreased perm eat ion  as shown in Figure 6.3.2. This may 

have been  due to the denser,  diffusion-limiting polymer matrix 

presented  by the membranes.  The results are in accordance with 

Sternberg  et al (1988) where the glucose : ascorbate  selectivity ratio was 

220 : 1 in the absence of polyure thane and subsequently reduced to 

11 : 1 on polyure thane coating.

Polyure thane inclusion as an interna l  membrane  of a glucose enzyme 

laminate  caused a marked diminution in response which is expected 

since it reduces H 2O aflux as shown in Figure 6.3.2. An improvement in 

the l inear  range was obtained (Figure 6.3.3) possibly due to the 

enhanced oxygen back permeabi lity f rom the p latinum electrode (Ziegel  

1971). Therefore  electrochemically generated  oxygen (co-substrate)  

could be re ta ined  in the enzyme layer so that  the oxygen level was not
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rate-limiting.

6.5 S um m ary

The results have shown the surface morphological  fea tures  of 

polyurethane membranes.  Polyurethane incorpora t ion  as external 

membranes  in needle electrodes  was a t tempted.  The 3 different  

polymers tested showed very variable diffusion-limiting character ist ics  

as determined by the polymer concentra t ion and the number  of layers 

required. Sensor stability in aqueous solution was also governed by the 

type of polyurethane,  in the o rder  Trixene > P e l le thane  > Estane.  

Stability was also de term ined  whether  wet or dry storage conditions 

were used. For long-term use the polyure thane "Pellethane" was 

suitable after  a 3-4 stabil isat ion period. Hydrochlor ic  acid t rea tm en t  of 

Estane 5724fl did not  have any appreciable  impact on sensor storage 

stability.

Preformed polyure thane membranes  did not show any preferential  

selectivity towards H 20 2. Also membranes  cast using a low 

concentra t ion of polymer proved to be fragile.  An  improvement in 

l inearity was found when included as in ternal m em branes  al though there 

was a considerable  decline in hydrogen peroxide flux. It may be 

concluded that  preformed polyure thane will have limited applica tion for 

sensors.
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C H A PTER  SE V E N

LA CTATE A N D  C H O LESTER O L E N Z Y M E  E L E C T R O D E S

7.1 IN T R O D U C T IO N

During anaerobic  glycolysis, glucose is converted to pyruvate resulting 

in the formation  of N A D H  from N A D + (a continual  supply of the la tter  

is essent ial  for  glycolysis to proceed).  If conditions remain  anaerobic  

(anoxia) the pyruvate equil ibrium is disturbed and it becomes readily 

converted to lactate via the lactate  dehydrogenase reac t ion  which then 

regenera te s  the supply of N A D +.

C H 3C O C O O H  + N A D H 2 ^  C H 3C H (O H )C O O H  + N A D + (7.1a)

In aerobic  conditions pyruvate is t ransferred  across the mitochondrial  

membrane and instead oxidised via the tricarboxylic acid cycle to form 

acetyl Coenzyme A (catalysed by the enzyme pyruvate dehydrogenase).  

In this case the production of lactate is prevented .  Pyruvate and lactate 

are also important  precursors  of gluconeogenesis  in the liver and 

kidney, and these  tissues are therefore  responsible for  lac ta te /pyruvate  

reuti l isat ion to glucose. Lacta te  m easurem ent  therefore  has value in 

clinical practice.

Major  t issues responsible  for lactate product ion  include the skeletal 

muscle,  skin and erythrocytes.  Normal lactate levels in venous blood 

are in the range 0.4-1.3 mM (Albert i  and Natt rass  1977), and if above 

2 mM lactic acidosis is considered to occur.

Type A lactic acidosis occurs due to poor  oxygen delivery to tissues in 

cardiovascular  shock or hear t  surgery, septicaemia, severe anaemia  or 

left-ventr icular fai lure.  M easurem ent  of lacta te  is the re fore  especially
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useful in critically ill pat ien ts,  and re lates  to the severity and type of 

metabolic  disturbance.  The metabolic  status of a d iabet ic  pa t ien t  can be 

de te rm ined  since insulin infusion leads to a l te red  lactate levels. 

Therefore  a combined, continuous b lood/ t i ssue  glucose and lactate 

m easurem ent  system may permit  the development of physiologically 

important  b iofeedback systems e.g. "artificial pancreas"  for insulin 

delivery and therefore  be t te r  metabolic  regula t ion (Mascini et  al 1985). 

Per iphera l  blood lactate levels will increase dur ing poor  oxygen 

ut il isa tion by tissues (Type B lactic acidosis); this can occur in many 

disease states e.g. cancer,  leukaemia  and diabetes  mellitus,  and also 

af ter  exposure to ethanol,  phenformin and f ructose which often results 

in an elevated [ lactate] /[pyruvate]  ratio.

Lacta te  level assessment could also be useful during tra in ing of ath letes  

(Palleschi et  al 1990) e.g. the anaerobic  threshold of lac ta te  production 

can be de termined.  This occurs for  muscle when a cer ta in  work ra te  is 

exceeded result ing in a s teep increase in the lacta te  level. Also lactate 

m easurem ent  in the cerebrospinal  fluid could help to distinguish 

between viral and bacter ia l  meningitis and perhaps  indicate any cerebral  

oxygen insufficiency.

Noy et al (1979) employed a f luorometr ic  method which util ised di luted 

blood and used lactate  dehydrogenase measuring the production of 

reduced  N A D + (excitation wavelength = 340 nm; emission wavelength 

= 465 nm). H ere  hydrazine was included in the assay medium to trap 

pyruvate and pull  the react ion equil ibrium towards N A D H  format ion.
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Amperometric  methods have also relied on sample di lution e.g. the 

Roche lactate analyzer (Soutter  et al 1978), here  the enzyme 

cytochrome b2 (L-lactate:ferricytochrome c oxidoreductase EC 1.1.2.3) 

was used and hexacyanofeFrate (III) was oxidised at a p la t inum 

electrode polar ised at 0.28 V with the production of a current:-  

Cytochrome b 2
'L ac ta te  + hexacyanoferrate  pyruvate + hexacyanoferrate  (7.1b) 

(HI) (II)

2Fe(CN)64‘ -» 2Fe(CN)63' + 2e‘ (7.1c)

Blaedel and Jenkins (1978) described reagentless electrochemical  

lactate measurement  using lactate dehydrogenase with coentrapped 

cofactor (N A D +). Reagentless  assay is also possible using lactate

2-monooxygenase (LOD) f rom M y c o b a c te r iu m  s m e g m a t i s  which 

catalyses the reaction:-

lactate  + 0 2 ace ta te  + C 0 2 + H20  (7.Id)

Mascini et al (1984) proposed an oxygen based electrode for  discrete 

analysis. Problems arose due to background p 0 2 var ia t ion and 

necessi ta ted the use of a second oxygen sensor or p re-equi l ibra t ion  of 

sample to constant p 0 2. Subsequently Weaver  and V adgam a (1986) 

described a continuous flow system in which sufficient air equi l ibra t ion 

occurred during sample dilution avoiding the requ irem en t  for  manual  

pre-equi librat ion.

Lactate  part it ioning be tween red cells and plasma is unequa l  because 

insufficient lactate leaks  out of normal red blood cells. Therefore  any 

dilution which disturbs the par tit ioning equil ibrium may result  in 

serious errors in lactate  measurement  (Piquard et al 1980; Weaver  and
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Vadgama 1986). It is therefore  necessary to permeabil ise  red cells or 

haemolyze blood pr ior to measurement.

A  current  optimum method of substra te  detect ion utilises the enzyme 

lactate  oxidase (from P e d io c o c c u s  Sp.):-  

Lacta te  + 0 2 pyruvate + H 20 2 (7.1e)

Hydrogen peroxide oxidation at  +650 mV vs AgCl reference electrode 

again allows de term ina t ion  of lactate levels. The following investigation 

was aimed to study diffusion-limiting ou ter  membranes  to extend the 

l inear  range of sensor output  above the enzyme Km of 0.8 mM so that  

direct clinical de termina tion  of lac ta te  could be carried out. The 

influence of external variables  and in ternal  param eters  such as enzyme 

concentrat ion were studied. These  experiments  were aimed at assessing 

the needs  for  invasive lactate monitoring.

