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Description 

[0001]  The  present  invention  relates  to  bioelectro- 
chemical  reactions.  In  particular,  the  invention  relates  to 
a  method  for  monitoring  an  analyte  using  an  electro-  s 
chemical  cell  to  determine  the  reaction  of  a  gaseous  or 
vapour  substrate.  The  invention  also  relates  to  novel 
media  for  carrying  out  bioelectrochemical  reactions  and 
their  use  in  enzyme  electrodes. 
[0002]  It  is  well  known  to  use  an  enzyme  electrode  to  10 
perform  and  monitor  bioelectrochemical  reactions.  Gen- 
erally  such  reactions  are  carried  out  in  aqueous  solution. 
It  is  also  known  to  use  enzyme  electrodes  in  organic  or 
micro-aqueous  solvents,  as  described  in  WO89/04364 
for  detecting  reactions  of  substrates  in  the  liquid  phase.  15 
[0003]  Methods  are  known  for  monitoring  reactions  in 
the  gaseous  phase.  The  applicability  of  gas  sensors  for 
monitoring  gaseous  analytes  becomes  clear  on  consid- 
eration  not  only  of  the  number  of  toxic  or  hazardous  gas- 
es  originating  from  natural  or  anthropogenic  sources,  20 
but  also  applications  in  process  control.  Conventional 
gas  sensor  devices  are  non-biological  and  generally 
employ  optical  or  electrochemical  metal  oxide  semi- 
conductor  devices.  However,  these  types  of  instruments 
can  in  some  instances  be  insensitive  and  may  display  25 
relatively  poor  selectivity  for  an  analyte  to  be  detected 
in  complex  mixtures,  such  as  organic  vapours.  Though 
a  higher  level  of  electronic  sophistication  may  provide 
some  compensation  for  these  drawbacks,  this  can  lead 
to  elevated  production  costs.  30 
[0004]  Amperometric  electrochemical  gas  sensors 
are  also  known.  They  generally  operate  at  lower  elec- 
trical  power  than  semi-conductor  gas  sensors  and  work 
at  room  temperature.  Again,  these  sensors  may  lack  se- 
lectivity  for  a  particular  analyte.  35 
[0005]  One  example  of  such  a  non-biological  gas  sen- 
sor  is  described  in  DE-A-4032599.  In  that  reference,  a 
three  dimensional  polyurethane  matrix  containing  an 
electrolyte  and  a  catalyst  is  positioned  at  a  test  elec- 
trode.  The  current  generated  between  the  test  electrode  40 
and  a  second,  counter  electrode  is  dependent  upon  the 
partial  pressure  of  the  test  components. 
[0006]  However  this  reference  does  not  relate  to  bio- 
electrochemical  reactions  and  therefore  the  specific  re- 
quirements  for  maintaining  bioreceptors  or  biomimic  in  45 
the  solid  or  semi-solid  phase  and  which  will  still  enable 
contact  with  the  gaseous  substrate  is  not  addressed. 
[0007]  In  order  to  try  to  increase  selectivity,  non-bio- 
logical  sensors  may  employ  a  carefully  chosen  liquid 
electrolyte  that  offers  some  form  of  selection  for  a  tar-  so 
geted  analyte.  For  example,  parameters  such  as  solu- 
bility  of  gases,  electrolyte  pH,  chemical  reactions  or 
complex  formation  between  solutes  and  analyte  can  be 
used  to  favour  the  dissolution  of  one  form  of  an  analyte 
species.  55 
[0008]  However,  an  alternative  method  for  increasing 
selectivity  in  sensors  is  to  incorporate  a  biological  cata- 
lyst  into  the  sensor.  Such  sensors  are  known  but  the 
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gaseous  analyte  is  usually  required  to  dissolve  into  a 
bulk  mobile  liquid  phase  prior  to  detection.  For  exam- 
ples,  see  I.  Karube  et  al,  Analytica  Chimica  Acta,  135 
(1  982)  61  -67;  M.  Hikuma  et  al,  Anal.  Chem.  (1  980)  52, 
1020-1024;  and  L.  H.  Goodson  and  W.B.  Jacobs,  in  En- 
zyme  Engineering,  Vol.2,  Plenum  Press,  New  York, 
1  974,  p  393  edited  by  E.K.  Pye  and  L.B.  Wingard  Jr.  The 
liquid  electrolyte  used  in  this  type  of  apparatus  is  gen- 
erally  defined  by  the  physiological  requirements  of  the 
biocatalyst  and  factors  such  as  solution  pH,  ionic 
strength  etc  must  be  taken  into  consideration  if  the  con- 
ditions  are  to  remain  appropriate  for  biocatalysis. 
[0009]  Investigations  into  electrochemistry  have  been 
carried  out.  In  J.  Chem.  Soc.  1988,  110,  p  2321-2322 
by  B.N.Oliver  et  al  report  investigations  into  the  solid 
state  voltammetry  of  a  protein  and  a  polymer  solvent. 
The  redox  protein,  cytochrome  C  was  dissolved  in  a 
semi-rigid  polymer  film.  On  humidifying  or  adding  liquid 
micro  droplets  to  thin  ionically  conducting  films,  the  elec- 
tron  transfer  and  diffusion  properties  of  cytochrome  C  in 
the  semi-rigid  polymer  film  were  reported.  The  authors 
suggested  that  this  research  could  be  used  to  develop 
solid  phase  biosensors  or  in  solid  state  enzyme  cataly- 
sis  but  no  further  developments  were  reported. 
[0010]  Some  gas  sensors  which  use  biological  reac- 
tions  are  known.  For  example,  WO88/01299  describes 
a  method  and  apparatus  for  detecting  chemical  com- 
pounds  in  the  gaseous  phase.  An  enzyme  in  conjunction 
with  a  colour  indicator  responsive  to  pH,  oxidation,  or 
other  chemical  input  of  the  compound  to  be  detected  in 
the  gas  phase  is  immobilised  on  an  organic  or  inorganic 
solid  support  and  dehydrated  under  controlled  condi- 
tions.  When  the  enzyme  is  exposed  to  a  gas  containing 
the  substance  of  interest,  the  colour  change  occurs.  The 
exemplified  solid  support  for  the  enzyme  is  micro-crys- 
talline  cellulose.  However,  this  reference  does  not  relate 
to  the  use  of  an  electrochemical  cell  to  monitor  the  re- 
action  and  therefore  the  problem  of  providing  a  suitable 
electrolyte  for  such  monitoring  is  not  encountered. 
[0011]  In  US  4525704,  an  enzymatic  toxic  gas  sensor 
is  described.  It  comprises  a  buffer  reservoir  containing 
a  buffer  solution  which  operates  to  maintain  the  enzyme 
in  its  active  state,  the  enzymes  are  immobilised  by  cov- 
alent  bonding  to  glass  beads.  In  this  device,  the  sub- 
strate  for  reaction  with  the  enzyme  is  provided  in  the  ap- 
paratus  as  a  substrate  soaked  filter  paper.  In  the  pres- 
ence  of  an  analyte  which  is  a  toxic  gas,  the  electrochem- 
ical  reaction  of  the  liquid  phase  substrate  with  the  en- 
zyme  is  inhibited. 
[0012]  In  Microbial  Gas  Metabolism  edited  by  R.K. 
Poole  and  C.S.  Daw  published  by  Academic  Press 
1985,  pages  161  to  170,  A.PF  Turner  et  al  describe  a 
carbon  monoxide  sensor  which  responds  to  carbon 
monoxide  both  in  solution  and  as  a  gas.  The  sensor  is 
described  in  more  detail  in  Analytica  Chimica  Acta,  1  63 
(1984)  161-174.  In  these  studies  the  reaction  of  enzyme 
and  substrate  occurs  in  liquid  phase. 
[0013]  Furthermore,  as  is  described,  there  are  prob- 
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lems  regarding  stability  of  the  apparatus  and  more  sta- 
ble  methods  are  required  to  produce  commercially  use- 
ful  devices. 
[0014]  However,  electrochemical  gas  sensors  based 
on  liquid  electrolyte  share  the  inherent  shortcomings  of  s 
liquid  systems:  limited  shelf  life  due  to  solvent  evapora- 
tion,  electrode  corrosion  and  loss  of  sensor  compo- 
nents.  Electrode  corrosion  reactions  may  generate  gas- 
es  that  can  damage  seals  and  eventually  cause  electro- 
lyte  leakage.  10 
[0015]  Although  enzyme  electrodes  are  well  known, 
currently  no  useful  method  has  been  described  which 
will  enable  monitoring  an  analyte  using  an  electrochem- 
ical  cell  where  the  analyte  is  not  an  inhibitor  for  the  en- 
zyme  activity,  and  where  the  enzyme  is  not  held  in  the  15 
liquid  phase. 
[0016]  The  present  inventors  have  found  alternative 
media  for  mon  itoring  a  gaseous  or  vapou  r  phase  analyte 
using  a  sensing  electrode  of  an  electrochemical  cell. 
These  novel  media  can  be  used  to  provide  sensors  20 
which  overcome  the  problems  of  the  prior  art  and  enable 
improved  stability  and  longevity  of  the  device. 
[001  7]  The  present  inventors  have  found  that  it  is  pos- 
sible  to  dispense  with  the  contact  solvent  medium  which 
is  used  to  form  the  electrolyte/enzyme/electrode  inter-  25 
face  in  present  devices.  The  inventors  have  found  novel 
methods  for  retaining  the  electrolyte  and  biological  cat- 
alyst  at  the  electrodes  and  maintaining  operability. 
[0018]  According  to  one  aspect  of  the  present  inven- 
tion,  there  is  provided  a  method  for  detecting  an  analyte  30 
in  the  gaseous  or  vapour  phase  comprising  contacting 
a  gaseous  or  vapour  analyte  with  a  sensing  electrode 
