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@  Method  and  apparatus  for  the  measurement  of  analyte  substances. 

(57)  A  method  for  measuring  trace  amounts  of  analyte 
substance(s),  which  utilize  a  pH  electrode  is  disclosed.  This 
method  is  by  far  simpler  than  conventional  optical  detecting 
means.  The  apparatus  for  practicing  the  method  is  also 
disclosed.  By  the  use  of  pH  electrode,  the  apparatus  is 
compact,  inexpensive  and  easy  to  operate,  and  hence  usable  in 
small-size  and  medium-size  hospitals  or  clinical  laboratories 
and  by  patient's  bedside. 
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Description 

METHOD  AND  APPARATUS  FOR  THE  MEASUREMENT  OF  ANALYTE  SUBSTANCES 

enzyme  as  the  second  receptor.  The  competitive 
system  utilizes  an  antigen  as  the  receptor,  selecting 
an  antibody  which  competes  with  the  antibody  to  be 
determined  against  the  antigen,  and  labels  the 
antibody  thus  selected  with  an  enzyme.  After  being 
washed,  the  solid  phase  is  contacted  with  a 
substrate  solution  for  the  above-mentioned  enzyme 
used  as  the  label  and,  if  necessary,  a  chromophore, 
whereby  the  optical  property  of  the  system  is 
changed  with  the  proceeding  of  the  decomposition 
reaction  of  the  substrate,  which  change  is  then 
observed. 

Several  methods  have  been  used  for  the  purpose 
of  observing  the  change  of  the  optical  property  of 
the  substrate  solution.  Among  them,  there  are 
methods  utilizing  optical  instruments  such  as  ab- 
sorptiometer,  fluorophotometer,  and  chemilumines- 
cence  photometer  (see  for  example  Ishikawa,  Kawai 
and  Miyai,  ENZYME  IMMUNOASSAYS,  1982,  pub- 
lished  from  Igaku  Shoin,  Tokyo). 

There  is  also  a  method  which  comprises  compar- 
ing  a  substrate  solution  with  a  control  solution  and 
observing  visually  the  difference  in  the  color  to  judge 
the  presence  of  a  trace  amount  of  an  analyte 
substance  (see  for  example  Japanese  Patent  Appli- 
cation  Laid-Open  No.  128369/1985). 

The  above-mentioned  optical  measuring  systems 
utilizing  optical  instruments,  however,  require  ex- 
pensive  and  large  and  complex  equipment  because 
they  generally  need  a  stable  light  source,  a 
photometer  having  high  sensitivity,  a  photo-multi- 
plier  circuit  with  high  precision,  and  the  like.  Further, 
specialized  technicians  must  attend  to  the  measure- 
ment  since  special  technique  is  required  for  the 
measurement. 

On  the  other  hand,  the  direct  visual  observation 
method  is  a  qualitative  one.  It  is  liable  to  personal 
variation  in  judgement  of  color  change  and  to  the 
observer's  subject.  Further,  judgement  itself  is 
sometimes  difficult  for  measurement  of  an  extreme 
trace  substance  where  the  color  change  is  very 
small. 

Accordingly,  an  aim  of  the  present  invention  is  to 
provide  a  method  for  the  measurement  of  an  analyte 
substance(s)  in  a  sample  by  measuring  the  decom- 
position  reaction  of  a  substrate  solution  objectively 
and  with  high  detection  accuracy,  with  the  method 
being  free  from  the  indefiniteness  of  judgement 
which  depends  on  the  observer's  subject;  and  the 
apparatus  therefor. 

Another  aim  of  the  present  invention  is  to  provide 
a  method  for  the  measurement  of  an  analyte 
substance  (s),  which  has  a  measurement  system 
which  is  far  simpler  from  the  optical  measurement 
systems,  and  the  apparatus  therefor. 

Still  another  aim  of  the  present  invention  is  to  pro 
vide  an  apparatus  for  measuring  analyte  substances, 
which  can  be  operated  by  an  untrained  operator  or 
which  is  suited  for  use,  when  a  quick  decision  is 
required  for  diagnosis,  by  a  person  in  charge  of 
medical  care  or  of  other  medical  field. 

The  present  invention  relates  to  a  method  for 
measuring  analyte  substance(s)  and  apparatus 
therefor,  and  in  particular  to  a  method  and  apparatus  5 
suited  for  the  quantitative  immunoassay  of  specific 
substances  contained  in  trace  amounts  in  a  multi- 
component  solution  such  as  specimens  from  biol- 
ogical  sources  and  the  apparatus  therefor.  While  the 
present  invention  will  hereinbelow  be  illustrated  only  10 
for  measurement  of  biosubstances  in  clinical  exam- 
ination,  the  method  and  apparatus  of  the  present 
invention  are  applicable  to  a  wide  variety  of  fields 
such  as  pharmacy,  biology,  zoology,  botany,  agricul- 
ture  and  chemistry.  15 