The second par t  of the chapter  deals with the assay of cholesterol.  

Cholesterol  belongs to the steroid family; these compounds have a 

character ist ic multi-ring s tructure the cyclopentaperhydrophenanthrene 

nucleus. Synthesis is in the liver and then esterified with fatty acids 

(phosphatidyl choline) is then t ranspor ted  in the body as l ipoproteins.  

Non-esterified choles terol is p resen t  in high concentra t ion in brain and 

nerve tissue. It is also a chemical precursor  of s teroid hormones,  cholic 

acid and vitamin D (cholecalciferol) and is a component  of gallstones. 

Normal  total  blood levels are between 3.1-5.7 mM. Elevated blood 

choles terol is associated with atherosclerosis.  In this pathological 

condition, cholesterol  accumulat ion takes place in blood vessels causing 

wall occlusion and eventual hear t  disease. A close relat ion between
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total blood levels and low density l ipoprotein choles terol  is seen. 

Measurement  of choles terol  is thus of general screening value.

Enzymic spec trophotometr ic  assay util ising choles te rol es terase and 

cholesterol  oxidase has been  proposed (Karube 1982). The assay end 

point involves the react ion of hydrogen peroxide (product)  with phenol  

and 4-aminoantipyrine  in the presence of peroxidase to form a coloured 

derivative. However  this and other  methods are complicated and involve 

multiple steps. Assay times are therefore  of ten prolonged, and cost is 

high due to expensive soluble enzyme use. M easurements  may also be 

influenced by interfer ing substances  e.g., bil irubin and ascorbic acid.

Huang et al (1975) described a f luorometr ic  technique to measure  total 

cholesterol in serum. Hydrogen peroxide evolved f rom the cholesterol 

es te r  hydrolase/choles tero l  oxidase react ion was used to oxidize a 

nonfluorescent  to a highly f luorescent  compound in the presence of 

peroxidase i.e.,:-

peroxidase
H 20 2 + homovanillic acid f luorescent  (oxidised

(fluorophor)  compound HVA)
(7 . If)

These workers  found that  a cal ibrat ion curve of f luorescence change per  

5 minutes ( a  f /5  min) against cholesterol concentra t ion was l inear  from 

0-4g of total cholesterol  per  litre in serum. The m ethod was specific, 

precise and accurate with results being comparable  to current  

color imetr ic  enzymatic methods including the L iebarmann-Burchard  

method (r = 0.98).
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Electrochemical methods of cholesterol detect ion involve am perom etr ic  

m easurem ent  of hydrogen peroxide decay at a p la t inum anode  polarised 

at +650 mV or the consumption of oxygen at a p la t inum working 

electrode polarised at -650 mV vs a silver/silver  chlor ide reference 

elect rode.  Ester if ied choles terol is firstly hydrolysed using the enzyme, 

choles terol es ter hydrolase (esterase):-

Choles terol  ester  + H aO Choles terol  + fatty acid (7.1g)

The cholesterol  oxidase then dehydrogenates  the hydroxyl group at the

3-heta posit ion of free  choles terol in the presence of de te rgen t  with the 

concomitant  fo rmat ion  of hydrogen peroxide or the consumption of an 

equivalent  amount  of dissolved oxygen.

Cholesterol + 0 2 -+ Cholest-4-en-3-one + H 20 2 (7.1h)

Clark et al (1981) used a cellulose aceta te  permselective inner  

m em brane  in conjunct ion with an outer  porous polycarbonate  membrane 

in their hydrogen peroxide-cholesterol  sensor. S tandard  solution 

solubilised using sodium deoxycholate was injected directly into a 

heated  (50 °C), thermosta t ted ,  cuvette containing soluble enzymes, 

choles terol  oxidase and es terase . The major  disadvantage of the 

method was that it could not be used in whole blood, as dissolved 

hydrogen peroxide was destroyed by erythrocytic catalase as soon as it 

was formed.

Karube et al (1982) immobilised choles terol oxidase and es te rase in an 

agarose gel while Bert rand et al (1981) reported  the immobil isat ion of 

cholesterol oxidase onto collagen films. This a r rangem ent  allowed 

choles terol to be detected  at concentrat ions  of about  10'8 M and 

produced a linear ca librat ion curve linear  over the range of 107-1 0 s M.
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A second electrode containing no enzyme was used to compensate  for  

electrochemical  in terferences  found in serum. Free  cholesterol  was 

determined in reconst i tu ted sera using this electrode.

Mascini et  al (1983) described an enzyme electrode which relied on 

oxygen consumption. Cholesterol  oxidase was immobilised onto a nylon 

net and fixed onto a Clark type oxygen electrode. This procedure  

allowed the de te rm ina t ion  of unester if ied  and total choles te rol  in 

human bile samples.  A reasonable  corre la t ion coefficient of 0.99 was 

obtained when the results were compared  with a spec trophotometr ic  

procedure.  The lifetime of the electrode was more than  2 weeks during 

which more than 300 determinations  were made.

Dietschy et al (1976) developed a method for  free  and esterified 

choles terol  using an oxygen electrode in a modified glucose analyzer. 

Soluble choles terol  oxidase and cholesterol  es ter  hydrolase were used 

and cholesterol  in ail the major  l ipoprote in fract ions  (VLDL, LDL, 

H D L and chylomicrons) was assayed. This procedure  was utilised for  

the assay of sterols in subcellular fractions of cells. H ere  a high 

concentra t ion of T r i ton  X100 (0.5-2.0% v/v) inclusion in buffer caused 

a marked decrease  in choles te rol  es ter hydrolysis by the decrease in 

choles terol es ter  hydrolase activity. Very large triglyceride particles  

(chylomicrons) which could not solubilised by de tergent  in terfered  with 

the assay, possibly by adsorpt ion onto the teflon m em brane  covering the 

oxygen electrode and interfer ing with oxygen diffusion.

Kameno et al (1977) also repoor ted  a method for cholesterol
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determination using an oxygen electrode. Two procedures  were 

employed; an "end-point method '1 in which the consumed oxygen at the 

end point of the react ion  was measured  until  all the cholesterol  was 

used up, and a "rate method" in which the oxygen consumption at the 

onset of react ion was measured. There  were several problems 

associated with the former  method of detect ion e.g., the chamber  had 

to be of a closed type in order  to isolate the react ion medium from the 

air and also long response times were obtained. For  the lat ter ,  a 

non-linear  re la t ionship  was found between the oxygen consumption rate 

and the concentra t ion of cholesterol.  This was addressed by the use of 

a competitive inhibi tor  and by the use of a low substrate  concentra tion 

in the reaction medium. The choles te rol  es ter  for  the re lease of free 

cholesterol  had to be pre-hydrolysed pr ior  to measurement .  This was 

done using lipoprote in  lipase instead of cholesterol es terase.  Repor ted  

and Christian  (1977) measured  total  choles terol in serum or plasma by 

measuring the rate of oxygen consumption.  These  workers 

pre-hydrolysed serum cholesterol  esters to form free choles terol by 

saponif ication using ethanolic KOH.

Recently total choles terol  was determined by co-entrapment  of 

cholesterol es terase and oxidase in a polypyrrole film (Hin and Lowe, 

1992). In situ en t rapm ent  of cholesterol  oxidase (COD) was realised by 

poising the pla t inum working e lectrode at +800 mV vs a KC1 saturated  

calomel e lectrode in a ni trogen purged supporting electrolyte (0.1 M 

sodium phosphate  with added sodium perchlora te)  containing 0.1 M 

pyrrole and 5 mg/ml COD. The apparen t  Km for choles terol  oxidase was 

compared to 14-33 for  soluble COD (Richmond 1973).
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7.2 N eed le  lactate e lec trod es

7.2 .1  C urrent-voltage re lationsh ips

Lacta te  oxidase was crosslinked with glutaraldehyde (1% w/v)  onto a 

needle  e lectrode and the response to subst rate  at various applied 

polarising potentials  recorded. All th ree  current-potent ia l  curves follow 

a similar response pat tern.  At the lowest polarising potent ia l  (+  100 mV 

vs stainless steel) the amperometr ic  current  is minimal.  This is followed 

by a sharp elevat ion in current  as the potent ia l  is increased f rom 

+ 20G- + 500 mV (Figure 7.2.1). The magnitude of the maximal diffusion 

limited current  is governed by substrate  concentrat ion.  The highest 

current  is obta ined with 1,5 mM lactate.