of  an  electrochemical  cell,  a  biological  molecule  select- 
ed  from  the  group  comprising  synzymes,  antibodies, 
binding  proteins  and  enzymes  being  retained  at  a  sup-  35 
port  at  the  sensing  electrode  and  the  support  comprising 
an  electrolyte  salt,  so  that  a  substrate  contacts  the  bio- 
logical  molecule  and  reacts,  generating  an  electrical  re- 
sponse;  and  measuring  the  electrical  response  of  the 
cell,  the  response  being  relatable  to  the  concentration  40 
of  the  analyte  and  wherein  the  biological  molecule  is  in 
the  solid  or  semi-solid  phase. 
[0019]  Thus  a  method  is  provided  for  monitoring  bio- 
electrochemical  reactions  in  the  gaseous  phase  which 
is  useful  for  detecting  inhibitors  for  the  biological  mole-  45 
cule  but  more  particularly  is  also  useful  for  monitoring 
reactions  where  the  analyte  is  not  a  toxin  for  the  biore- 
ceptor  or  biomimic,  and  the  electrical  response  detected 
is  due  to  a  reaction  occuring,  not  due  to  inhibition.  This 
considerably  broadens  the  field  of  application  for  gas  so 
sensors  which  can  be  used  to  detect  various  gases  by 
means  of  electrochemical  monitoring.  In  a  preferred  em- 
bodiment  of  the  invention  therefore,  the  electrical  re- 
sponse  of  the  cell  increases  with  exposure  to  an  increas- 
ing  concentration  of  analyte.  55 
[0020]  In  liquid  solution  biocatalytic  electrochemistry, 
solution  ions,  reaction  substrate  and  product  can  pass 
in  to  and  out  of  a  material  matrix,  whether  the  system 
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uses  a  porous  electrode  structure  or  whether  the  mate- 
rial  matrix  encompasses  an  electrode  body.  In  a  solution 
medium,  the  biocatalyst  is  in  contact  with  freely  mobile 
liquids.  This  invention  enables  there  to  be  no  bulk  solu- 
tion  contact  with  the  biological  molecule  at  the  support. 
[0021]  It  has  been  found  that  the  solvent  medium  can 
therefore  be  left  out  altogether,  leaving  an  ionically  con- 
ducting  matrix  with  active  biological  component  in  direct 
contact  with  the  gaseous  or  vapour  phase.  It  was  found 
that  electrochemical  reactions  could  be  effected  by  gas- 
eous  species  diffusing  to  and  undergoing  reaction  at  the 
electrode  and  that  intimate  contact  of  biological  compo- 
nents,  such  as  enzymes  with  the  ionic  matrix  could  be 
achieved  so  that  the  electrochemical  reaction  could  be 
coupled  to  biochemical  reactions  of  gaseous  reactants. 
[0022]  The  biological  molecule  can  be  any  biological 
molecule  which  will  bind  to  a  reactant  and  will  produce 
a  detectable  electrochemical  reaction.  It  may  be  a  syn- 
thetically  prepared  chemical  analogue  of  a  biological  re- 
ceptor  for  example,  synzymes.  Other  examples  of  the 
biological  molecule  are  antibodies,  binding  proteins  and 
biological  catalysts  such  as  enzymes. 
[0023]  The  biological  molecule  will  generally  be  a  bi- 
ological  catalyst  such  as  an  enzyme.  When  the  biolog- 
ical  molecule  is  an  enzyme,  or  synthetic  equivalent 
thereof,  the  substrate  can  be  an  enzyme-substrate  or 
an  enzyme-cofactor.  The  biological  molecule  is  in  the 
solid  or  semi-solid  state.  This  expression  is  intended  to 
mean  that  it  is  not  in  the  liquid  phase,  in  particular,  not 
in  aqueous  solution.  The  biological  molecule  will  gener- 
ally  be  in  a  substantially  dehydrated  state.  In  order  to 
maintain  activity  of  the  biological  molecule,  it  has  been 
found  that  a  hydration  shell  is  needed  around  the  bio- 
logical  molecule.  This  is  necessary  to  retain  the  three- 
dimensional  structure  of  the  biological  molecule  which 
is  essential  to  maintain  its  activity.  Thus,  even  though 
the  biological  molecule  may  be  substantially  dehydrat- 
ed,  it  will  be  sufficiently  hydrated  to  maintain  the  required 
degree  of  hydration  to  maintain  activity,  and  will  not  be 
anhydrous. 
[0024]  The  invention  is  particularly  useful  for  monitor- 
ing  reaction  in  which  the  substrate  for  the  reaction  with 
the  biological  molecule  is  derived  from  the  analyte.  One 
possibility  is  that  the  analyte  is  the  substrate  for  the  bi- 
ological  molecule.  Further  possibilities  are  that  the  bio- 
logical  molecule  catalyses  the  conversion  of  an  analyte 
into  a  product  which  undergoes  an  electrochemical  re- 
action  directly  at  the  electrode;  or  that  the  biological  mol- 
ecule  is  one  which  can  effect  oxidation  or  reduction  of 
the  substrate,  possibly  with  the  intervention  of  a  media- 
tor,  and  is  thus  involved  in  the  transfer  of  electrons  be- 
tween  the  substrate  and  the  electrode;  or  that  the  ana- 
lyte  reacts  at  the  support  at  the  electrode  with  for  exam- 
ple  an  enzyme  to  produce  a  substrate  for  binding  with 
the  biological  molecule. 
[0025]  Alternatively  the  analyte  may  be  an  inhibitor  or 
precursor  for  an  inhibitor  for  the  biological  molecule. 
[0026]  Various  solid  or  semi-solid  alternatives  to  the 
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use  of  bulk  liquid  solvents  as  electrochemical  media 
which  can  be  used  are  known.  Inorganic  materials  which 
have  been  investigated  are  p-alumina  and  silver  salts. 
Of  the  organic  solid  or  gel  alternatives,  suitable  media 
are  hydrogels,  ionomers  and  polyelectrolytes,  or  solvat- 
ing  polymers. 
[0027]  As  explained  by  M  Madou  and  T  Otagawa  in 
solid  state  ionics  (1988)  vol.  28-30,  p  1653-1659  hydro- 
gels  can  be  regarded  as  aqueous  electrolyte  solutions 
trapped  in  a  polymeric  matrix.  The  impedance  exhibited 
using  such  media  is  typically  similar  to  that  for  trapped 
aqueous  electrolyte  solutions.  Evaporation  of  the  sol- 
vent  is  slowed  by  the  polymer  matrix  and  can  be  further 
slowed  by  the  incorporation  of  hygroscopic  materials  fa- 
cilitating  ion  movement  within  the  gel.  One  example  is 
described  in  DE-A-4032599  (discussed  above)  where  a 
three-dimensional  polymeric  matrix  of  polyurethane  is 
formed  and  which  contains  an  organic  conductor  salt.  A 
solid  or  gel  electrolyte  may  also  be  formed  from  iono- 
mers  and  polyelectrolytes  which  contain  anionic  (eg 
-CF2S03)  or  cationic  (eg  -R3N+)  groups  bound  to  the 
polymer  chain  which  act  as  counter  ions  to  small  un- 
bound  and  potentially  mobile  ions.  One  suitable  exam- 
ple  is  Nation  which  is  a  copolymer  of  Teflon  or  poly- 
tetrafluoroethylene  (PTFE)  and  polysulphenylfluoride 
vinyl  ether  containing  sulphonic  acid  groups  chemically 
bound  to  a  fluorocarbon  backbone. 
[0028]  Solvating  polymers  may  also  be  used.  Here 
the  dry  polymer  itself  has  the  ability  to  dissolve  certain 
salts  and  support  ionic  mobility.  Solvating  ability  is  an 
essential  pre-requisite  for  fast  ion  conduction  in  a  dry 
polymer.  Examples  of  this  type  of  material  include  poly 
(propylene  oxide)  (PPO)  with  dissolved  lithium  salts, 
(see  P.J.  Smith,  Electrochemical  Science  and  Technol- 
ogy  of  Polymers  (1987)  p  293  edited  by  R.G.  Linford, 
Elsevier  London.) 
[0029]  In  use,  the  condition  at  the  support  medium 
should  be  appropriate  to  maintain  activity  of  the  biore- 
ceptor  or  biomimic. 
[0030]  Whilst  solid  or  gel  electrolyte  support  media 
such  as  enzyme-redox  mediated  gel,  hydroxy  ethyl  cel- 
lulose  and  solid  polymer  electrolyte  enzyme  gel  may  be 
used  in  the  present  invention,  they  may  suffer  from  prob- 
lems  of  either  falling  ionic  conductivity  or  poor  biocom- 
patibility  over  relatively  short  periods  of  time.  In  the 
present  invention,  reaction  media  for  bioelectrochemi- 
cal  reactions  are  utilized  which  provide  an  improved  me- 
dia  for  bioelectrochemical  reactions  and  in  particular 
provide  improved  mediator  use  at  an  enzyme  electrode 
for  use  in  a  sensor. 
[0031]  The  support  medium  for  the  bio-electrochemi- 
cal  reaction  comprises  a  solid  or  gel  matrix  electrolyte 
salt,  a  biological  molecule  forthe  reaction  being  retained 
at  the  support  medium  and  the  substrate  for  the  reaction 
being  contactable  with  the  support  to  produce  the  reac- 
tion. 
[0032]  The  solid  or  gel  media  are  not  based  on  a  pol- 
ymeric  matrix  structure  and  are  substantially  free  of  or- 

ganic  polymeric  material.  They  are  structures  formed  by 
the  electrolyte  salt  itself.  The  media  are  thought  to  be  in 
the  form  of  a  semi-solid,  semi-crystalline  matrix  having 
a  substantially  stable  structure.  They  are  producable  by 