Substances  participating  in  bioactivity  of  a  living 
body  are  generally  present  in  trace  amounts,  and  still 
many  of  them  play  very  important  roles  for  the  living 
body.  The  quantitative  determination  of  such  bioac- 
tive  substances  therefore  is  important  in  fields  20 
associated  with  living  organisms,  such  as  medical 
science  and  biochemistry.  Various  methods  for  that 
purpose  have  been  proposed  and  put  to  practical 
use,  among  which  a  determination  method  of 
analyte-receptor  system  utilizing  enzymes,  radioac-  25 
tive  isotopes,  chemiluminescent  substances  or  the 
like  as  a  label  has  been  widely  used.  The  analyte-re- 
ceptor-type  measurement  comprises  first  contact- 
ing  a  solid  phase  having  fixed  a  first  receptor  which 
can  specifically  bind  an  analyte  which  is  the  30 
substance  to  be  determined,  with  a  sample  solution 
and  a  labelled  second  receptor  or  a  labelled  analyte 
(hereinafter  these  labelled  substances  are  referred 
to  as  "the  conjugates")  simultaneously  or  success- 
ively,  thereby  effecting  an  analyte-receptor  reaction,  35 
washing  the  reaction  mixture,  and  thereafter  deter- 
mining  the  amount  of  the  conjugates  remaining  on 
the  solid  phase  to  measure  the  amount  of  the  analyte 
in  the  sample  solution.  In  this  case  substances 
having  a  large  amplification  effect  such  as  radioiso-  40 
topes  and  enzymes  are  used  as  the  label.  As  regards 
the  receptor,  for  an  antigen  or  a  hapten,  an  antibody 
which  can  specifically  bind  it  is  used;  for  an  antibody, 
its  antigen  is  used;  for  a  DNA  or  RNA,  another  DNA 
or  RNA  complementary  thereto  is  used;  and  for  a  45 
ligand,  its  receptor  is  used.  The  heterogeneous  EIA, 
so-cailed  Enzyme  Linked  Immuno  Sorbent  Assay 
(ELISA)  is  known  as  a  representative  example  of 
such  determination. 

In  ELISA,  a  solid  phase  obtained  by  fixing  a  50 
receptor  capable  of  specifically  binding  the  analyte 
to  be  determined,  on  a  test  tube,  microplate  or  the 
like  is  used  for  capturing  the  substance  to  be 
determined  in  the  sample  solution.  An  enzyme  is 
used  as  the  label  for  signal  amplification.  For  55 
example  where  the  analyte  to  be  determined  is  an 
antigen,  the  sandwich-ELISA  uses  an  enzyme-la- 
belied  second  antibody  (a  second  receptor)  bind- 
able  to  the  antigen,  and  the  competitive-ELISA  uses 
an  enzyme-labelled  antigen  as  the  conjugate.  On  the  60 
other  hand,  where  the  analyte  to  be  determined  is  an 
antibody,  the  sandwich-ELISA  uses  an  antigen  as 
the  receptor,  and  another  antigen  labelled  with  an 
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Yet  another  aim  of  the  present  invention  is  to 
provide  a  compact  and  inexpensive  apparatus  for 
measuring  analyte  substances,  which  can  be  used  in 
hospitals  of  small  or  medium  size,  clinical  labora- 
tories  or  at  a  patient's  bed  side. 

Various  preferred  features  and  embodiments  of 
the  invention  will  now  be  described  below. 

The  measurement  method  of  the  present  inven- 
tion  comprises  contacting  a  solid  phase  having  the 
product  of  a  completed  analyte-receptor  reaction 
with  a  substrate  solution.  It  utilizes  the  pH  change  of 
the  substrate  solution  due  to  the  advance  of  a 
decomposition  reaction  of  the  substrate  as  it  reacts 
with  the  solid  phase.  It  is  further  characterized  by 
providing  the  solid  phase  in  a  spaced  relationship 
with  and  facing  a  pH  sensitive  surface  of  a  pH 
electrode  such  that  the  slit  distance  between  the 
solid  phase  and  the  pH  sensitive  surface  is  not  more 
than  1  mm.  The  pH  change  of  the  substrate  solution 
enclosed  in  the  slit  is  measured  to  perform  the 
assay. 

Further,  the  measurement  apparatus  of  the  pres- 
ent  invention  is  an  apparatus  for  measuring  analyte 
substances  by  contacting  a  solid  phase  having  the 
product  of  a  completed  analyte-receptor  reaction 
with  a  substrate  solution  and  utilizing  the  pH  change 
of  said  substrate  solution  with  the  advance  of 
decomposition  reaction  of  the  substrate  solution. 
The  apparatus  comprises: 

a)  a  cell  having  an  inlet  and  an  outlet  for  the 
substrate  solution, 

b)  a  pH  electrode  housed  in  the  cell, 
c)  a  pump  for  supplying  the  substrate 

solution  into  the  cell, 
d)  a  means  for  introducing  into  the  cell,  a 

solid  phase  having  fixed  thereon  a  first  receptor 
capable  of  specifically  binding  the  analyte  to  be 
measured  and  which  has  been  contacted  with  a 
sample  solution  and  a  labelled  second  receptor 
or  labelled  analyte  and  then  washed,  and 

e)  a  means  for  positioning  the  solid  phase, 
which  can  adjust  the  position  of  the  solid  phase 
introduced  into  the  cell  to  a  position  facing  and 
in  a  spaced  relationship  with  the  pH  sensitive 
surface  of  the  pH  electrode  such  that  the  slit 
distance  between  the  two  is  not  more  than  1 
mm. 