7.2 .2  E ffect  of po lyurethane on response

Successive applicat ion of increasing concentra t ion of polyurethane 

("Pelle thaneRn5 2% and 3% w/v  in te t rahydrofuran)  causes a progressive 

decrease in sensor  sensitivity with an accompanied increase  in response 

time of 5-7 minutes  (fully-coated) from 20s (uncoated).  Simultaneously 

an increase in the linear range is obta ined (Figures 7.2.2a and 7.2.2b). 

The maximal l inear  range of >28 mM is seen with the applicat ion of 4 

or 5 coats. Sensor sensitivities of 0.8 n A /m M  and 2 n A /m M  for the 

fully coated elect rodes  is obta ined using 3% w/v  and 2% w /v  

polyure thane membranes  respectively. Sequential  applicat ion of 

increasing concentra t ion of polyure thane causes a dramatic  increase in 

linearity and a decreased current  ampli tude even af ter  3 or 4 coats. The 

fully-coated e lectrode (4 coats of "Pellethane") gave a sensitivity of 0.5 

n A /m M  (Figure 7.2.2c) and 1.0 n A /m M  (Trixene SC762) (Figure 

7.2.2d).
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7.2.3 S t i r  d e p e n d e n c e

The response of an optimised (fully-coated) lac tate  e lectrode is stir 

independent  over the 0-22 mM concentra t ion range as shown in Figure 

7.2.3.

7.2.4 p H  d e p e n d e n c e

An opt imised needle  gives pH-independen t  responses between 6.5 and

7.5 (Figure 7.2.4) at  lactate  concentrations  between 2 and 6 mM. The 

lowest response is obtained at a p H  of —5.3 and is followed by a gradual  

rise until pH  5.8.

7.2.5 T e m p e r a t u r e  d e p e n d e n c e

For  an optimised needle  e lectrode an increase in response with 

tem pera ture  elevations f rom 25 to 38 °C is seen (Figure 7.2.5). A 

tem pera ture  dependence of 0.9 nA/°C (2 mM lacta te)  and 1.0 nA/°C 

(4 mM lactate)  is observed as in Figure 7.2.5.

7.3 Oxygen- type  2 - e l e c t ro d e  ce l l  f o r  l a c t a t e

7.3.1 E f f e c t  of p o ly c a r b o n a te  m e m b r a n e  p o ro s i ty

An increase in linear  range and decreased response magnitude is 

apparen t  as polycarbonate  pore size is reduced f rom 0.4 //m to 

0.01 ^m. The highest initial  response is obta ined  for  a 0.4 ^m  

polycarbonate  laminate  although sa turat ion  kinetics are displayed above 

1 mM. Similarly loss of l inearity occurs at porosit ies of 

0.05 jum (2.5 mM) and 0.03 /urn (3 mM). At a porosity of 0.01 gm a 

linear range of - 8  mM at a sensitivity of —50 n A /m M  are obta ined and 

sa tura t ion is incomplete for  the useful clinical range (Figure 7.3.1).
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7.3.2 E f fe c t  of  p H

The influence of pH  on lactate response is seen in Figure 7.3.2. A sharp 

rise in current  between 3 and 5 occurs for  both  1 and 2 mM lactate 

solutions. Between pH 5.5 and 7.0 maximal current  is obtained,  

however this is followed by a decline in magnitude at p H  8-10.

7.3.3 S t i r  d e p e n d e n c e

No significant difference between stir red and unsti rred responses is 

obta ined  for a 0.01 ^m  polycarbonate m embrane  (ou te r) /0 .05  jum 

polycarbonate membrane (inner) laminate  (Figure  7.3.3).

7 .3 .4 En zy m e  lo a d in g  v a r i a t io n

An increase in current  with increasing loading in the initial  enzyme 

reagent  solution (LOD) from 15 m g /m l  to 30 m g /m l  and 60 m g/m l  

(Figure 7.3.4) occurs.  Response sensitivities of 2 n A /m M  and 

25 n A /m M  are observed for the 15 m g/m l  and 60 m g /m l  loadings 

respectively.

7.3.5 S tab i l i ty

The aqueous calibration of a lactate  e lectrode is relatively stable for  

3 days, but declines after  this. The response is still relatively acceptable  

until  5 days (Figure 7.3.5).
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7.4 C holesterol enzyme electrodes (oxygen electrode)

7.4.1 Solubilisation of cholesterol

Choles terol  is essentially insoluble in water ,  therefore  it was solubilised 

using e thanol .  Since e thanol  is electroact ive and can be anodically 

oxidised to the aldehyde or carboxylic acid (Allen MJ 1958; Parker  

1973) concentra t ion  dependent  responses  to cholesterol solutions in 

e thanol  were ob ta ined  without enzyme (Table 7.4.1a). E thanol  di lution 

in buffer  caused  a reduction in background current  due to decreased 

level reaching the  electrode.  As an al ternate ,  isopropanol  was used but  

am perom etr ic  responses  without enzyme due to the possible 

electroactive na ture  of isopropanol  were still not iceable  (Table 7.4.1b). 

Eventually a solubilisation procedure  employed by Clark et al (1981) 

was used. Choles tero l  (208 mg) was dissolved into a solution of sodium 

deoxycholate (1 g in 10 ml water )  for  which no background in terference 

in the absence of enzyme was recorded.

7.4.2 C holesterol oxidase imm obilisation

Polyvinyl alcohol en t rapm en t  produced an improved signal to 

choles te rol  compared  to glutara ldehyde crosslinking (Figure 7.4.2). 

However the current  with polyvinyl alcohol en t rapm en t  was not l inear  

above 0.2 mM and complete loss of signal was observed af ter 90 

minutes .  The responses  were s table for  long periods for  crosslinked 

enzyme.

7.4.3 Enzyme loading variation

An increase  in the level of CO D (Cholesterol oxidase + BSA) relative 

to g lutara ldehyde caused an initial  amplified response however rapid

243



(a )  [ C h o le s t e ro l ]  (m M )  
in 100% e t h a n o l

R e s p o n s e  (n A )

0.4
0.8
1.4
1.8
2.2
2.6
3.0
3.4

0.7
1.2
1.7 
2.5 
3.0 
3.4
3.8 
4.2

(b)  [C h o le s t e r o l ]  (m M )  R e s p o n s e  (n A )
in  i s o p r o p a n o l

0.2 0.4
0.4 0.7
0.6 1.1
0.8 1.5
1.0 1.9
1.2 2.2
1.4 2.6

T a b le s  7.4.1 a  an d  b

E l e c t r o d e  r e s p o n s e s  to  a n o n en zy m ic  0.03 /tin p o ly c a r b o n a te  
l a m i n a t e s  to  c h o l e s t e r o l  s o ln t io n s  m a d e  u p  in  ( a )  e t h a n o l  (b)  
i s o p ro p a n o l .
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E f fe c t  of enzym e im m o b i l i s a t i o n  on c h o le s t e ro l  e l e c t r o d e  r e sp o n s e  
us ing :-  ( a ) polyvinyl  a lco h o l  e n t r a p m e n t  (•) g lu t a r a ld e h y d e  
c ro ss l in k in g .
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E f f e c t  of enzym e lo a d in g  v a r i a t i o n  on  c h o l e s t e r o l  r e s p o n s e  us ing :-  
( a ) 2 fx\ g l u t a r a ld e h y d e  and  7 /zl C O D  (•) 3 fi\ g l u t a r a ld e h y d e  and  
6 fi 1 C O D .
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(•)  1.0 f im f  1.0 ^ m ,  ( ▲ ) 0.4 /zm /0 .4  //m and  ( o )  0.03 /zm/0 .03  /zm.