5  preparing  a  solution  of  the  electrolyte  and  drying.  Thus, 
the  support  structure  consists  essentially  only  of  elec- 
trolyte. 
[0033]  The  media  provide  significant  advantages  be- 
cause  the  ionically  conducting  materials  are  not  in  solu- 

10  tion.  The  reduced  water  environment  increases  mark- 
edly  the  thermostability  of  the  biocatalyst  at  elevated 
temperatures.  Furthermore,  the  media  are  suitable  for 
use  with  gaseous  or  vapour  phase  reactants  and  Diffu- 
sivities  in  the  gas  phase  are  orders  of  magnitude  higher 

is  than  in  solution  and  therefore  more  sensitive  and  faster 
monitoring  can  be  achieved  using  such  media.  The 
heightened  sensitivity  enables  quantitative  apparatus  to 
be  produced,  the  response  being  related  to  the  molar 
amount  of  analyte  in  the  test  gas  or  vapour. 

20  [0034]  These  media  can  therefore  advantageously  be 
used  in  sensors,  in  particular  gas  sensors.  Many  gase- 
ous  analytes  display  poor  solubility  in  solution  which  can 
lead  to  decreased  sensitivity  whereas  the  media  utilised 
in  the  present  invention  reduce  this  problem.  In  addition, 

25  the  electrolyte  matrix  may  be  selected  for  a  specific  an- 
alyte  of  interest  and  therefore  when  used  in  a  sensor, 
increase  device  sensitivity. 
[0035]  Further,  such  gas  sensors  which  rely  upon  the 
use  of  non-liquid  electrolytes  may  not  suffer  from  leach- 

so  ing  of  sensor  components  as  encountered  in  conven- 
tional  liquid  phase  sensors  since  the  ionically  conduct- 
ing  matrix  is  only  contacted  by  gaseous  phase  that  de- 
livers  the  analyte  to  the  sensing  element. 
[0036]  The  support  media  utilised  in  the  invention  are 

35  able  to  maintain  activity  of  the  biological  molecule;  pro- 
vide  electrical  conductivity;  and  are  sufficiently  perme- 
able  to  enable  the  reactant  for  the  reaction  with  the  bi- 
ological  molecule,  to  reach  the  biological  molecule  and 
react. 

40  [0037]  It  has  been  found  that  on  formation  of  a  matrix 
of  an  electrolyte,  the  structure  of  the  matrix,  being  a 
semi-crystalline  solid,  tends  to  lock  in  the  necessary  wa- 
ter  molecules  to  maintain  the  hydration  shell  around  the 
biological  molecule.  Thus,  the  novel  support  media  of 

45  the  present  invention  are  substantially  free  from  water 
but  will  contain  a  low  concentration  of  water  which  is  at 
least  sufficient  to  maintain  the  required  hydration  shell 
around  the  biological  molecule.  Thus,  the  matrix  will  not 
be  anhydrous. 

so  [0038]  Regarding  the  electrical  conductivity  of  the 
support  media,  it  is  postulated  that  this  is  due  to  mobility 
of  hydrogen  and  hydroxyl  ions  and/or  buffer  ions  within 
the  matrix. 
[0039]  The  matrix  is  also  sufficiently  permeable  to  al- 

55  low  the  substrate  to  contact  the  biological  molecule  and 
react.  Thus,  the  mass  transfer  properties  through  the 
matrix  enable  the  gas  to  permeate  and  contact  the  bio- 
logical  molecule. 
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[0040]  Preferably,  the  permeability  to  the  reactant  re- 
mains  constant  or  substantially  constant. 
[0041]  The  solid  or  gel  matrix  can  be  prepared  by  first- 
ly  forming  a  solution  of  the  electrolyte  salt  in  a  solvent. 
The  solution  of  the  salt  for  preparing  the  matrix  may  be 
in  an  organic  or  aqueous  solvent  which  does  not  deac- 
tivate  the  biological  molecule.  On  drying,  the  electrolyte 
matrix  forms.  Preferably  drying  is  carried  out  at  room 
temperature. 
[0042]  Generally  the  solution  will  be  a  concentrated 
solution  as  this  reduces  the  drying  time  required,  al- 
though  the  support  media  can  be  prepared  using  any 
concentration  of  solution.  The  solvent  can  be  any  sol- 
vent  which  can  be  evaporated  to  enable  drying  to  form 
the  solid  or  gel  electrolyte  matrix. 
[0043]  Preferably  drying  is  carried  out  at  room  tem- 
perature.  Preferably,  a  buffer  is  also  included  in  the  so- 
lution  of  electrolyte  salt  to  provide  appropriate  condi- 
tions  for  the  activity  of  the  biological  molecule.  Any  other 
additive  nexessary  to  maintain  the  activity  of  the  biolog- 
ical  molecule  may  be  incorporated  at  this  stage. 
[0044]  An  enzyme  mediator  compound  and  optionally 
also  the  biological  molecule  itself  may  be  incorporated 
into  the  solution  prior  to  drying.  Where  the  biological 
molecule  is  included,  the  drying  temperature  must  not 
be  so  high  as  to  lose  activity  of  the  biological  molecule 
and  the  solvent  must  be  selected  accordingly.  Prefera- 
bly  the  drying  temperature  should  be  below  37°C,  most 
preferably  below  30°C. 
[0045]  The  electrolyte  salt  may  also  act  as  a  buffer 
salt  or  electron  mediator.  In  such  cases,  the  electrolyte 
salt  may  fulfil  the  dual  functions  of  forming  the  electrolyte 
matrix  and  providing  buffer  or  mediator,  respectively. 
[0046]  Alternatively,  the  biological  molecule  may  be 
arranged  at  the  support  in  an  outer  layer,  for  example, 
by  preparing  a  separate  solution  of  biological  molecule 
which  can  then  be  cast  onto  the  pre-prepared  solid  or 
gel  matrix  and  dried. 
[0047]  The  biological  molecule  may  even  be  formed 
as  a  lower  layer,  in  contact  with  the  support  material 
which  may  be  formed  over  the  biological  molecule. 
[0048]  The  biological  molecule  is  as  described  above. 
[0049]  Suitable  inorganic  salts  for  forming  the  solid  or 
gel  matrix  comprise  any  inorganic  salt  which  will  retain 
stability  and  sufficient  moisture  to  provide  the  required 
hydration  shell  for  the  biological  molecule.  Preferred 
components  comprise  buffer  salts  such  as  sodium  phos- 
phate  and  salts  which  may  also  act  as  an  electron  me- 
diator  such  as  potassium  ferrocyanide. 
[0050]  More  preferably  however  the  matrix  will  be 
formed  from  an  organic  salt  electrolyte.  Particularly  pre- 
ferred  are  quaternary  ammonium  salts  such  as 
tetraalkylammonium  salts,  in  particular  tetrabutylammo- 
nium  perchlorate,  tetrabutylammonium  toluene-4-sul- 
phonate,  tetrabutylammonium  methane  sulphonate, 
tetrabutylammonium  phenol  borate,  tetraethylammoni- 
um  tetrafluoroborate,  tetrabutyl  ammonium  chloride  and 
tetrabutylammonium  iodide.  These  salts  are  particularly 

preferred  because  it  has  been  found  that  they  produce 
relatively  stable  matrices  which  maintain  a  relatively 
constant  internal  water  content.  A  particularly  preferred 
salt  is  tetrabutyl  ammonium  toluene-4-sulphonate. 