Conventional  measurement  apparatus  of  analyte- 
receptor  systems  utilizing  a  pH  electrode  as  a 
detecting  means  have  not  been  thought  practical 
since  their  detection  sensitivity  is  by  far  inferior  to 
that  of  systems  utilizing  an  absorptiometer  or  fluoro 
photometer.  The  present  inventors,  however,  found 
that,  unexpectedly,  a  high  detection  sensitivity  of  the 
same  degree  as  that  of  the  conventional  optical 
systems  can  be  obtained  by  setting  the  distance 
between  the  pH  sensi  tive  surface  of  the  pH 
electrode  and  the  solid  phase  having  completed 
analyte-receptor  reaction  at  not  more  than  1  mm. 

Preferred  embodiments  of  the  invention  will  now 
be  described  by  way  of  example  with  reference  to 
the  accompanying  drawings  in  which: 

FIGURE  1  is  a  cross-sectional  view  showing 
the  principle  of  the  measurement  method  and 
apparatus  according  to  the  present  invention; 

FIGURE  2  is  a  schematic  view  of  the 
measurement  apparatus  of  the  present  inven- 
tion; 

FIGURE  3  is  a  perspective  view  of  a  pH-FET; 
5  FIGURES  4  and  5  are  cross-sectional  views 

showing  examples  of  a  small-diameter  tube; 
FIGURES  6  and  7  are  schematic  views 

showing  the  measurement  method  with  the 
apparatus  of  the  present  invention; 

10  FIGURE  8  is  an  enlarged  cross-sectional  view 
of  the  small-diameter  section  of  the  cell  ; 

FIGURE  9  is  a  graph  showing  the  change  with 
time  of  the  source  potential  and  its  changing 
rateofthepH-FET; 

15  FIGURES  10,  11  and  13  are  graphs  showing 
the  relationships  between  the  concentration  of 
analyte  and  the  pH  response  curve  ;  and 

FIGURE  12  is  a  graph  showing  the  relation- 
ship  between  the  distance  of  the  pH  sensitive 

20  surface  from  the  inner  wall  surface  of  the 
small-diameter  tube  and  the  source  potential. 

In  the  measurement  method  of  the  present 
invention,  as  illustrated  in  FIGURE  1,  splid  phase  3 
having  completed  analyte-receptor  reaction  and 

25  been  washed,  and  having  analyte-receptor  com- 
plex  5  containing  the  conjugate  absorbed  on  the 
solid  phase  is  positioned  facing  and  in  a  spaced 
relationship  with  the  pH  sensitive  surface  2  of  the  pH 
electrode  1  such  that  the  distance,  d,  of  the  slit 

30  therebetween  is  of  more  than  1  mm.  This  distance 
can  be  decrease  until  it  approaches  to  the  depth  of 
electrochemical  double  layer,  which  is  usually  less 
than  100  nm.  The  pH  change  with  the  advance  of 
decomposition  reaction  of  a  substrate  solution  4 

35  which  is  substantially  enclosed  in  the  narrow  slit  is 
then  directly  measured. 

The  fundamental  procedure  for  the  present 
method  is:  (1)  prepare  a  solid  phase  3  having  a 
receptor-fixed  surface;  (2)  have  the  solid  phase 

40  react  with  an  analyte  solution  and  a  conjugate 
solution  to  form  an  analyte-receptor  complex  (con- 
taining  the  conjugate)  5  on  the  surface  of  the  solid 
phase;  (3)  wash  the  solid  phase  to  eliminate  free 
analyte  and  free  conjugate;  (4)  position  the  surface 

45  of  the  solid  phase  at  a  distance  of  not  more  than  1 
mm  from  the  pH  sensitive  surface  2  of  a  pH 
electrode  1  ;  (5)  prior  to  or  after  step  (4),  introduce  a 
substrate  solution  at  least  into  the  slit  zone  between 
the  solid  phase  and  the  pH  sensitive  surface  of  the 

50  pH  electrode;  and  (6)  have  the  substrate  solution 
decompose  by  action  of  the  conjugate  5  adsorbed 
on  the  surface  of  the  solid  phase,  and  measure  the 
resulting  change  in  pH  of  the  substrate  solution  with 
the  pH  electrode. 

55  Though  the  embodiment  utilizes  as  the  solid 
phase  a  cylindrical  tube  having  a  small  diameter  as 
an  example,  it  is  to  be  understood  that  the  apparatus 
of  the  following  embodiment  is  not  limiting  of  the 
invention. 