247



loss of l inearity  fo r  choles terol  was observed af ter  0.2 mM. A  2:1 

loading of C O D :G lu ta ra ldehyde  caused a decrease  in sensor  signal 

accompanied  by an increased  l inear  range to at least  0.6 mM (Figure 

7.4.3).

7 .4 .4  E f f e c t  o f  p o l y c a r b o n a t e  m e m b r a n e  p o r e  s ize  

A  reduc t ion  in m em brane  porosi ty to 0.03 jnm did not  resul t  in any 

a l te ra t ion  in linearity  (0.4 mM) compared  to the 0,4 fim  laminate .  

However  the magni tude  of the response at 0.2 mM was approximate ly  

reduced  by 75% com pared  to the 0.4 /im laminate .  The  1.0 jum laminate  

yields the g rea tes t  ini tial  response accompanied  by a rap id  loss of 

l inear ity  at  0.2 mM (Figure 7.4.4).

7 .5  D I S C U S S I O N

T he  po la rograph ic  waves ob ta ined  in Figure  7.2.1 show tha t  qui te  

ad eq u a te  enzyme loading can be achieved with the low activity lac ta te  

oxidase enzyme.  Previously the enzyme was also cross l inked using 

glu tara ldehyde  onto  cellulose ace ta te  (Tsuchida et  al 1985). Stability 

studies indicated  th a t  the immobilised enzyme e lec t rode  re ta ined  107% 

of its or ig inal activity over 13 days and L O D  Kn, was relatively 

unaffected .

The  po la rographic  waves in Figure 7.2.1 show a  sharp  cu r ren t  rise is 

observed followed by a p la teau  region which occurs  at  the same 

polar is ing voltage (600-800 mV) regardless  of the  subs t ra te  ( lac ta te)  

concentra t ion .  T h e re fo re  a polar is ing voltage of +650  mV vs sta inless
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steel can again be used so that the maximum stable lactate  response is 

obta ined using the minimal  power requirement .

The effect of addit ion of external diffusion-limiting polyurethane 

membranes  (Figures 7.2.2a-d) was studied. Here  the response is again 

limited by the rate of lactate diffusion to the enzyme layer ra ther  than 

by the kinetics of the enzyme itself. This presumably resul ts  in a 

lowered concentra t ion of lactate  within the enzyme layer, enabling a 

l inear  response to be obtained. The low permeabil ity  of polyure thane 

to lactate as with glucose allowed less subst rate  entry to the enzyme. 

Successive applicat ion of mult iple polyurethane coatings caused the 

bar r ie r  thickness to increase. This multiple m em brane  applicat ion 

technique has been  successfully exploited by Vadgama et al (1989) and 

Sternberg  et al (1988).

Recent ly Hu et al (1993) described a needle-type lac tate  sensor 

consisting of a single outer  polyure thane membrane.  However  a 

maximal l inear range of 28 mM lactate was achieved and large 

variabili t ies  in the linearity character ist ics  were obta ined between each 

sensor.  However consistent  elevations of l inearity of above 28 mM 

(Figures 7.2.2 a and b) were seen in the presen ted  data .  Alternatively 

o ther  workers  have reduced the flux of lactate by using low permeabil ity  

organosi lane t rea ted  external polycarbonate membranes  (Mullen et al 

1986; Battersby and Vadgama 1988). However linearities  of only 

8-11 mM were found.

With outer  polyurethane m embrane  stirring would be expected to have
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no influence on signal output (Figure 7.2.3); these results are consistent 

with those obtained by Hu et al (1993). The pH  dependency study of 

lactate oxidase showed that  responses  were independent  of pH  between

6,5 and 7.5 (Figure 7.2.4); This is in accordance with the results 

repor ted  by Hu et al (1993), Mullen et al (1986) and Tsuchida et al 

(1985). According to Tsuchida et al (1985) the soluble enzyme shows 

similar pH dependence character ist ics  to the immobil ised one. 

T em pera tu re  dependence studies revealed a signal increase of 0.9 

nA/°C over the 30-40 °C range. However a smaller  current  variat ion of 

0.03 nA/°C was reported  by Mullen et al (1986), 0,08 nA/°C according 

to Hu et al (1993). A more similar result of 0.6 nA/°C was reported  by 

Far idnia  et al (1993). These  workers  also found that  even with the 

glutaraldehyde immobilised enzyme irreversible dena tu ra t ion  occurred 

at elevated temperatures .

Lactate oxidase has an absolute  requ irem ent  for oxygen. The internal 

membrane permeabil ity  will affect H 20 2 and 0 2 flux, this in turn  will 

alter  the rate of amperometrical ly  produced oxygen returning to the 

enzyme layer. Measurements  of permeabi lity coefficients for  H20 2 and 

0 2 for microporous polycarbonate  membranes  have been for  glucose 

electrodes  (Higson et al 1993). This work suggests that polycarbonate  

membranes  of decreasing pore size progressively show higher 

0 2 : H 20 2 permeabi lity coefficient ratios which was associated with 

extended linearity although sensitivity diminished so it is possible here  

also that as well as sustaining enzyme layer oxygen levels f rom the 

surrounding solution, the entry of electrochemical ly genera ted  oxygen 

wilt also be prevented by small pore membranes.
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The extended linear for  Figure 7.3.1 could he due to the relative flux of 

oxygen. However for  the larger pore size membranes  oxygen possibly 

which could not be replenished adequately  at the higher  lactate levels. 

The problem of oxygen rate- l imitat ion for  glucose oxidase based sensors 

has been  previously addressed by Lobel and Rishpon (1979). The 

elec trode system used consisted of a Millipore fi l ter  containing 

immobilised enzyme overlaid with a dialysis membrane.  Here  linear 

calibrat ion curves of up to 15 mM glucose were obtained when oxygen 

was allowed to diffuse into the system and the linearity was restr ic ted 

to 5 mM when oxygen diffusion was prevented by application of a 

polyethylene film over the anode.  If ni trogen was bubbled into the test 

solution no responses to var ia t ion  in glucose concentra t ion were 

observed.

Response times increased f rom 10s (0.4 fim  laminate)  to 50s 

(0.01 jum laminate)  due to res tr ic ted lactate flux. An addit ional  factor  

of enzyme layer thickness has to be considered,  however. Even with 

large pore size laminates a thick enzyme layer will cause prolonged 

response times. Response time is p roport ional  to d2/ D  (where d = 

enzyme layer thickness; D = substra te  diffusion coefficient) a reduct ion 

in enzyme layer thickness gave fas ter  response times. Guilbault  and 

Montalvo (1970) obtained a response time of 26 s at  a thickness of 60 

which increased to 59 s at 350 jum.

The pH dependency of immobilised lactate oxidase is governed by the 

presence of ionizable groups of the enzyme prote in .  An optimal  pH of 

-5 .5 -7 .0  was observed with a decline above pH 8.0 (Figure 7.3.2).
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This indicates that  predominantly  basic amino groups with a pKa of —6.3 

are present.  Michaelis (1926) described a simple model  for  the pH 

behaviour  of many enzymes. The presen ted  results (Figure 7.3.2) agree 

with to those of Mullen et al (1986) and Tsuchida et al (1985). However 

a shift in the pH optimum to 8-9 for  lac tate  oxidase was found by 

Katakis and Hel ler  (1992). H ere  the redox centre flavin adenine 

mononucleotide (FMN) of the enzyme was a t tached  to the e lectrode via 

a redox polymer (polyvinylpyridine) N-derivatised with bromoethylamine 

and Os(bpy)2Cl2 to act an relay for e lectron transfer .  This shift occurred 

because the enzyme acquires a g rea ter  negative charge at high pH when 

its bases are depro tona ted  and acids ionized, and it forms a close 

association with a polycationic redox polymer enabling electron t ransfer  

to occur.

Stirring did not influence e lectrode response (Figure 7.3.3). Similarly 

stir independence was observed by Battersby and V adgam a (1988) a 

polycarbonate membrane mounted lactate needle  electrodes.  The 

needle responses in aqueous  solution was unaffected by stirring rate 

variation. Stirring does however appear  to affect response times which 

increased by 20 s under  unsti r red conditions.