5  [0051]  Where  it  is  found  that  the  matrix  tends  to  de- 
hydrate  to  an  extent  where  the  hydration  shell  of  the  and 
or  biological  molecule  may  be  lost,  it  can  be  advanta- 
geous  to  use  a  hygroscopic  salt.  Tetrabutylammonium 
toluene-4-sulphonate  is  an  example  of  such  a  salt.  Al- 

10  ternatively,  a  hygroscopic  material  may  also  be  included 
in  the  media.  Examples  of  suitable  hygroscopic  salts  are 
lithium  salts  such  as  lithium  chloride.  These  additives 
may  be  incorporated  into  the  matrix  by  adding  to  the  so- 
lution  used  for  forming  the  support  media. 

is  [0052]  The  media  may  be  employed  in  the  determina- 
tion  of  an  analyte  by  a  sensor,  in  particular  in  the  gase- 
ous  or  vapour  phase. 
[0053]  The  analyte  may  be  the  substrate.  Alternative- 
ly,  the  biological  molecule  may  catalyse  the  conversion 

20  of  the  analyte  into  a  product  which  then  undergoes  an 
electrochemical  reaction  directly  at  the  electrode.  A  fur- 
ther  alternative  is  that  the  biological  molecule  is  one 
which  can  effect  oxidation  or  reduction  of  the  substrate, 
possibly  with  the  intervention  of  a  mediator,  and  is  thus 

25  involved  in  the  transfer  of  electrons  between  the  sub- 
strate  and  the  electrode;  or  that  the  analyte  reacts  at  the 
support  with,  for  example  an  enzyme  to  produce  a  re- 
action  product  which  binds  with  the  bioreceptor  or  bio- 
mimic. 

30  [0054]  Alternatively  the  analyte  may  be  an  inhibitor  or 
may  form  an  inhibitor  for  the  biological  molecule.  The 
media  may  also  be  used  for  reactions  in  which  a  current 
is  applied  to  produce  a  reaction  within  the  media. 
[0055]  Suitable  biological  molecules  for  use  with  the 

35  method  of  the  present  invention  are  as  described  above. 
However,  biological  molecules  which  are  inhibited  by  an 
analyte  or  reaction  product  of  an  analyte  may  also  be 
used  in  particular,  where  the  support  comprises  a  solid 
or  gel  matrix  of  an  electrolyte.  Examples  include:  sul- 

40  phite  oxidase  for  detecting  sulphur  dioxide;  polyphenol 
oxidase  for  detecting  phenolic  vapours,  an  oxygenase 
enzyme  for  detecting  methane;  cytochrome  P450  or 
preferably  synthetic  analogues,  for  detecting  hydrocar- 
bons  such  as  camphor;  nitrate  reductase  for  detecting 

45  NOx  gases;  carbon  monoxide  oxidoreductase  for  de- 
tecting  carbon  monoxide;  cytochrome  oxidase  for  de- 
tecting  cyanide;  TNT  oxidoreductase  for  detecting  TNT; 
and  enzymes  which  may  metabolise  the  analyte  or  an- 
tibodies,  for  example  for  pesticides  may  be  used. 

so  [0056]  It  has  been  found  that  where  the  biological  mol- 
ecule  is  incorporated  into  the  support  media-forming 
electrolyte  solution,  prior  to  drying  to  form  the  support 
with  retained  biological  molecule,  a  lag  phase  i.e.  time 
lapse,  may  occur  between  exposure  of  the  support  me- 

ss  dia  to  the  gaseous  or  vapour  analyte  and  the  electro- 
chemical  response.  The  present  inventors  have  postu- 
lated  that  the  structure  of  the  support  media  may  be  af- 
fected  by  the  analyte  itself. 
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[0057]  It  has  been  found  that  this  problem  can  be  re- 
duced  and  may  be  substantially  overcome  by  reducing 
the  thickness  of  the  electrolyte  layer  of  the  gel  support 
media  or  by  casting  the  layer  of  biological  molecule  in  a 
second  step,  as  an  outer  layer  on  the  pre-prepared  ma- 
trix. 
[0058]  It  is  thought  that  when  the  support  is  formed  by 
incorporating  the  biological  molecule  into  the  solution  for 
forming  the  matrix,  the  rate-limiting  step  in  the  reaction 
of  the  biological  molecule  and  substrate  is  the  diffusion 
of  the  analyte  through  the  matrix  which  enables  contact 
of  the  substrate  with  the  biological  molecule.  That  is, 
generally  the  sensor  should  be  operated  at  a  voltage 
more  negative  than  the  voltage  of  the  reaction  peak  be- 
ing  observed.  In  contrast,  when  the  biological  molecule 
is  cast  in  a  second  stage  as  an  outer  layer,  the  diffusion 
barrier  is  reduced.  However,  the  biological  molecule  in 
an  outer  layer  cast  onto  the  pre-prepared  matrix  may 
have  reduced  stability  due  to  its  relatively  more  exposed 
position.  Therefore,  preferably  the  biological  molecule 
is  formed  within  the  matrix  by  incorporation  into  the  so- 
lution  for  forming  the  matrix  and  the  support  at  the  sens- 
ing  electrode  comprising  the  matrix  is  preferably  formed 
as  a  thin  layer. 
[0059]  The  biological  molecule  may  be  formed  in  an 
initial  step  on  or  in  the  electrode  structure  and  covering 
with  a  layer  of  matrix. 
[0060]  The  matrix  layer  is  generally  less  than  Imm 
thick.  Preferably  the  matrix  layer  should  have  a  thick- 
ness  of  no  greater  than  100u.m,  most  preferably  no 
greater  than  50u.m. 
[0061]  Any  electrochemical  cell  is  suitable  for  use  in 
the  sensors  of  the  present  invention.  Preferably  the 
electrodes  are  provided  by  a  microvoltammetric  elec- 
trode.  Such  an  electrode  is  advantageous  because  it 
can  alleviate  cell  resistance  to  analytically  useful  levels. 
[0062]  When  the  gas  sensor  is  being  used  to  detect 
an  inhibitor  for  the  biological  molecule  it  may  be  decided 
that  the  biosensor  should  not  operate  in  the  limiting  cur- 
rent  range  and  that  instead,  the  rate  limiting  step  may 
be  the  rate  of  catalysis.  In  this  case,  for  an  inhibitor  an- 
alyte  the  rate  of  inhibition  will  provide  the  rate  limiting 
step  and  not  the  rate  of  mass  transfer. 
[0063]  Some  examples  of  electrodes  and  monitoring 
of  bioelectrochemical  reactions  are  now  described  with 
reference  to  the  accompanying  drawings. 

Examples 

[0064]  All  experiments  were  performed  at  room  tem- 
perature  (18°C)  using  a  gold  microband  electrode  hav- 
ing  50  pairs  of  interdigitated  electrodes  with  finger  width 
of  15u.m  and  finger  spacing  of  15um  The  acoustic  ap- 
erture  of  the  electrode  used  was  4800u.m  and  the  elec- 
trode  thickness,  1  000A  +  500A  at  a  sufficiently  cathodic 
potential.  Figure  1  illustrates  the  interdigitated  micro- 
band  electrode  used  (supplied  by  Microsensor  Sys- 
tems,  Kentucky,  USA)  in  which  1  and  2  represent  the 

sensing  electrode  and  the  combined  counter  and  quasi- 
reference  electrode  (CC  +  QRE)  ,  respectively.  The  in- 
terdigitated  regions  of  the  electrodes  are  clearly  visible 
at  3.  The  electrode  is  supported  by  quartz  4. 

Example  1  .  Reaction  of  gaseous  H909  with  horseradish 
peroxidase  electron  mediator  gels  cast  onto  an  array  of 
interdigitated  microband  array  electrodes. 

[0065]  In  this  example,  we  demonstrate  the  reaction 
of  inorganic  H202  gas  with  the  enzyme,  horseradish  per- 
oxidase  [E.C.  1.11.1.7]  and  an  electron  mediator.  The 
enzyme  is  oxidised  by  hydrogen  peroxide  and  utilises 
the  one  electron  donator,  potassium  hexacyanoferrate 
(II).  The  resulting  oxidised  form  of  mediator  is  then  re- 
duced  at  a  gold  microband  electrode  as  described 
above. 
[0066]  In  this  example,  the  gel  that  formed  from  a  so- 
lution  of  enzyme,  electron  mediator  and  citric  acid  buffer 
was  utilised  as  an  ionically  conducting  matrix  with  incor- 
porated  biocatalyst.  The  reduced  ohmic  drop  at  the  mi- 
croelectrodes  facilitated  the  monitoring  of  the  biocata- 
lytic  electrochemical  reaction  within  the  gel  matrix. 