60  FIGURE  2  is  a  cross-sectional  view  of  the 
measurement  apparatus  of  the  present  invention. 
The  apparatus  comprises  a  cell  1  1  equipped  with  an 
inlet  1  2  and  an  outlet  1  3  for  a  substrate  solution,  a  pH 
electrode  14  and  a  reference  electrode  15  disposed 

65  in  the  cell  1  1  ,  a  pump  20  for  feeding  the  substrate 

3 
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fundadmental  structure  as  shown  in  FIGURE  3: 
(1)  a  pH  sensitive  surface  (gate)  28  is 

provided  on  tip  29  of  the  device, 
(2)  tip  29  is  of  a  size  capable  of  being  inserted 

5  into  a  small-diameter  tube  for  fixing  receptor, 
(3)  the  length  of  tip  29  is  1  to  10  mm, 

preferably  1  to  3  mm,  and 
(4)  all  the  surfaces,  i.e.  top,  bottom  and  side 

surfaces,  are  electrically  insulated  against  the 
10  surrounding  solution. 

A  bonding  pad  40  for  lead  wire  is  provided  on  the 
tail  part  41  of  the  pH-FET  device,  no  limitation  being 
on  the  shape  of  the  tail  part. 

As  to  the  size  of  the  pH-FET  device  tip,  it  is 
15  preferably  such  that  can  allow  the  tip  to  get  into  a 

small-diameter  tube  for  fixing  receptor  having  gener- 
ally  an  inner  diameter  of  not  more  than  0.8  mm.  Thus, 
for  example  for  a  small-diameter  tube  having  an 
inner  diameter  of  0.53  mm,  an  device  tip  having  a 

20  width  of  not  more  than  0.45  mm  and  a  thickness  of 
not  more  than  0.20  mm  may  be  sufficient.  As  to  the 
length  of  the  device  tip,  if  it  is  larger  than  10  mm,  the 
tip  will  cause  ready  breakage,  require  a  large  length 
of  a  receptor-fixed  portion  of  the  small-diameter 

25  tube.  If  the  length  is  less  than  1  mm,  the  length  of  the 
tip  inserted  into  the  small-diameter  tube  will  be  too 
short,  rendering  the  enzyme  reaction  in  the  tube 
susceptible  to  the  solution  outside  of  the  tube, 
which  is  not  preferred.  The  device  tip,  as  it  is,  must 

30  be  electrically  insulated  against  the  surrounding 
solution.  In  the  above-mentioned  pH-FET  of  the 
all-around  insulated  type,  the  entire  circumpherence 
of  the  device  tip  is  insulated  with  a  layer  of  silicon 
dioxide,  silicon  nitride  or  the  like.  In  the  pH-FET  of 

35  junction-isolation  type,  electrical  insulation  is 
achieved  by  pn  junction  (see  Tsutsumi,  SENSOR 
TECHNOLOGY,  May,  1986,  extra  issue).  Further  in 
the  pH-FET  of  SOS  type,  the  bottom  surface  of  the 
device  is  insulated  with  a  saphire  base  plate  and  the 

40  top  and  side  surfaces  with  a  layer  of  silicon  nitride  or 
the  like. 

It  is  preferred  that  the  pH-FET  used  in  the 
invention  have  a  pH  sensitivity  at  25°  C  of  40  to  60 
mV/pH,  more  preferably  50  to  60  mV/pH.  The  pH 

45  sensitive  membrane  is  preferably  made  of  substan- 
ces  having  high  stability  in  water,  such  as  silicon 
nitride,  aluminum  oxide  and  tantalum  oxide,  among 
which  tantalum  oxide  and  aluminum  oxide  are 
preferred  in  terms  of  in-water  stability,  pH-respond- 

50  ing  characteristics  and  the  like.  pH-FET's  with  the 
pH-sensitive  membrane  of  tantalum  oxide  are  most 
suited  for  the  pH  electrode  used  in  the  present 
invention. 

It  is  preferred  that  the  pH-FET  employed  have  an 
55  extremely  low  noise  level  (generally  not  more  than 

0.05  mV  at  a  constant  pH).  To  this  end,  its  mutual 
conductance  is  preferably  at  least  50  u.  &  ,  more 
preferably  at  least  100  p.  U  .  and  most  preferably  at 
least  150  u.  15  .  The  leakage  current  produced  when  a 

60  voltage  of  3V  is  applied  between  the  element  tip  of 
the  pH-FET  and  an  external  electrode  both  of  which 
are  immersed  in  a  physiological  saline  solution  is 
preferably  not  more  than  30  nA,  more  preferably  not 
more  than  10  nA.  If  the  mutual  conductance  is  less 

65  than  50  |i  Of  or  the  above-defined  leakage  current  is 

solution  into  the  cell,  a  means  9  for  introducing  into 
the  cell  1  1  a  small-diameter  tube  6  having  fixed  on 
the  inner  wall  thereof  a  receptor,  and  a  positioning 
means  (not  shown)  for  setting  the  distance  between 
the  inner  wall  surface  of  the  tube  and  the  pH 
sensitive  surface  16  of  the  pH  electrode  14  at  not 
more  than  1  mm.  21  is  a  reservoir  for  the  substrate 
solution. 