A proport ional  relat ionship between enzyme loading and lactate 

response was obtained (Figure 7.3.4) with increased linearity at lower 

loadings. This could have been due to oxygen (cosubstra te)  flux being 

more adequate  at lower enzyme activities.  The impact  of enzyme 

loading var ia tion from 0.2-1.0 Ucm'2 for lacta te  oxidase was studied 

(Pfeiffer et  al 1993). A linear increase in current  with increased loading
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between 0.1-0.8 Ucm'2 was obta ined. At higher loadings a saturat ion 

value was at ta ined  when no fur ther  increase in current  occurred. This 

shows that  the react ion is under  diffusional control at  high enzyme 

concentrat ions.  The stabili ty study for  the lac tate  e lectrode indicated 

that  responses were fairly stable over a 5-day period especially at 1 mM 

(Figure  7.3.5).

Cholesterol was found to be soluble in non-aqueous solvents 

e.g. e thanol  and isopropanol .  However the e lectroact ive na ture  of these 

alcohols resul ted  in constant background in terference and therefore  

were not used. Eventually sodium deoxycholate was used to solubilise 

cholesterol.  Firstly the method of cholesterol  oxidase immobilisation 

was var ied (Figure 7.4.2). Physical en t rapm ent  using polyvinyl alcohol 

resul ted  in enhanced sensitivity al though the responses  were unstable 

possibly due to leaching of the enzyme prote in  out  of the matrix. 

Glutara ldehyde crosslinking produced much diminished responses 

presumably due to denatura t ion  of the enzyme by forming direct 

covalent bonds  with the enzyme leading to d is tor t ion of the active 

enzyme conformation possibly involving the active site. There fo re  this 

method for  cholesterol oxidase may not  be suitable due to the low initial 

activity - 4 5  U /m g  prote in  compared to 138 U / m g  for  glucose oxidase. 

However  the responses were stable and linear to 0.4 mM (Figure 7.4.2). 

Mascini et  al (1983) described an enzyme immobil isat ion procedure  

onto a nylon net and the usable lifetime was repor ted  to be two weeks. 

It  was advantageous because the net permit ted  free  diffusion of 

su b s t ra te /p roduc t  and a large amount  of activity remained af ter the 

process. Var ia t ion  of the enzymerglutaraldehyde ratio did not produce
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any significant improvement in sensitivity or linearity (Figure 7.4.3).

The porosity of the polycarbonate membranes did not have a great 

impact on linear range (Figure 7.4.4). However a considerable 

diminution in signal size was observed e.g. at 0.2 mM cholesterol the 

responses were 0.4 nA and 30 nA for 0.03 /im and 1.0 m pore size 

polycarbonate membrane laminates respectively. The limited linearity 

was possibly due to the low inherent Km, 14-33 gM  of the enzyme. The 

incomplete solubilisation of the total cholesterol by micelle formation  

could possibly be an additional factor. Previously it has been shown 

that cholesterol oxidase activity could be increased by utilisation of 

short chain lecithins for solubilisation which were more effective than 

Triton X-100 (Burns et al 1981). This was due the larger interfacial 

surface area presented to the enzyme.

7 .6  Summary

The in vitro performance of implantable lactate needle enzyme 

electrodes was investigated. Polarographic analysis confirmed that 

hydrogen peroxide was the enzymic product detected at +650  mV vs 

stainless steel. The resultant current was dependent on substrate levels. 

Effective extensions in the clinically relevant dynamic range were 

obtained by successive application of semi-permeable polyurethane 

("Pellethane" and Trixene SC762) membranes. A maximal linear range 

of < 28  m M w as observed although the response sensitivity was reduced 

to 0.8-2.0 n A /m M  ("Pellethane"). The diffusion-limiting properties of 

polyurethane was illustrated by the relative independence of the 

electrode response from external solution variables e.g. pH, 

temperature and stirring rate.
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Lactate  enzyme electrodes  in a oxygen cell configuration as a 

prerequis ite  of a benchtop analyzer was studied. The impact of 

polycarbonate membrane  porosity on lactate  response was determined.  

The results showed tha t  the diffusion-limiting characterist ics  of a 

0.01 jum pore  size m embrane  "laminate" was sufficient for  clinical 

analysis. An explorat ion on the influence of enzyme loading showed 

that at  15 m g/m l  measurable  e lectrode responses were produced. 

Diffusional l imitation of a 0.01 jam pore  size "laminate" was il lustrated 

by the relative independence of the response to pH and stirring rate 

variation. O pera t iona l  stabili ty in aqueous solution was demonstra ted  

over a 5-day period.

A feasibili ty study in the development of a cholesterol enzyme electrode 

did not give any promising results.  After  the problem of subst rate  

solubilisation was overcome, the maximal l inear range of the e lectrode 

response only reached 0.6 mM. This was primarily due to the low 

apparen t  K m of cholesterol  oxidase. Fur therm ore  the sensitivity of 

choles terol detect ion was not sufficient for a more complete analysis to 

be made. Alternative immobil isat ion techniques  e.g. polyvinylalcohol 

en t rapm ent  were ineffective due to the inherent  instability of the 

electrode response.
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C H APTER EIG H T  

BLO O D  CO M PATIBILITY

8.1 IN T R O D U C T IO N

The term "blood compatibili ty" may be in terpre ted  in d ifferent ways and 

is dependent  on whether  the blood is static or flowing as well  as the 

length of t ime in contact  with the fore ign surface. For clinical purposes 

an ideal biocompatible  mater ia l  should not give rise to thrombosis,  

cancer,  inflammatory, toxic or allergic react ions.  There  should be 

nei ther  destruction of the cellular elements  of blood, deple t ion of 

electrolytes,  damage to adjacent  t issues, nor adverse immune responses. 

When a sensor  comes into contact  with a biofluid there  is immediate 

surface fouling which is inevitable with any artificial materia l.  The 

outer  biosensor surface is therefore  a critical component  since it is in 

contact  with the biological environment.  Surface fouling occurs because 

blood plasma is a fluid containing the plasma prote ins  fibr inogen and 

globulin as the chief constituents .  Cuypers et al (1977) studied 

fibrinogen a t tachment  to chromium surfaces using el lipsometry and 

demonstra ted  fibr inogen deposit ion reached thicknesses of 

— 50 A within five minutes at both  hydrophilic and hydrophobic surfaces.

The sequence of events which occur when an artificial surface comes 

into contact  with blood has been  considered by Vrom an  et al (1977). 

Within the first  few seconds there  is unavoidable and competitive 

adsorption of var ious plasma prote ins  (Kim et al 1974) which consist of 

albumin, gamma-globulin, f ibr inogen and prothrombin.  The rapidly 

thickening prote in  film may reach 50 A in 5 seconds. The nature  of the 

surface created dictates the p reponderance  of prote ins  in the bound
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layer, which in turn  determine the intensity and magnitude of fur ther  

interactions; a lbumin tends to passivate the surface whereas  f ibrinogen 

provokes fu r ther  surface deposit ion (Young et  al 1982; Brash et al 

1974). Therefore  the limited p ro te in  binding layer al ters the surface 

texture, charge and chemistry. After  one minute and when the prote in  

layer thickness reaches 100-200 A, pla te le t  adhesion occurs. This is 

media ted by various plasma prote ins including IgG, thrombin, 

fibronectin,  fac tor  VIII  or Von Wil lebrand factor  (Hantgan  1991). The 

first  platelets  to arrive fla tten, degranulate  and become sticky. Plate let  

degranula t ion leads to release  of adenine dinucleotide phosphate  

(ADP), 5-hydroxytryptamine, serotonin and phosphoglycerides (Ito et al 

1990) which could passivate the working electrode (Higson et al 1993).

The extent of p la te le t  adhes ion is de te rm ined  by the interact ion 

between enzymes produced by platelets  and membrane  bound 

oligosaccharide chains of the glycoproteins,  f ibr inogen and IgG (Kim et 

al 1974). P la te le t  aggregation onto polymeric surfaces including, 

plasticised poly(vinyl chloride),  polyure thane and poly(vinyl alcohol) 

coated poly(vinyl chloride)  has been  visualised by scanning electron 

microscopy (Fujimoto et al 1993). The morphology of the adhered  

platelets  were governed by the type of polymer surface, t ime of blood 

exposure and blood flow rate.