Experimental 

[0067]  The  enzyme-mediator  gels  were  prepared  as 
follows.  Horseradish  peroxidase  (2mg)  was  added  to  a 
100u.l  solution  of  potassium  hexacyanoferrate  (II)  (0.05 
M)  in  citric  acid  buffer  (0.1  M,  pH  6.5).  The  mixture  was 
vigorously  stirred  for  one  minute  on  a  rotator.  A  volume 
of  5u.l  of  the  resulting  solution  was  then  deposited  onto 
the  microelectrode  array  section  of  the  gold  electrodes 
and  allowed  to  dry  in  air  at  room  temperature  for  1  0  min- 
utes.  Following  this  period,  the  enzyme-mediator  solu- 
tion  had  formed  a  gel  that  was  immobile  on  electrode 
inversion.  Acyclic  voltammogram  at  0.2  V/s  in  which  the 
potential  was  cycled  from  +1  V  to  -1  V  versus  the  com- 
bined  counter  and  quasi-reference  electrodes,  revealed 
two  peaks  corresponding  to  the  one  electron  oxidation 
and  reduction  of  the  electron  mediator.  The  results  are 
illustrated  in  Figure  2.  Of  interest  was  the  reduction  peak 
at  approximately  -0.5  V  versus  the  combined  counter 
and  quasi-reference  electrode. 
[0068]  To  investigate  the  activity  of  the  biocatalytic 
electrochemical  media,  amperometric  experiments 
were  performed  in  the  presence  of  gaseous  H202  sub- 
strate.  The  potential  of  the  indicator  electrodes  was  set 
at  -0.6  V  versus  the  CC  +  QRE  for  the  reduction  of  the 
oxidised  form  of  mediator  following  the  enzyme  reaction 
with  H202.  After  an  initial  steady  state  equilibrium  cur- 
rent  had  been  attained,  a  20m€  beaker  containing  10 
mi  0.8  M  H202  in  water  was  periodically  presented  to 
the  electrode  at  a  distance  of  5  mm  from  the  liquid  sur- 
face. 
[0069]  The  results  are  illustrated  in  Figure  3.  The  solid 
arrows  indicate  exposure  to  gaseous  H202.  The  broken 
arrows  indicate  no  exposure  to  gaseous  H202.  The  in- 
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crease  in  cathodic  current  represented  the  biocatalytic 
electrochemical  reaction  of  the  enzyme  and  mediator 
and  gaseous  H202.  Control  electrodes  devoid  of  en- 
zyme  and/or  mediator  produced  much  smaller  current 
increases  and  it  was  concluded  that  these  were  a  result 
of  conductivity  changes  within  the  gel  matrix  induced  by 
the  substrate. 
[0070]  The  enzyme-mediator  gels  were  active  for  ap- 
proximately  45  minutes  at  room  temperature  after  which 
time  negligible  current  increases  were  recorded;  this 
loss  of  current  probably  arose  from  the  reduced  ionic 
conductivity  in  the  gel  matrix  as  a  result  of  solvent  loss 
to  the  atmosphere. 

Example  2.  Reaction  of  phenol  vapours  with  polyphenol 
oxidase  at  a  solid  polymer  electrolyte  cast  onto  an  array 
of  interdigitated  microband  electrodes. 

[0071]  In  this  example,  a  solid  polymer  electrolyte, 
Nation,  was  utilised  as  an  ionically  conducting  matrix  in 
the  gas  phase  onto  which  the  enzyme  polyphenol  oxi- 
dase  [E.C.  1.14.18.1]  was  precipitated.  Nation  is  a  co- 
polymer  of  Teflon  or  tetrafluorethylene  (PTFE)  and 
polysulfonylfluoride  vinyl  ether  containing  sulfonic  acid 
groups.  The  sulfonic  acid  groups  are  chemically  bound 
to  afluorocarbon  backbone.  The  indicator  reaction  was 
that  of  p-cresol  vapours  with  polyphenol  oxidase  and  the 
subsequent  reduction  of  quinone  product  at  the  gold  mi- 
croband  working  electrodes  at  a  cathodic  potential. 
[0072]  This  experiment  and  all  of  the  examples  useing 
p-cresol  p-cresol  outlined  below  were  also  carried  out 
replacing  with  phenol.  In  each  case,  the  results  obtained 
were  qualitatively  the  same,  but  greater  current  magni- 
tudes  were  obtained. 

Experimental 

[0073]  A  0.83  wt.  %  solution  of  Nation  in  isopropanol 
was  sonicated  for  5  minutes.  A  clean  microband  elec- 
trode  was  then  vertically  dip  coated  into  this  solution  for 
a  period  of  15  minutes.  The  electrode  was  immersed  to 
the  extent  that  all  the  microbands  were  completely  cov- 
ered  by  Nation  solution.  After  a  further  5  minute  period 
of  air  drying  at  room  temperature,  the  Nation  coated 
electrode  was  placed  in  a  drying  cabinet  at  72°C  for  30 
minutes.  Following  a  cooling  period  of  5  minutes  on  the 
bench,  the  modified  electrode  was  ready  for  use.  Exam- 
ination  of  the  electrode  surface  revealed  visible  interfer- 
ence  patterns  indicative  of  an  uneven  surface  coverage 
of  the  polymer  electrolyte. 
[0074]  Figure  4  shows  the  results  of  a  cyclic  voltam- 
mogram  at  0.2V/s  of  the  modified  electrode  in  air  at 
1  8°C.  The  potential  was  cycled  from  +1  V  to  -1  V  versus 
the  CC  +  QRE. 
[0075]  A  solution  of  polyphenol  oxidase  (1  mg/100u.l) 
in  sodium  phosphate  buffer  (0.1  M,  pH  7)  was  then  pre- 
pared  and  vigorously  stirred  on  a  rotator  for  2  minutes. 
A  5  \i€  volume  of  the  enzyme  solution  was  then  carefully 

deposited  onto  the  microarray  section  of  the  modified 
electrode  and  allowed  to  dry  for  15  minutes.  After  this 
period,  a  gel  had  formed  on  the  electrode  that  was  im- 
mobile  on  electrode  inversion.  A  small  glass  bottle 

5  (35mm  diameter  and  35  mm  length)  containing  500  mg 
p-cresol  crystals  was  then  presented  to  the  electrode. 
The  modified  electrode  penetrated  the  neck  of  the  glass 
bottle  to  a  depth  of  5  mm.  Cyclic  voltammograms  at 
0.005  V/s  with  and  without  p-cresol  exposure  were  then 

10  recorded.  The  results  are  illustrated  in  Figure  5.  (A)  rep- 
resents  the  results  with  the  polyphenol  oxidase-Nafion 
electrode  and  (B)  represents  the  results  obtained  with 
the  Nation  only  electrode  in  the  presence  of  p-cresol  va- 
pours.  The  potential  was  cycled  from  0V  to  -1  V  versus 

is  the  CC  +  QRE.  The  clear  reduction  peak  at  approxi- 
mately  -0.550  V  versus  the  CC  +  QRE  correspond  to  the 
reduction  of  the  quinone  product  of  the  enzyme  reaction 
with  p-cresol  vapour. 
[0076]  Amperometric  experiments  were  then  carried 

20  out  which  involved  100  second  exposures  to  phenol  va- 
pours  with  a  similar  period  of  no  exposure.  Figure  6 
shows  the  amperometric  trace  of  Nafion-polyphenol  ox- 
idase  electrode  with  approximately  100  second  expo- 
sures  to  p-cresol  with  similar  time  intervals  of  no  expo- 

25  sure.  The  vertical  arrows  indicate  the  start  of  the  periodic 
exposures.  The  horizontal  arrows  indicate  no  exposure. 
The  potential  of  the  working  electrodes  was  -0.650  V 
versus  the  CC  +  QRE.  Control  electrodes  devoid  of  en- 
zyme  yielded  small  current  increases  on  exposure  to  p- 

30  cresol. 
[0077]  Steady  state  equilibrium  currents  were  usually 
obtained  within  30-60  seconds.  A  relatively  small  cur- 
rent  increase  was  seen  in  the  absence  of  enzyme,  pre- 
sumably  a  result  of  conductivity  changes  induced  by  the 

35  phenol  vapour  on  the  polymer  film. 
[0078]  Enzyme-Nafion  modified  electrodes  were  only 
biocatalytically  active  for  approximately  30  minutes.  The 
enzyme  was  presumed  to  be  inactivated  by  the  acidic 
groups  of  the  Nation  polymer  and/or  excessive  dehydra- 

40  tion.  However,  the  Nation  coated  electrode  continued  to 
maintain  ionic  conductivity  for  at  least  28  hours  at  room 
temperature  after  initial  preparation.  In  the  absence  of 
Nation,  enzyme  gels  were  not  ionically  conductive  after 
approximately  25  minutes. 

45 
Example  3.  Reaction  of  phenol  vapours  with  polyphenol 
oxidase  incorporated  into  a  gel  of  hydroxethyl  cellulose 
cast  onto  an  array  of  interdigitated  microband 
electrodes. 

50 
[0079]  Hydroxyethyl  cellulose  (HEC)  is  a  water  solu- 
ble  material  based  on  the  cellulose  polymer  structure. 
In  this  example,  a  gel  formed  by  HEC  and  Hepes  buffer 
was  utilised  as  a  biocompatible  ionic  matrix.  The  indica- 

55  tor  reaction  was  identical  to  Example  2. 