The  cell  1  1  has  cylindrical  large-diameter  sections 
at  its  upper  and  lower  parts  and  a  cylindrical 
small-diameter  section  at  the  middle  part,  the  both 
ends  of  the  large-diameter  sections  being  open.  The 
inlet  12  for  the  substrate  solution  is  mounted  on  the 
lower  large-diameter  section,  and  the  outlet  13  for 
the  substrate  solution  on  the  upper  large-diameter 
section.  The  bottom  opening  of  the  cell  is  sealed 
with  a  cap  10  made  of  an  insulating  resin  for  housing 
in  the  cell  the  pH  electrode  14  and  the  reference 
electrode  15.  The  cell  itself  may  be  made  of  a  plastic, 
inorganic  glass  or  a  metal.  19  is  a  connecter  which 
connects  the  pH  electrode  and  the  reference 
electrode  to  an  electric  circuit  (not  shown)  for 
operating  the  pH  electrodes  and  reading. 

As  the  pH  electrode  14  to  be  disposed  in  the  cell 
11  use  is  made  of,  in  addition  to  so-called  glass 
electrodes  which  have  been  most  widely  used, 
various  micro  pH  electrodes,  e.g.  a  pH  sensitive 
field-effect  transistor  (hereinafter  referred  to  as 
"pH-FET"),  surface  oxidized  metal-type  electrodes 
such  as  palladium  oxide/palladium  wire,  coated 
wire-type  pH  electrodes  obtained  by  coating  metal 
wire  or  carbon  wire  with  a  pH  sensitive  polymer  film 
made  of  polyvinyl  chloride  containing  a  proton 
receptor.  However,  electrodes  other  than  pH-FET 
have  some  problems  as  described  below. 

Glass  pH  electrodes  having  a  small  diameter  tend 
to  suffer  an  increase  in  induction  noise;  surface 
oxidized  metal-  type  pH  electrodes  are  readily 
available  in  small  diameters  but  have  problems  in  life 
when  immersed  in  water  for  a  long  period;  and 
coated  wire-type  pH  electrodes  have,  though  also 
readily  available  in  small  diameters,  drawbacks  of 
narrow  linear  response  range  and  short  life  in  water. 

On  the  other  hand,  pH-FET  has  the  following 
excellent  characteristics  and  is  hence  most  suited 
for  use  in  the  apparatus  of  the  present  invention:  (1) 
small-diameter  type  is  readily  obtainable;  (2)  small 
induction  noise  even  when  made  into  small-diameter 
type:  (3)  it  is  manufactured  by  IC  techlology, 
whereby  the  variation  in  characteristics  is  small  and 
the  pH  sensitive  surface  (gate)  can  be  made 
minutely;  (4)  it  responds  quite  quickly  to  a  pH 
change,  while  allowing  no  hysteresis  to  remain  in  the 
response  curve;  (5)  wide  linear  response  range 
corresponding  to  pH  changes;  (6)  almost  infinite  life 
and  only  a  small  change  in  characteristics  such  as 
pH  sensitivity  with  time  when  stored  in  water;  and  so 
forth.  Several  types  of  pH-FET  are  known  including: 
(i)  all-around  insulated  type  (see  Japanese  Patent 
Publication  No.  43863/1982),  (ii)  pn-junction-isola- 
tion  type  (see  Japanese  Utility  Model  Publication 
No.  5245/1983;  (iii)  SOS  type  (see  Japanese  Patent 
Application  Laid-Open  No.  48646/1984)  and  the  like. 
Any  of  such  pH-FET  device  can  be  used  in  the 
present  invention  as  long  as  it  has  the  following 
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fixed  onto  the  inner  wall  23-1  of  the  end  of  the 
small-diameter  part  23.  FIGURE  5  shows  another 
example  of  the  small-diameter  tube.  Here,  the 
small-diameter  tube  22  is  also  of  a  pipet-tip  shape, 
and  comprises  projections  and  concave  regions  on 
inner  wall  25  of  the  small-diameter  part,  thereby 
enlarging  its  surface  area.  On  the  end  part  25-1  the 
receptor  is  fixed.  The  large-diameter  part  serves  as  a 
taper  for  receiving  a  pipettor  in  the  same  manner  as 
in  FIGURE  4.  Such  enlargement  of  the  surface  area 
of  the  inner  wall  of  the  small-diameter  tube  can 
increase  the  detection  sensitivity  and  shorten  the 
incubation  period. 

Examples  of  materials  which  can  be  used  for  the 
small-diameter  tube  include,  among  others,  polyole- 
fins  such  as  polystyrene,  polyethlylene,  polypro- 
pylene,  polytetrafluoroethylene,  polyvinyl  chloride, 
polymethyl  methacrylate,  polyvinyl  alcohol  and 
ethylene-vinyl  alcohol  copolymers;  polyesters  such 
as  polyethylene  terephthalate  and  polybutylene 
terephthalate;  polysiloxanes  such  as  polydimethylsi- 
loxane;  polyamides  such  as  6-nylon  and  6,6-nylon; 
polycarbonates;  cellulose-related  polymers  such  as 
cellulose  acetate  and  nitrocellulose;  and  various 
inorganic  glasses. 