Subsequently pla telets  adhere  to the degranula ted  platelets  and 

aggregates are formed. These  grow into pyramidal shapes, and within 

~4  minutes,  white cells are chemotact ically s t imulated to migrate 

towards the surface. The white cells become a t tached  to the platelets
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forming microthrombi which seriously disturb the flow field near  the 

surface. The flow per turba t ions  along with the chemical modifications 

of the degranula ted  platelets,  accele ra te  the coagulat ion process 

(Turi tto  et al 1991). Fibrin strands are formed which trap  cells to form 

a clot (Jackson and Nemerson 1980).

The surface coagulation process is complex and involves two stages:- 

(i) activation, in which pro throm bin  is converted to thrombin,  its active 

form and (ii) conversion, where the proteolytic  enzyme thrombin 

converts fibr inogen to a fibrin monomer and subsequent  polymerisat ion 

to form a clot. Blood clotting relies on an "enzyme cascade", where one 

enzyme partially hydrolyses the proenzyme of another ,  resulting in an 

active enzyme which in turn  activates another  proenzyme and so 011 

(Figure 8.1). The cascade can be triggered by two independen t  routes:- 

(i) by factors  existing in the blood, the intrinsic system or (ii) by the 

presence of substances  not normally present  in blood, the extrinsic 

system. Surface activated platelets  can e i ther  ini tiate the extrinsic 

cascade by activating factor  VII or the intrinsic pathway via factor  XII 

or XI act ivation.These sequence of events may al ter  the permeabi lity 

character ist ics  of the sensor surface and cause serious diffusional 

restriction of the substrate .  The dynamic electrode response is critically 

dependen t  on the rate of subst rate  mass t ransfer  to the enzyme 

therefore  signal size and stabili ty are affected.
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Surface topography, charge and hydrophobicity govern su rface /b lood  

interact ions (Vroman 1972) e.g. surface smoothness is importan t  in 

order  to avoid surface coagulation.  Merri ll  (1977) showed that 

roughness even at the scale of 10 nm favours pro te in  deposition and 

triggers the coagulation cascade. Polymers usually show varying degrees 

of crystallinity and pro te in  adsorpt ion at an ordered  crystalline surface 

may reach a s table level. However at a non-crystalline surface both 

continued and surface adsorpt ion and diffusion into the bulk polymer 

may cause problems.  Surface charge can additional ly influence 

haemocompatibil i ty and a net negative charge at insulators and 

conductors reduce surface coagulation. Sawyer and Srinavasan (1967) 

demonstra ted  a protective effect on p latinum wires mainta ined at 

+ 0.3 V to -1 V (vs NHE).

Since biocompatibi li ty  is mainly an interfacial problem, at tempts  to 

improve membrane compatibili ty concentra ted  on modificat ion of 

membrane surface propert ies  e.g. Hanning  et al (1986) demonstra ted  

improved stabili ty and reduced p la te le t  and f ib r in / f ib r inogen  deposition 

on the external dialysis (CuprophanR) m em brane  of an extracorporeal  

glucose e lectrode with the membrane  previously t rea ted  with 

dimethyldichorosilane. By contrast ,  in the same system, inclusion of 

anticoagulant  (heparin) ,  an t ip la te le t  agents (adenosine,  caffeine, 

salicylate) in large quantity or the modificat ion of the blood matrix 

using added albumin, dextran, or high dilutions did lit tle to ameliora te  

surface fouling.

In te rnal  membranes  in H 20 2-based oxidase sensors have been mainly
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used to exclude low molecular weight e lectroactive  in terferents  from 

reaching the working e lectrode (Mullen et  al 1986; Churchouse et al 

1986; Desai  et  al 1993). The current  study was conducted to determine 

the relevance of inner  membranes  in the de term ina t ion  of blood 

compatibility.  Inner  membrane barriers  of different  types as well as 

different elec trode polar isat ion voltages were tested with glucose 

enzyme electrodes  on exposure to whole blood. The role of internal  

membranes  in determining passivation of the working e lectrode was 

investigated. Effects of continuous compared  to in termit ten t  blood 

exposure to glucose enzyme laminates  were assessed.

8.2 N eed le  e lec trod e

8.2.1 C ontinuous b lood exposure w ith /w ith o u t  inner  
polyeth ersu lp h on e membranes

The results in Figures 8.2.1a and b dem onstra te  that  stabili ty of a 

glucose needle to continuous exposure to whole blood is greatly 

enhanced by the presence of an inner  permselect ive polyethersulphone 

membrane.  There  is minimal drift in e lectrode response observed in 

both cases regardless of the external polyure thane ("Trixene SC762" or 

"Pellethane") membrane.  If the polyethersulphone m embrane  is absent 

the response of the sensor is reduced quickly on continuous blood 

exposure. A signal diminution by - 8 0 %  is found af ter  2 hours in both 

cases.

8.3 Oxygen-type e lectrod e

8.3.1 E ffects  of continuous blood exposure with c e l lu lo se  aceta te ,  
m odified  c e l lu lo se  aceta te  and polycarbonate

The signal drift  pa t te rn  during cont inuous  2 hour  blood exposure with 

the e lectrode polarised at +650 mV vs. A g/A gC l  enzyme laminates
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a c e t a t e  a n d  ( O )  5 %  w / v  c e l lu lo se  a c e t a t e .
(b)  s u r f a c t a n t  m o d i f i e d  a n d  u n m o d i f i e d  c e l lu lo se  a c e t a t e ,  0.03 
^ m  p o r e  s ize  p o l y c a r b o n a t e  an d  d ia lysis .  A d ia lysis  m e m b r a n e  
was  i n t e r p o s e d  b e t w e e n  th e  w o rk in g  e l e c t r o d e  an d  enzym e 
l a m in a t e .
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containing different  internal membranes  is i l lustrated in Figures 8.3.1a 

and b. In a control experiment,  aliquots of the same blood specimen 

were assayed separa tely by independently  cal ibrated glucose sensors.  

This was done in order  to show tha t  the signal drift observed was only 

rela ted to biofouling phenom ena  and not with subst rate  consumption.  

In Figure 8.3.1a a general  t rend for  downward drift  in signal magnitude 

follows the order:- 0.01 fim  polycarbonate  (PC) < 5% cellulose acetate  

(CA) < 2% CA < 0.03 pm  PC < 0.1 ^ m  PC < 1.0 jum PC. The trend 

in the drift pa t te rn  corre lates  with the H20 2 permeabil ity  propert ies  of 

the inner  m embrane  and there  appears  to be a quanti ta tive  

t ime-dependent  deposit ion of diffusible solute which then compromises 

signal size. In Figure 8.3.1b surfactant (Tween-80 and Triton-XlOO) 

incorporated  cellulose aceta te  membranes  appear  to show less drift 

during continual blood exposure compared to unmodified  cellulose 

acetate,  dialysis (Cuprophan)  and 0.03 jum polycarbonate  membranes.

8.3.2 E f f e c t  of vary ing  e l e c t r o d e  p o la r i s in g  p o t e n t i a l  d u r in g  b lo o d  
ex p o su re

In these experiments new enzyme electrodes  polarised at +200, +400, 

+ 600 and +800 mV vs. Ag/AgCl  were exposed to whole blood over 2 

hours in the same blood samples.  Signal drift  for  the polycarbonate 

inner membrane  electrodes  (Figures 8.3.2a-d) follows the same trend 

against pore size as seen previously (Figure 8.3.1a). However, signal 

drift increases as the magnitude of e lectrode polarising voltage is 

increased. For  unmodif ied cellulosic membranes  (2% and 5% w /v  in 

acetone)  the passivation is reduced except in the case of the highest 

polaris ing voltage ( + 800 mV vs. Ag/AgCl) ,  where a paradoxically
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m e m b r a n e  was  a 0.03 fim  p o re  s ize p o ly c a r b o n a te .  A d ia lysis  
m e m b r a n e  was  i n t e r p o s e d  b e tw e e n  the  w o rk in g  e l e c t r o d e  an d  
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greater  deter iora t ion  is observed than with any of the o ther  membranes  

(Figures 8.3.2e-h). A less pronounced de te r io ra t ion  in response at 

+ 800 mV is seen with surfactant- incorporated  compared  to unmodified 

cellulose acetate  membranes.