50 
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Experimental 

[0080]  A  2.5  %  w/v  solution  of  HEC  in  Hepes  buffer 
(pH  7,  0.1  M)  was  prepared  and  stored  at  4  °C  for  24 
hours  prior  to  use.  An  enzyme-HEC  polymer  solution  (1 
mg/1  OOuJ)  was  prepared  and  a  volume  of  5u.l  deposited 
onto  the  microband  array  section  of  the  electrode.  After 
a  drying  period  of  1  5  minutes,  a  gel  had  formed  that  was 
immobile  on  electrode  inversion.  Cyclic  voltammograms 
at  0.005  V/s  with  the  potential  cycled  from  0V  to  -1  V 
versus  the  combined  counter  and  quasi-reference  elec- 
trodes  in  the  presence  and  absence  of  p-cresol  vapours 
revealed  a  distinct  peak  at  approximately  -0.6  V  versus 
the  combined  counter  and  quasi  reference  electrodes 
corresponding  to  the  reduction  of  the  quinone  product 
of  the  enzyme  reaction  with  p-cresol.  Figure  7  shows 
the  cyclic  voltammogram  at  0.005  V/s  of  (A)  hydroxye- 
thyl  cellulose-polyphenol  oxidase  electrode  and  (B)  hy- 
droxyethyl  cellulose  only  electrode  in  the  presence  of  p- 
cresol  vapours. 
[0081]  Amperometric  experiments  of  the  HEC-en- 
zyme  gel  electrodes  involved  poising  the  potential  of  the 
working  electrodes  at  -0.7  V  versus  the  CC  +QRE.  After 
a  drying  period  of  1  5  minutes,  the  gel  electrode  was  pe- 
riodically  exposed  to  p-cresol  vapours.  Steady  state 
equilibrium  currents  were  normally  obtained  in  approx- 
imately  100  seconds.  The  current  response  on  expo- 
sure  to  p-cresol  was  in  the  region  of  30  seconds.  Non- 
steady  state  response  currents  were  obtained  on  con- 
tinued  periodic  exposure  to  p-cresol.  These  results  are 
illustrated  in  Figure  8  which  shows  the  amperometric 
trace  of  (A)  hydroxyethyl  cellulose  polyphenol  oxidase 
gel  electrode  and  (B)  hydroxyethyl  cellulose  only  gel 
electrode.  The  solid  arrows  indicate  p-cresol  exposure; 
broken  arrows  indicate  no  exposure.  The  potential  of  the 
working  electrodes  was  -0.7  V  versus  the  CC  +  QRE. 
[0082]  HEC-enzyme  gels  rapidly  lost  ionic  conductiv- 
ity  after  30  minutes.  On  placing  the  gel  electrode  after 
30  minutes  drying  time  into  a  stirred  solution  of  phos- 
phate  buffer  (pH  7,  0.1  M)  and  adding  dissolved  p- 
cresol,  amperometric  current  increases  were  once 
again  observed  indicating  active  incorporated  enzyme. 
[0083]  Despite  active  enzyme,  the  HEC-enzyme  elec- 
trode  configuration  suffered  from  reduced  ionic  conduc- 
tivity  after  30  minutes,  presumably  as  a  result  of  solvent 
loss  to  the  atmosphere. 

Novel  Support  Media  Facilitating  Biocatalytic 
Electrochemical  Reactions  in  the  Gaseous  Phase 

[0084]  Enzyme-redox  mediator  gels,  hydroxyethyl 
cellulose  and  solid  polymer  electrolyte  enzyme  gels 
clearly  demonstrated  the  principle  of  performing  biocat- 
alytic  electrochemical  reactions  in  the  gas  phase.  How- 
ever,  the  described  methods  suffered  the  problems  of 
either  low  ionic  conductivity  or  biocompatibility  over  rel- 
atively  short  periods  of  time.  The  novel  support  media 
of  this  invention  which  permit  extended  ionic  conductiv- 

ity  and  biocompatibility  for  relatively  longer  periods  are 
now  exemplified.  The  support  media  of  the  invention 
proved  unexpectedly  good  with  respect  to  ionic  conduc- 
tivity  and  biological  compatibility.  Other  surprising  fea- 

5  tures  of  the  material  will  also  be  discussed. 

Example  4.  Ionically  conducting  gels  of 
tetrabutylammonium  toluene-4-sulfonate  with 
incorporated  polyphenol  oxidase  cast  onto  an  array  of 

10  interdigitated  microband  electrodes  for  reaction  with 
phenol  vapours. 

[0085]  In  this  example,  an  ionically  conducting  gel 
matrix  formed  by  tetrabutly  ammonium  toluene-4-sul- 

15  fonate  and  sodium  phosphate  buffer  incorporating 
polyphenol  oxidase  is  described.  In  this  example,  the 
enzyme  proved  to  be  relatively  stable  for  a  number  of 
hours  within  the  gel  matrix.  The  indicator  reaction  was 
identical  to  that  in  example  2. 

20 
Experimental 

[0086]  Tetrabutylammonium  toluene-4-sulfonate 
(TBATS),  Toluene-4-sulfonic  Tetrabutylammonium  salt, 

25  (CH3CH2CH2CH2)4N(CH3C6H4S03),  M,  413.67,  (500 
mg)  was  crushed  in  a  mortar  and  pestle  to  form  a  powder 
and  then  placed  in  a  glass  bottle  containing  a  3  mi  vol- 
ume  of  sodium  phosphate  buffer  (0.1  M,  pH  7)  and  po- 
tassium  chloride  (0.05  M).  The  mixture  was  gently  heat- 

so  ed  until  the  TBATS  material  was  completely  dissolved. 
The  mixture  was  then  sonicated  for  a  period  of  5  min- 
utes.  Polyphenol  oxidase  (1  mg)  was  then  added  to  1  00 
u.l  TBATS  solution  and  the  resulting  mixture  vigorously 
stirred  for  2  minutes  on  a  rotator.  A  5  \i\  of  the  TBATS- 

35  enzyme  solution  mixture  was  then  placed  onto  the  mi- 
croband  area  of  the  electrode  and  allowed  to  air  dry  for 
30  minutes.  Following  this  period,  the  gel  that  had 
formed  was  immobile  on  electrode  inversion.  Cyclic  vol- 
tammograms  at  0.005  V/s  in  the  absence  and  presence 

40  of  p-cresol  vapours  were  then  recorded.  The  potential 
was  cycled  from  OV  to  -1  V  versus  the  CC  +  QRE.  The 
results  are  illustrated  in  Figure  9.  In  the  presence  of  phe- 
nol  vapours  a  reductive  peak  was  evident  at  approxi- 
mately  -0.5  V  versus  the  CC  +  QRE  corresponding  to 

45  the  reduction  of  the  quinone  product  of  the  enzyme  re- 
action.  (A)  represents  the  cyclic  voltammogran  of  the 
TBATS  polyphenol  oxidase  gel  electrode  and  (B)  the 
TBATS  gel  only  electrode,  in  the  presence  of  p-cresol 
vapours.  The  potential  was  cycled  from  O  V  to  -1  V  ver- 

so  susthe  CC  +  QRE. 
[0087]  In  amperometric  experiments  the  working  po- 
tential  was  set  at  -0.65  V  versus  the  combined  counter 
and  quasi-reference  electrodes.  Following  an  initial  dry- 
ing  period  of  30  minutes  after  gel  casting,  the  modified 

55  electrode  was  exposed  to  p-cresol  vapours  for  1  00  sec- 
ond  intervals  with  similar  time  periods  of  no  exposure. 
[0088]  These  results  are  recorded  in  Figure  1  0  which 
shows  an  amperometric  trace  of  (A),  the  TBATS- 
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polyphenol  oxidase  gel  electrode  and  (B),  the  TBATS 
gel  only  electrode  with  100  second  exposures  to  p- 
cresol  with  similar  time  intervals  of  no  exposure.  The  ar- 
row  indicates  the  start  of  the  exposures.  The  potential 
of  the  working  electrodes  was  0.650  V  versus  the  com- 
bined  counter  and  quasi-reference  electrodes. 
[0089]  To  test  the  stability  of  the  biocatalytic  electro- 
chemical  gel  media,  an  electrode  was  prepared  and 
then  left  on  the  bench  at  room  temperature  for  48  hours 
before  amperometric  testing  at  1  8°C.  Following  this  pe- 
riod,  an  amperometric  experiment  was  performed  with 
continuous  exposure  to  phenol  vapours.  The  results  are 
given  in  Figure  1  1  which  shows  the  amperometric  trace 
of  (A)  TBATS  gel  only  electrode;  (B)  TBATS-polyphenol 
oxidase  gel  electrode  and  (C)  TBATS-polyphenol  oxi- 
dase  gel  electrode  after  30  minutes  drying  at  room  tem- 
perature  following  gel  casting.  The  arrow  indicates  the 
start  of  the  continuous  exposure  to  p-cresol  vapours. 
The  potential  of  the  working  electrodes  in  all  the  exper- 
iments  was  -0.650  V  versus  the  combined  counter  and 
quasi-reference  electrodes. 
[0090]  In  further  tests,  two  microarray  electrodes 
were  coated  with  either  a  TBATS/  water  gel  or  a  TBATS/ 
isopropanol  (IPA)  gel.  The  latter  gel  was  dried  in  a  heat- 
ed  drying  cabinet  at  72°C  for  30  minutes  producing  a 
thin  film  of  TBATS  on  the  surface  of  the  electrode. 
[0091]  The  modified  electrodes  were  placed  in  a 
transparent  petri-dish  on  the  bench  at  room  temperature 
for  a  number  of  weeks.  For  both  TBATS/water  and 
TBATS/I  PA  cast  gels,  a  similar  decrease  in  the  ionic  cur- 
rents  was  seen  after  60  days  storage.  No  attempt  was 
made  to  control  temperature,  light,  humidity  etc.  The  re- 
sult  was  considered  good  with  respect  to  the  uncon- 
trolled  environmental  conditions.  OT  was  thought  that 
the  hygroscopic  propensity  of  TBATS  may  have  contrib- 
uted  to  the  electrochemical  stability.  Following  the  stor- 
age  period,  the  gel  had  formed  a  relatively  rigid  material 
that  was  difficult  to  remove  from  the  electrode  surface. 