Table  1  shows  a  list  correlating  examples  of 
substances  fixed  as  a  receptor  on  such  a  small- 
diameter  tube,  with  the  items  to  be  measured. 

Table  1 

more  than  30  nA,  a  large  noise  will  be  generated  in 
the  course  of  the  measurement. 

As  the  reference  electrode  15,  use  is  made  of 
liquid-junction  type  reference  electrodes,  such  as 
saturated  calomel  electrode  and  silver-silver  5 
chloride  electrode,  field-effect  transistors  compris- 
ing  a  gate  of  ion-insensitive  membrane  (see  Ja- 
panese  Patent  Publication  No.  25221/1983),  or 
coated-wire  reference  electrodes  comprising  metal 
wire  or  carbon  wire  coated  with  an  ion-insensitive  w 
membrane,  among  which,  at  this  moment,  liquid- 
junction  reference  electrodes  are  preferred  in  view 
of  their  high  reliability.  Such  reference  electrode  is 
preferably  mounted,  as  shown  in  FIGURE  2,  inside 
the  large-diameter  bottom  section  of  the  cell  where  15 
it  can  form  liquid  junction  with  the  pH-sensitive 
surface  of  the  pH  electrode.  The  reference  electrode 
can  also  be  placed  at  an  optional  position  outside 
the  cell  which  forms  liquid  junction  with  the  cell. 

As  the  means  9  for  introducing  the  small-diameter  20 
tube  6  into  the  cell,  introduction  of  the  tube  into  the 
cell  by  simply  holding  it  with  the  hand  may  work.  Also 
available  is,  for  example,  a  system  shown  in 
FIGURE  2  which  comprises  a  holding  element  30, 
the  tip  of  which  holds  the  small-dia  meter  tube  6,  and  25 
a  screw  31  inserted  perpendicular  through  the  other 
end  of  the  holding  element  30.  Rotation  of  the  screw 
31  driven  by  a  stepping  motor  (not  shown)  moves 
the  holding  element  upward  or  downward  automati- 
cally.  In  FIGURE  2,  32  is  a  guide  fitted  parallel  with  30 
screw  31.  Other  known  mechanisms  can  also  be 
employed  for  moving  upward  and  downward  the 
holding  element  30. 

Known  mechanisms  can  be  employed  as  the 
positioning  means  for  the  small-diameter  tube  6,  35 
which  adjust  the  slit  distance  between  the  inner  wall 
surface  of  the  tube  and  the  pH-sensitive  surface  16 
of  the  pH  electrode  14.  For  example,  the  small- 
diameter  section  of  the  cell  1  1  can  work  as  a  guide 
for  the  tube  by  making  the  inner  diameter  of  the  40 
small-diameter  section  a  little  larger  than  the  outer 
diameter  of  the  tube.  By  the  use  of  the  above-men- 
tioned  positioning  means  for  the  small-diameter 
tube,  the  distance  between  the  inner  wall  surface  of 
the  small-diameter  tube  6  and  the  pH  sensitive  45 
surface  of  the  pH  electrode  is  set  at  not  more  than 
1.0  mm,  preferably  not  more  than  0.5  mm.  If  the 
distance  exceeds  1  .0  mm,  the  rate  of  pH  change  of 
the  substrate  solution  will  be  rapidly  decreased, 
rendering  high  detection  sensitivity  practically  im-  50 
possible  to  achieve. 

The  small-diameter  tube  6  must  be  of  a  length 
sufficiently  long  for  introducing  the  pH  sensitive 
surface  of  the  pH  electrode  fully  thereinto.  Thus,  for 
example  for  a  pH  electrode  with  a  pH  sensitive  55 
surface  having  a  length  of  1.5  mm,  the  receptor-fix- 
ing  portion  of  the  small-diameter  tube  is  generally  of 
a  length  of  at  least  3  mm.  The  small-diameter  tube 
may  have  any  shape  as  long  as  its  receptor-fixing 
portion  satisfies  the  above  condition.  One  example  60 
of  the  tube  is  shown  in  FIGURE  4,  wherein  the 
small-diameter  tube  22  is  of  a  pipet-tip  shape  and 
comprises  a  small-diameter  part  23  and  a  large- 
diameter  part  24.  The  large-diameter  part  provides  a 
taper  for  receiving  a  pipettor,  and  a  receptor  being  65 

Substance  to  be  fixed  Item  to  be  measured 
on  small-diameter  tube 

Anti-AFP  antibody  AFP 
Anti-CEA  antibody  CEA 
Anti-ferritin  antibody  ferritin 
Anti-p  2  microglobulin  |3  2  microglobulin 
antibody 
Anti-lgE  antibody  IgE 
Anti-IgG  antibody  IgG 
Anti-TSH  antibody  TSH 
Anti-HCG  antibody  HCG 
Anti-insulin  antibody  insulin 
Anti-HBs  antibody  HBs 
Anti-HBe  antibody  HBe 
HBs  antigen  anti-HBs  antibody 
Anti-Ciq  antibody  immuno  complex 
dsDNA  Anti-dsDNA  antibody 
Insulin  receptor  insulin 
DNA  complementary  DNA 