8.3.3 P ass iv a t io n  e f fec ts  a t  p l a t i n u m  e l e c t r o d e

In order  to differentiate between in n e r /o u te r  m embrane  biofouling 

effects and elec trode passivation, bare  electrode responses  to a s tandard  

0.04 mM H 20 2 solution were recorded  following careful removal  of the 

ent ire  enzyme laminate after each blood exposure (Figure 3.8.3a). The 

observed loss in response shows a similar general  t rend to those 

corresponding intact enzyme electrodes,  with responses  remaining 

unal tered where less perm eable  membranes  had been  used. Also, the 

percentage loss of response incurred is g reater  in all cases; this is 

especially true for  the large pore  size (0.1 jum and 1.0 fim) 

polycarbonate membranes,

A subsequent study of passivation with surfactant- incorporated  cellulose 

aceta te  was carried out by determining bare e lectrode responses to 

ascorbate,  catechol  and H 20 2 (Figure 3.8.3b). The results indicate again 

that cellulose acetate  gives be t te r  pro tect ion  against elec trode 

passivation compared to 0.03 [Am polycarbonate .  However  enhanced 

biocompatibili ty is observed for  both Tween-80 and Triton-XlOO 

modified cellulose acetate  membranes,  most notable  with catechol 

(0.04 mM).
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8.3.4 E ffects  of d iscontinuous vs continuous b lood  exposure

The results for polyethersulphone and cellulose aceta te  internal 

membranes  are shown in Figures 3.8.4a and b respectively. In both 

cases in termit ten t  rinsing of the e lectrode with phosphate  buffer after 

30-minute blood exposure intervals was done which was followed by 

recal ibra tion with aqueous 2 mM glucose. As a comparison the signal 

drift  in response to continual blood exposure was carried  out. Both 

results demonstra te  that a grea ter  de te r io ra t ion  occurs on discontinuous 

blood exposure. An initial 20% decl ine was found af ter 30 minutes 

(discontinuous) compared to only 3% (continuous)  exposure for 

polyethersulphone. The initial  signal decline was —25% for  cellulose 

aceta te  (discontinuous) in comparison with 5% (continuous)  exposure.

8.4 V ariation  of applied  polarising  p o ten tia l  during continuous  
plasm a exposure

The results (Figures 8.4a and b) show a similar amount  of drift at  +400 

and +600 mV for  modified cellulose acetate  membranes.  However 

there is pronounced signal de te r io ra t ion  for both in ternal  membranes 

at + 800 mV. The signal drift however is less than seen with whole blood 

(Figures 8.3.2 e-h),

8.5 D iscu ss ion

The results shown in Figures 8.2.1a and b suggest a requ irem ent  for an 

in ternal  polyethersulphone membrane.  This confirms previous findings 

of Churchouse et al (1986) where poor  corre la tion coefficients with 

routine method were obta ined in the absence of a polyethersulphone 

membrane.  Also Desai  et  al (1993) and Crump et  al (1991) found a
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greater  signal drift for  needle  e lectrode without polyethersulphone.

Although the outer  polyure thane membranes  resul t  in enhanced 

biocompatibili ty according to Churchouse et al (1986) and Vadgama et 

al (1989), the polyethersulphone m embrane  has an important  role in 

determining blood compatibility.  In the absence of an inner  membrane 

re leased diffusible solutes f rom blood components  s timulated by contact 

with the outer  polyure thane membrane  are able to reach  the inner  (Pt) 

e lectrode to passivate it. It is also possible tha t  the diffusible solutes 

are negatively charged since they are re jected by the polyethersulphone 

ion-exchange membrane.  One addit ional  fac tor  could be that the 

polyure thane dipcoated  over a sulphone layer gives a smoother  surface 

layer as shown by SEM (Chapter  6) than does a d irect  dip-coat,  and this 

could help reduce surface fouling problems.  It  is in terest ing that the 

presence of the inner  m em brane  ra the r  than the type of polyure thane 

covering determines  apparen t  haemocompatibil i ty.

Recently  Moussy et al (1993) used an inner  e lec trodeposi ted  poly 

(o-phenylenediamine) ,  PPD in conjunct ion with a Nafion 

(perf luorinated ionomer)  outer  coating for needle  type sensors.  The 

PPD layer prevented access of diffusible in terferents  which penetra ted  

the external  Nafion film. The electrodes  showed considerable  stability 

in whole blood al though exhibiting a slight decrease  in sensitivity which 

was due to the adsorption of blood prote in  on the Nafion (Harr ison et 

al 1988). This work shows that the inner permselect ive membrane 

whether  PPD or polyethersulphone has an important  role in protect ion 

of the working electrode.
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The results for continuous blood exposure using various glucose enzyme 

laminates  demonstra tes  a decay in sensor sensitivity (Figures 8.3.1a and 

b). This is a t t r ibutable  to some form of ei ther  in terna l  or external 

fouling but the m em brane  dependence effects support  the possibili ty 

that fouling/deact ivat ion  occurred within the plane of the inner  

m em brane  layer. Thus external or prote in  fouling or enzyme 

dena tura t ion  by blood components  cannot be sole explanat ions for the 

results.  The possibility is supported  by the fact that  the inner 

m em brane  permeabil ity  and time of exposure were relevant.

Foul ing of the inner  m embrane  itself by diffusible microsolute  is most 

unlikely, since this would actually be worst at the smallest pore size 

membrane  (0.01 /an).  However the g rea ter  overall  de te r io ra t ion  seen 

with cellulose acetate  (Figure 8.3.2a) could be due to such solute 

en t rapm en t  in the dense hyperfil trat ion membrane  s tructure  (Pusche 

1982).

Surfactant- incorporated and unmodified cellulose ace ta te  membranes  

used as in ternal  membranes  gave less signal drift  in blood (Figure

8.3.1 b). This fu r ther  suggests that  the diffusible solutes were negatively 

charged and non-aromatic  because they were rejected by cellulose 

aceta te  which agrees  with the findings of Desai  et  al (1993). From 

chapter  three it has been shown that  both modified and unmodified 

cellulose acetate  were capable of rejecting negatively charged species 

but allowed the permeat ion  of aromatics.  The basis of this 

permselectivity behaviour  may rely on electrostat ic repulsion between 

the carboxyl groups of cellulose aceta te  and negatively
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charged species (Lonsdale 1965).

The effects of varying the applied polarising potentia ls  during 

b lood /p lasm a  exposure are i l lustrated in Figures 8.3.2a-h and 

8.4a-b. In all cases signal drift increased as the e lectrode polarisat ion 

increased. This strongly suggests that  during exposure there  was either  

enhanced migrat ion of a negatively charged passivating component  due 

to the electr ical field set up in the vicinity of the working electrode,  or 

at higher voltages electrochemical  degradat ion and deposition of the 

passivating solute increased similar to polyphenolic deposition at solid 

electrodes  (Wang et al 1989). An electrical double layer exists at the 

electrical interface between two sheets of charge, one on the electrode 

and o ther  in the solution. This arises because the pla t inum working 

electrode is positively charged and draws out  f rom the randomly 

dispersed ions in solution a counter layer  of charged of opposite  

(negative) sign. The charge densities on the two layers are equal  in 

magnitude but opposite in sign resembling a paral le l  plate  capacitor.  