Example  5.  Gaseous  H909  reaction  with  horseradish 
peroxidase  and  potassiunThexacyanoferrate  (II)  in 
tetrabutylammonium  toluene-4-sulfonate  gels  cast  onto 
an  array  of  interdigitated  microband  electrodes. 

[0092]  The  indicator  reaction  is  identical  to  that  de- 
scribed  in  example  1  . 

Experimental 

[0093]  A  similar  procedure  to  that  used  in  the  example 
4  was  implemented  but  using  2  mg  of  horseradish  per- 
oxidase  and  500  mg  TBATS  /  3  ml  of  citric  acid  buffer 
(0.1  M,  pH  6.5).  A  5  u,l  volume  of  the  enzyme-TBATS 
(2mg/1  00  solution  was  cast  onto  the  microband  sec- 
tion  of  the  electrode  and  allowed  to  air  dry  at  room  tem- 
perature  for  1  0  minutes.  Following  this  drying  period  the 
enzyme  formed  a  gel  which  was  immobile  on  electrode 
inversion.  A  cyclic  voltammogram  at  0.2  V/s  in  which  the 

potential  was  cycled  from  +1  V  to  -1  V  versus  the  CC  + 
QRE,  following  the  drying  period,  revealed  a  reductive 
peak  at  approximately  -0.25  V  versus  the  CC  +  QRE. 
The  results  are  shown  in  Figure  12. 

5  [0094]  Amperometric  experiments  were  then  carried 
out  in  which  the  gel-electrode  was  placed  a  distance  of 
5  mm  from  a  10  ml  liquid  solution  of  H202  in  water  (0.8 
M)  in  a  25  ml  glass  beaker.  The  potential  of  the  indicator 
electrode  was  set  at  -0.350  V  versus  the  CC  +QRE.  The 

10  results  are  shown  in  Figure  1  3.  Solid  arrows  indicate  ex- 
posure  to  gaseous  H202.  Broken  arrows  indicate  no  ex- 
posure.  The  increase  in  cathodic  current  on  exposure 
to  gaseous  H202  was  indicative  of  the  reduction  of  the 
oxidised  form  of  mediator  following  the  enzyme  reaction 

is  with  H202- 

Example  6.  Phenolic  compound  induced  structural 
changes  in  TBATS  gels 

20  [0095]  The  amperometric  trace  obtained  with  the 
TBATS-enzyme  gel  described  in  example  4  (figure  10) 
displayed  a  delay  in  the  initial  response  to  p-cresol  ex- 
posure  between  200  -  800  seconds.  The  experiment  us- 
ing  phenol  instead  of  p-cresol  also  displayed  this  lag. 

25  The  observed  "lag  phase"  was  thought  to  be  important 
and  worth  investigating  further.  Experiments  with  a 
TBATS-water  gel  loaded  with  the  electron  mediator,  fer- 
rocene  (0.01  25  M)  was  used  to  investigate  the  lag  phase 
observed  in  amperometric  determinations.  A  volume  of 

30  1  .5  u.l  of  the  TBATS-water-ferrocene  solution  was  de- 
posited  onto  the  microarray  section  of  the  electrode.  Im- 
mediately,  a  cyclic  voltammogram  at  0.2  V/s  and  at  a 
potential  of  from  +1  V  to  -1  V  was  recorded  that  produced 
a  non-peaked  voltammogram  representative  of  rapid 

35  diffusion  of  the  electroactive  probe,  ferrocene,  to  the 
working  microelectrodes.  See  Figure  14. 
[0096]  Figure  1  5  illustrates  the  cyclic  voltammograms 
at  0.2  V/s  which  were  then  recorded  for  a  potential  of 
+1V  to  -1  V  of  TBATS-ferrocene  gel  electrode  after  (A) 

40  7  minutes  drying  at  room  temperature  and  (B)  30  min- 
utes  drying  at  room  temperature.  Cyclic  voltammo- 
grams  were  also  recorded  after  10,  16  and  24  minute 
intervals  but  the  results  are  not  illustrated. 
[0097]  The  clear  change  in  voltammetric  shape  from 

45  figure  1  4  to  figure  1  5  illustrates  the  reduced  diffusion  of 
the  electroactive  probe  as  the  gel  presumably  lost  water 
and  became  more  rigid. 
[0098]  The  situation  of  particular  interest  where  phe- 
nol  vapour  partitions  into  the  gel  and  undergoes  biocat- 

50  alytic  conversion  was  also  investigated.  A  similar  pro- 
cedure  to  that  used  in  the  amperometric  experiments 
was  employed  but  monitoring  the  diffusion  of  mediator 
using  cyclic  voltammetry.  Electroactive  probe  gel  elec- 
trodes  as  used  in  the  previous  experiment  after  30  min- 

55  utes  drying  were  exposed  to  p-cresol  for  1  00  second  in- 
tervals  followed  by  a  further  100  seconds  of  no  expo- 
sure.  Immediately  proceeding  an  exposure  to  p-cresol, 
a  cyclic  voltammogram  at  0.2  V/s,  and  a  potential  of  from 

9 
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+1  V  to  -1  V  was  recorded  at  room  temperature. 
[0099]  Figure  1  6  shows  a  succession  of  cyclic  voltam- 
mograms  recorded  approximately  every  200  seconds  at 
0,  200,  800,  1800,  and  2200  seconds.  Letters  indicate 
approximate  times  of  recorded  voltammograms  (A)  ini- 
tial  voltammogram  after  30  minutes  drying  time;  (B)  after 
200  s;  (C)  after  800  s;  (D)  after  1800  s;  and  (E)  after 
2200  s. 
[0100]  Peak  currents  increased  in  successive  voltam- 
mograms  and  stabilised  at  around  2200  seconds.  Dis- 
tinct  peaks  began  to  form  at  around  800  seconds,  a  time 
approximating  to  the  end  of  the  lag  phase  observed  in 
amperometric  determinations  (Figure  10).  The  results 
suggested  that  the  gel  material  underwent  a  structural 
change  which  facilitated  the  increased  mobility  of  the 
electroactive  probe  on  continued  exposure  to  p-cresol. 
Again,  repeating  the  experiment,  replacing  p-cresol  with 
phenol  produced  the  results  qualitatively  the  same,  but 
greater  current  magnitudes  were  obtained.  Although 
plasticisation  effects  are  well  documented  with  respect 
to  polymers,  it  was  unclear  how  p-cresol  induced  the 
structural  change  within  the  TBATS  gel.  The  precise 
structure  of  the  TBATS  gel  was  unknown  to  us  but  we 
anticipate  an  ordered  matrix  consisting  of  cationic  and 
anionic  groups  of  tetrabutylammonium  and  toluene- 
4-sulfonate  ions  respectively,  interdispersed  with  water 
molecules. 
[0101]  One  can  further  suggest  p-cresol  interfered 
with  the  electrostatic  forces  between  the  charged 
groups  resulting  in  a  loosening  of  the  matrix  structure 
and  thus  increased  mobility  of  the  electroactive  probe. 
With  respect  to  the  amperometric  enzyme  electrode 
trace  obtained  in  figure  1  0,  we  propose  the  diffusion  co- 
efficient  of  the  product  of  the  enzyme  reaction  increased 
on  continued  periodic  exposure  to  p-cresol  vapours  as 
a  consequence  of  increases  in  gel  fluidity.  No  doubt  sub- 
strate  diffusion  within  the  gel  also  increased  but  the  ef- 
fect  would  appear  incidental  since  control  electrodes, 
devoid  of  enzyme,  produced  fairly  constant  current  in- 
creases  as  a  result  of  non-specific  conductivity  changes 
induced  by  p-cresol. 

Solvent  Effects  on  the  Support  Matrix 

[0102]  Further  experiments  investigating  the  effect  of 
casting  solvent  produced  unexpected  and  intriguing  re- 
sults.  TBATS  material  was  dissolved  in  isopropanol  and 
then  cast  onto  the  electrode  surface  and  placed  in  a  dry- 
ing  cabinet  at  72°C  for  30  minutes.  Following  a  further 
5  minute  drying  period  at  room  temperature,  the  TBATS 
gel  was  covered  by  a  5  \i\  volume  of  polyphenol  oxidase- 
sodium  phosphate  buffer  solution  (1  mg/100  and  al- 
lowed  to  air  dry  for  1  5  minutes.  When  the  electrode  was 
exposed  to  p-cresol  vapours,  an  immediate  current  in- 
crease  was  recorded.  This  is  illustrated  by  Figure  17 
which  shows  an  amperometric  trace  of  TBATS  solvent 
cast  polyphenol  oxidase  electrode  at  -0.65V.  The  solid 
arrow  indicates  the  start  of  exposure  to  p-cresol. 