As  to  the  combination  of  a  labelling  enzyme  for 
the  conjugate  and  a  substrate  solution  in  the 
present  invention,  it  is  necessary  to  use  one  which 
causes  a  large  change  in  the  pH  of  the  substrate 
solution  due  to  enzyme  reaction.  Examples  of  such 
combination  include  combinations  of  hydrolysis 
enzymes  and  their  substrates  such  as  triacylglycerol 
lipase/triacylglycerol,  acetylesterase/acetic  acid 
ester,  acetylcholine  esterase/acetylcholine,  gluco- 
nolactonase/glu  conolactone,  alkaliphosphotase/ 
p-nitrophenol  phosphoric  acid,  allylsulfatase/ 
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reservoir  21  into  the  cell,  and  overflown  from  the 
outlet  13,  thereby  washing  the  pH  sensitive  surface 
16  of  the  pH  electrode  14  and  the  reference 
electrode  15.  The  liquid  level  in  the  cell  is  above  the 

5  tip  of  the  pH  sensitive  surface  of  the  pH  elec- 
trode.  33  indicates  a  reservoir  for  effluent. 

The  enzyme  reaction  is  started  by,  as  shown  in 
FIGURE  7,  inserting  into  the  cell  the  small-diameter 
tube  6  after  incubation  and  washing,  from  the  top 

10  opening  of  the  cell  using  a  means  for  introducing 
small-diameter  tube  (not  shown),  such  that  the 
small-diameter  tube  will  wholly  enclose  the  pH 
sensitive  surface  of  the  pH  electrode.  During  the 
above  procedure,  the  feed  pump  20  is  preferably 

15  stopped.  FIGURE  8  shows  a  detail  of  the  small- 
diameter  section  of  the  cell  and  its  vicinity  with  the 
small-diameter  tube  6  being  introduced  into  the  cell 
11.  Then,  the  decomposition  reaction  of  the  sub- 
strate  proceeds  in  the  small-diameter  tube,  and  the 

20  pH  change  with  the  advance  of  the  reaction  is 
measured.  From  the  rate  of  change  of  the  pH,  the 
enzyme  activity  on  the  labelled  second  antibody, 
that  is,  the  concentration  of  the  antigen  in  the 
sample  solution  is  measured. 

25  What  is  important,  when  the  small-diameter  tube  6 
is  inserted  into  the  cell,  is  that  the  bottom  end  of  the 
small-  diameter  tube  6  is,  as  shown  in  FIGURE  8, 
placed  as  close  to  the  tip  of  the  resin  part  35  of  the 
pH  electrode  as  possible.  It  is  preferred  that,  when 

30  the  enzyme  activity  is  determined,  the  substrate 
solutions  outside  and  inside  the  small-diameter  tube 
not  be  mixed  with  each  other.  To  this  end,  the  resin 
part  35,  the  outer  diameter  of  which  has  been  set 
approximately  the  same  as  that  of  the  small- 

35  diameter  tube  6,  is  fixed  inside  the  small-diameter 
section  18  of  the  cell.  Then  when  the  enzyme  activity 
is  measured,  the  small-diameter  tube  6  is  inserted 
downward  from  the  top  to  a  position  where  its  tip 
touch  the  resin  part  35.  By  this  procedure,  the 

40  bottom  opening  of  the  small-diameter  tube  6  is 
clogged  appropriately  with  the  resin  part  35  of  the 
pH  electrode  14,  thereby  isolating  the  substrate 
solution  in  the  small-diameter  tube.  In  this  case  it  is 
necessary  that  the  pH  sensitive  surface  16  of  the  pH 

45  electrode  keep  an  electrical  liquid  junction  with  the 
reference  electrode  15,  which  can  generally  suffi- 
ciently  be  assured  through  minute  clearances 
resulting  from  minute  projections  and  concave 
sections  on  the  top  surface  of  the  resin  part  35  and 

50  the  bottom  end  of  the  small-diameter  tube  6. 
Other  features  of  the  invention  will  become 

apparent  in  the  course  of  the  following  descriptions 
of  exemplary  embodiments  which  are  given  for 
illustration  of  the  invention  and  are  not  intended  to 

55  be  limiting  thereof. 

Example  1 
Human-IgG  was  measured  by  using  an  ELISA 

apparatus  comprising  a  small-diameter  tube  as  a 
60  solid  phase  and  pH-FET  as  a  detecting  means. 

Fabrication  of  ELISA  apparatus 
A  cell  shown  in  FIGURE  2  was  used.  As  the  pH 

electrode  14,  was  used  an  all-around  insulated 
65  pH-FET  manufactured  according  to  a  process 

allylsulphate,  urease/urea  and  barbiturase/barbitur- 
ate;  combinations  of  redox  enzymes  and  their 
substrates  such  as  glucose  oxidase/glucose, 
choline  oxidase/choline  and  catechol-1  ,2-dioxyge- 
nase/catechol;  and  the  like.  Among  the  above,  the 
combinations  of  urease/urea,  triacylglycerol  lipase/ 
triacylglycerol  and  glucose  oxidase/glucose  are 
suited  for  practical  use  because  of  availability  of  the 
stable  and  highly  active  enzymes  and  availability  of 
inexpensive  and  highly  purified  substrate  solution. 
Particularly  preferred  is  the  combination  of  urease/ 
urea  on  account  of  its  large  pH  change  with  the 
advance  of  enzyme  reaction. 