This double layer may extend upto 5 A from the electrode.  Beyond this 

a diffuse (outer)  layer extends a fu r ther  50-100 A in the solution (Rifi 

and Covitz 1974). In this region there  is random arrangem ent  of both 

positively and negatively charged ions due to their  mobility. At some 

point the species become free to move in response to bulk motion of the 

electrolyte.  A potential  difference (zeta)  exists be tween this shear  layer 

and a region which extends considerably fu r ther  away (up to several 

cm). The effective distance over which this potentia l is imposed is 

dependent  upon the e lectrode and the relative permittivities (e) of the 

electrolyte plus addit ional  interposed barriers.  The permittivity can be
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derived from Coulomb’s Law which states that  the magnitude of the 

force, F between two electrical  charged bodies is inversely proport ional  

to r2 (separation)  and proport ional  to the products  of thei r  charges (Qj 

and Q2), i.e., F  -  k.Qj.Qa/r2. The value k depends on the medium in 

which the charges are present,  which in turn  is de term ined  by 

permittivity (e), and can be alternatively represented  by l /4 jre .  

Therefore ,  ionic species may migrate in response to the zeta  potential,  

significantly contr ibuting to the mass t ransport  to a polar ised electrode 

(Kulesza and Galus 1992; Verbrugge and Baker 1992). It is possible 

that  the cellulose acetate  membranes  are capable of rejecting anionic 

passivating species until a high voltage threshold is exceeded, beyond 

which migrat ion becomes more dominant .

From the passivation experiments  (Figures 3.8.3a-b) the deter iora t ion  

in response is g reater  than with continuous blood exposure. It would 

have been expected that  el imination of an external biofouled layer in 

contact with blood should have improved the stabili ty of the 

electrochemical  system. A likely cause of this addit ional  de ter iora t ion  

is the arrival and deposition of addit ional  passivating solutes at the 

platinum working e lectrode following its use in an enzyme electrode.  

During prolonged whole blood exposure, the outer  m embrane  will have 

acquired a layer of cellular elements  f rom blood (leucocytes,  platelets) 

as well as plasma proteins (Vadgama 1990). This cel lular layer 

constitutes a bioactive surface still able to react to changes in 

environmental  conditions. In particular,  platelets  have been shown to 

respond following change to their solut ion environment (Hel lem 1960) 

e.g. p la tele t  adhesiveness increased f rom 0-60% for  p lasma t rea ted  with
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t risodium ci tra te  as tem pera tu re  decreased f rom 24 °C to 4 °C. This 

"cold-induced" adhesiveness d isappeared if the p lasma was fur ther  

incubated for  24 hours  at 20 °C. Incubat ion of blood in the calcium 

chelat ing agent,  E D T A  (ethylene diamine te t race ta te  dihydrate),  

hepar in  or oxalate caused a decrease  in adhesiveness.  Also addi tion of 

Tr i ton  WR-1339 to the blood sample and silicone coating of the glass 

test  surface reduced  adhesiveness.

Physical triggering of platele ts  has been implicated under  turbulent  

condi tions  (Turi t to  et al 1991). Here  at physiologically encountered  

shear  condit ions increases in local shear  rate p rom oted  a t tachment  of 

p la te le ts  and enhanced growth of pla te le t  aggregates  on adherent  

platelets.  Release  of beta- thromboglobulin  has been  shown to occur 

f rom pla te le ts  permanent ly  adhered  to a b iomateria l  surface (Haycox 

and R a tn e r  1991) suggesting that  the platelets  can remain  active and 

release solutes  af ter  adherence.

The washing step (using buffer) to purge the e lectrode cell of blood 

pr ior  to dismantl ing the enzyme electrode for  H20 2, ascorbate  and 

catechol determination ,  amounts  to an environmental  change, and could 

have led to the local re lease  of a range of diffusible solutes including 

adenine nucleotides  (adenosine diphosphate)  and 5-hydroxytryptamine 

(Mills 1968), some of which would have been able to diffuse to the 

working elec trode.  Mills (1968) showed that  pla te le ts  could be 

s t imulated to re lease  these substances by addit ion of A D P  and 

adrenaline.  This possibili ty is consistent with the finding that  the 

addit ional  de ter io ra t ion  of response at a dismantled electrode was worst
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with high-porosity (0.1, 1.0 polycarbonate) membranes. A similar 

explanation for signal drift can be applied when intermittent rinsing 

stages were carried out during exposure for enzyme laminates 

containing polyethersulphone/cellu lose acetate inner membranes 

(Figures 8.3.4a and b).

8.6 Summary

The experiments clearly show that the choice of the inner membrane 

strongly influences signal drift at glucose sensors during exposure to 

whole blood. An essential requirement for an internal membrane has 

been clearly shown using polyethersulphone. A lso the sensor sensitivity 

deteriorates further if the blood in contact with the surface is washed 

or perturbed in any way. This is shown by the results for 

discontinuous/continuous blood exposure and the passivation studies. 

The membranes investigated provided protection against signal drift in 

the order 1.0 /im polycarbonate (PC) < 0.1 n m PC < 0.03 fim PC < 

2% w /v  CA < 5 %  w /v  CA < 0.01 ^m PC. In a second experiment, 

detergent-m odified cellulose acetate caused less drift compared to 

unmodified cellu lose acetate, 0.03 fim polycarbonate or dialysis. The 

effect of polarising overpotential with increased signal drift at higher 

overpotentials suggests the passivating species may be charged, and with 

the contrasting effects on microporous polycarbonate and cellulose  

acetate membranes, suggests that the dielectric properties of the inner 

membrane may modify the domain of influence of the polarised  

electrode. The results demonstrate that the inner phases of multilayer 

H20 2-based amperometric enzyme electrodes can be of equal 

importance to sensor stability as the events taking place at the interface 

in direct contact with the biological fluid.
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C H A P T E R  N I N E  - C O N C L U S IO N S

The aim of the project  was to develop membranes  for  both  lactate  and 

glucose sensors.  Various  polymeric membranes  investigated include:- 

polyvinyl chloride, cellulose aceta te  (unmodif ied and 

s u r f a c t a n t - m o d i f i e d ) ,  p o ly e th e r s u lp h o n e ,  p o l y u r e th a n e  and  

polycarbonate.

Polyvinyl chlor ide (PVC) plasticised using isopropylmyris tate showed 

improved permselectivity compared  to cellulose acetate .  Inclusion of 

PVC as an interna l  m embrane  of a glucose electrode led to a 

cons iderable  increase in the l inear  range of the response making 

m easurem ent  of s e rum /b lood  levels possible.  This is an entirely  new 

finding since it was presumed that  the external  m em brane  itself 

controlled  the l inear  range.

Newly developed non-ionic surfactant- incorporated  cellulose aceta te  

membranes  exhibited improved permselectivity to H20 2 in compar ison 

to unmodified cellulose aceta te.  A considerable  amplificat ion in 

e lectrode response to H 20 2 and phenolic  species was observed. They 

were also perm eab le  to glucose and could be used as external  

membranes.  A more detailed investigation into the diffusion 

character ist ics  of these membranes  and a study into the possible 

leaching of these part icular  surfactants  needs to be assessed. An 

addi tional study using cationic and anionic surfactant-modif ied 

membranes  can be carried  out.

Studies in whole blood have revealed that  the internal  m embrane  is
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important in determining blood compatibility. This is an entirely new 

finding, and the magnitude of signal decay in whole blood was also 

governed by the applied polarising potential. A detailed investigation  

of the exact mechanism of electrode passivation needs to be done. A  

comparative study in plasma needs to be carried out.

The internal polyethersulphone membrane achieved com plete exclusion  

of negatively charged species and aromatic compounds to a certain 

degree. Selectivity for hydrogen peroxide varied according to the 

particular polyethersulphone polymer employed. The optimal casting 

solution com position was a solvent/non-solvent mixture of 

dimethylformamide and 2-methoxyethanol. Polyethersulphone 

membrane-coated sensors exhibited a negligible degree of drift on 

continuous whole blood exposure.

The outer (diffusion-lim iting) polyurethane membrane extended 

linearity for both lactate and glucose needle electrodes. Response  

stability was determined by the type of polyurethane as w ell as the 

storage conditions employed. The ultim ate aim of these devices is for 

continuous in v iv o  monitoring, therefore a detailed study of solution  

variables such as temperature, oxygen and viscosity on response needs 

to be done.

This has been a preliminary investigation of novel polymeric membranes 

for amperometric enzyme electrodes as a means of controlling  

permselectivity, as well as the biocom patible nature of the 

sensor-sam ple interface.
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