[01  03]  It  was  proposed  that  the  casting  solvent  played 
an  important  role  in  determining  the  structure  of  the 
TBATS  gel  matrix.  It  would  appear  that  in  the  later  case, 
the  quinone  product  was  able  to  move  rapidly  diffuse 

5  through  the  gel  matrix  and  react  at  the  electrode.  It  is 
thought  that  this  is  because  the  use  of  isopropanol  sol- 
vent  produces  a  thinner  layer  of  matrix  gel  so  that  the 
diffusion  through  the  gel  is  more  rapid.  However,  in  this 
situation  it  was  likely  that  little  solvent  remained  within 

10  the  matrix  following  the  high  temperature  drying  proce- 
dure  possibly  resulting  in  a  high  density  gel  structure. 
This  example  of  the  manipulation  of  the  structure  and 
properties  of  the  TBATS  gels  indicates  how  rapidly  re- 
sponding  and  stable  matrices  may  be  suitably  produced 

is  for  incorporation  into  analytical  devices  for  the  qualita- 
tive  and  quantitative  determination  of  gaseous  analytes. 

Claims 
20 

1.  A  method  for  detecting  an  analyte  in  the  gaseous 
or  vapour  phase  comprising  contacting  a  gaseous 
or  vapour  analyte  with  a  sensing  electrode  of  an 
electrochemical  cell,  a  biological  molecule  selected 

25  from  the  group  comprising  synzymes,  antibodies 
binding  proteins  and  enzymes  being  retained  at  a 
support  at  the  sensing  electrode,  the  support  com- 
prising  an  electrolyte  salt,  so  that  a  substrate  con- 
tacts  the  biological  molecule  and  reacts,  generating 

30  an  electrical  response;  and  measuring  this  electri- 
cal  response  of  the  cell,  the  response  being  renta- 
ble  to  the  concentration  of  the  analyte  and  wherein 
the  biological  molecule  is  in  a  solid  or  semi-solid 
state. 

35 
2.  A  method  according  to  claim  1  in  which  the  biolog- 

ical  molecule  is  in  a  substantially  dehydrated  state 
and  the  substrate  is  derived  from  the  analyte. 

40  3.  A  method  according  to  claim  1  or  claim  2  in  which 
the  support  comprises  a  solid  or  gel  matrix  of  an 
electrolyte  salt. 

4.  A  method  according  to  claim  3  in  which  the  electro- 
ns  |yte  is  an  organic  salt. 

5.  A  method  according  to  claim  4  in  which  the  organic 
salt  comprises  a  tetra-alkyl  ammonium  salt. 

so  6.  A  method  according  to  claim  5  in  which  the  tetra- 
alkyl  ammonium  salt  is  chosen  from  tetrabutyl  am- 
monium  perch  lorate,  tetrabutyl  ammonium  toluene- 
4-sulphonate,  tetrabutylammonium  methane  sul- 
phonate,  tetrabutylammonium  phenol  borate,  tetra- 

55  ethylammonium  tetrafluoroborate,  tetrabutyl-am- 
monium  chloride  and  tetrabutyl  ammonium  iodide. 

7.  A  method  according  to  any  preceding  claim  wherein 

10 



19 EP  0  585  113  B1 20 

the  response  increases  with  exposure  to  an  in- 
creasing  concentration  of  analyte. 

8.  A  method  according  to  any  preceding  claim  in  which 
the  biological  molecule  is  an  enzyme  for  a  redox  re- 
action. 

9.  A  method  according  to  any  preceding  claim  in  which 
the  analyte  is  the  substrate. 

Patentanspriiche 

1.  Verfahren  zum  Nachweis  eines  Analyten  in  der 
Gas-  oder  Dampfphase,  umfassend  das  Kontaktie- 
ren  eines  gasformigen  oder  dampfformigen  Analy- 
ten  mit  einer  MeBelektrode  einer  elektrochemi- 
schen  Zelle,  wobei  ein  biologisches  Molekul,  aus- 
gewahlt  aus  der  Gruppe,  die  Synzyme,  Antikorper, 
bindende  Proteine  und  Enzyme  umfaBt,  auf  einem 
Trager  an  der  MeBelektrode  gehalten  wird,  wobei 
der  Trager  ein  Elektrolytsalz  umfaBt,  so  dal3  ein 
Substrat  das  biologische  Molekul  kontaktiert  und 
unter  Hervorrufung  einer  elektrischen  Antwort  rea- 
giert;  und  das  Messen  dieser  elektrischen  Antwort 
der  Zelle,  wobei  die  Antwort  zur  Konzentration  des 
Analyten  in  Beziehung  gebracht  werden  kann  und 
wobei  das  biologische  Molekul  in  einem  festen  oder 
halbfesten  Zustand  vorliegt. 

2.  Verfahren  nach  Anspruch  1,  worin  das  biologische 
Molekul  in  einem  im  wesentlichen  entwasserten  Zu- 
stand  vorliegt  und  das  Substrat  von  dem  Analyten 
abgeleitet  ist. 

3.  Verfahren  nach  Anspruch  1  oder  Anspruch  2,  worin 
der  Trager  eine  teste  Matrix  oder  Gel-Matrix  eines 
Elektrolytsalzes  umfaBt. 

4.  Verfahren  nach  Anspruch  3,  worin  der  Elektrolyt  ein 
organisches  Salz  ist. 

5.  Verfahren  nach  Anspruch  4,  worin  das  organische 
Salz  ein  Tetraalkylammoniumsalz  umfaBt. 

6.  Verfahren  nach  Anspruch  5,  worin  das  Tetraalkyl- 
ammoniumsalz  aus  Tetrabutylammoniumperchlo- 
rat,  Tetrabutylammoniumtoluol-4-sulfonat,  Tetrabu- 
tylammoniummethansulfonat,  Tetrabutylammoni- 
umphenolborat,  Tetraethylammoniumtetrafluor- 
borat,  Tetrabutylammoniumchlorid  und  Tetrabutyl- 
ammoniumiodid  ausgewahlt  ist. 

7.  Verfahren  nach  irgendeinem  der  vorhergehenden 
Anspruche,  worin  die  Antwort  mit  der  Exposition  ge- 
genuber  einer  zunehmenden  Analyt-Konzentration 
zunimmt. 

8.  Verfahren  nach  irgendeinem  der  vorhergehenden 
Anspruche,  worin  das  biologische  Molekul  ein  En- 
zym  fur  eine  Redox-Reaktion  ist. 

5  9.  Verfahren  nach  irgendeinem  der  vorhergehenden 
Anspruche,  worin  der  Analyt  das  Substrat  ist. 

Revendications 
10 

1  .  Procede  pour  detecter  un  analyte  en  phase  gazeu- 
se  ou  vapeur  comprenant  la  mise  en  contact  d'un 
analyte  sous  forme  gazeuse  ou  vapeur  avec  une 
electrode  de  detection  d'une  pile  electrochimique, 

is  une  molecule  biologique,  choisie  dans  le  groupe 
comprenant  les  synzymes,  les  anticorps,  les  protei- 
nes  de  fixation  et  les  enzymes,  etant  retenue  sur  un 
support  au  niveau  de  I'electrode  de  detection,  le 
support  comprenant  un  sel  electrolyte,  de  facon 

20  qu'un  substrat  vienne  au  contact  de  la  molecule  bio- 
logique  et  reagisse,  generant  une  reponse 
electrique  ;  et  la  mesure  de  la  reponse  electrique 
de  la  pile,  la  reponse  pouvant  etre  en  rapport  avec 
la  concentration  de  I'analyte,  et  dans  lequel  la  mo- 

25  lecule  biologique  est  dans  un  etat  solide  ou  semi- 
solide. 

2.  Procede  selon  la  revendication  1,  dans  lequel  la 
molecule  biologique  est  dans  un  etat  sensiblement 

30  deshydrate  et  le  substrat  derive  de  I'analyte. 

3.  Procede  selon  la  revendication  1  ou  la  revendica- 
tion  2,  dans  lequel  le  support  comprend  une  matrice 
solide  ou  en  gel  d'un  sel  electrolyte. 

35 
4.  Procede  selon  la  revendication  3,  dans  lequel  I'elec- 

trolyte  est  un  sel  organique. 

5.  Procede  selon  la  revendication  4,  dans  lequel  le  sel 
40  organique  comprend  un  sel  de  tetraalkylammo- 

nium. 

6.  Procede  selon  la  revendication  5,  dans  lequel  le  sel 
de  tetraalkylammonium  est  choisi  parmi  le  perchlo- 

45  rate  de  tetrabutylammonium,  letoluene-4-sulfonate 
de  tetrabutylammonium,  le  methanesulfonate  de 
tetrabutylammonium,  le  phenolborate  de  tetrabuty- 
lammonium,  le  tetrafluoroborate  de  tetraethylam- 
monium,  le  chlorure  de  tetrabutylammonium  et  I'io- 

50  dure  de  tetrabutylammonium. 

7.  Procede  selon  I'une  quelconque  des  revendications 
precedentes,  dans  lequel  la  reponse  augmente 
avec  I'exposition  a  une  concentration  croissante 

55  d'analyte. 

8.  Procede  selon  I'une  quelconque  des  revendications 
precedentes,  dans  lequel  la  molecule  biologique 

11 
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est  une  enzyme  pour  reaction  redox. 

9.  Procede  selon  I'une  quelconque  des  revendications 
precedentes,  dans  lequel  I'analyte  est  le  substrat. 
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