Now  described  is  the  measurement  procedure 
with  the  apparatus  of  the  present  invention  for  the 
case  of  antigen  measurement  by  a  1-step  sandwich 
method.  The  competitive  method  or  2-step  sand- 
wich  method  uses,  though  somewhat  different  in 
procedures,  the  same  apparatus  construction,  and 
hence  explanations  thereon  are  omitted  herein.  First 
a  receptor  is  fixed  on  the  inner  wall  surface  of  a 
small-diameter  tube  6.  Conventional  methods 
utilized  in  ELISA  are  applicable  hereto.  For  example, 
when  the  receptor  is  fixed  by  physical  adsorption, 
first  the  small-diameter  tube  is  washed  thoroughly,  a 
buffer  solution  of  a  first  antibody  as  a  receptor  is 
introduced  into  the  small-diameter  tube,  and  the 
tube  with  the  contents  is  allowed  to  stand  still  at  0°C 
to  40°  C  for  a  specified  time.  At  this  time  only  the  tip 
of  the  small-diameter  tube  may  be  immersed  in  the 
receptor  solution.  In  this  case  the  receptor  is 
adsorbed  onto  the  outer  wall  as  well  as  onto  the 
inner  wall  of  the  tip  of  the  small-diameter  tube,  which 
fact  does  not  adversely  affect  the  measurement.  The 
small-diameter  tube  is  then  washed  with  a  buffer 
solution,  and  thereafter  subjected  to  blocking 
treatment.  The  blocking  is  conducted  by  treating  the 
washed  small-diameter  tube  with,  for  example, 
bovine  serum  albumin,  calf  serum  albumin,  serums 
of  various  catties,  various  immunoglobulins,  surfac- 
tants  or  the  like.  It  is  necessary  to  conduct  the 
blocking  not  only  on  the  receptor-fixed  portion  but 
on  all  the  rest  of  the  parts  where  a  contact  with 
sample  solution  or  conjugate  solution  may  occur. 

Next,  the  tip  of  the  small-diameter  tube  after  the 
blocking  treatment  is  immersed  in  the  sample 
solution  containing  a  prescribed  amount  of  a 
labelled  second  antibody,  followed  by  incubation  for 
a  prescribed  time.  By  this  procedure  a  sandwich- 
type  antigen-antibody  complex  of  first  antibody- 
antigen-labelled  second  antibody  is  formed  on  the 
inner  wall  of  the  small-diameter  tube. 

Then,  by  washing,  free  antigen  to  be  measured, 
free  labelled  second  antibody  and  free  complex  of 
antigen-labelled  second  antibody  which  have  not 
participated  in  forming  the  above  sandwich  are 
removed  from  the  inner  wall  surface  of  the  small- 
diameter  tube.  By  the  incubation  and  washing 
procedure  there  is  fixed  on  the  inner  wall  surface  of 
the  small-diameter  tube  a  sandwich-type  antigen- 
antibody  complex  containing  the  labelling  enzyme  in 
an  amount  corresponding  to  the  concentration  of 
the  antigen  to  be  measured  in  the  sample  solution. 

On  the  other  hand,  in  the  cell,  as  shown  in  FIGURE 
6,  the  substrate  solution  17  is  fed  by  pump  20  from  a 
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described  in  Japanese  Patent  Publication 
43863/1982,  on  the  gate  of  which  had  been 
vapor-deposited  tantalum  oxide  as  pH  sensitive 
membrane.  The  pH-FET  had  an  overall  size  of  5.5 
mm  long,  0.45  mm  wide  and  0.15  mm  thick,  and  was 
provided  with  a  gate  (pH  sensitive  surface)  extend- 
ing  0.8  mm  down  from  the  tip  thereof.  The  pH-FET 
was  fixed  with  a  resin  35  such  that  the  tip  of  1  .5  mm 
long  containing  the  gate  was  exposed  out  of  the 
resin  part.  The  resin  part  had  an  outer  diameter  of 
0.60  mm.  The  clearances  between  the  pH  sensitive 
surface  of  the  pH-FET  and  the  inner  surface  of  the 
small-diameter  tube  had  an  maximum,  d,  of 
(0.53-0.15)/2  =  0.19  mm.  The  inner  diameter  and 
the  length  of  the  small-diameter  section  of  the 
reaction  cell  were  0.65  mm  and  15  mm  respectively. 
A  liquid-junction  type  reference  electrode  15  of 
silver/silver  chloride  was  used.  A  pump  20  of  the 
Perista-type  was  used  and  the  flow  rate  was  set  at  1 
ml/min. 

The  pH  sensitivity  and  the  mutual  conductance  of 
the  pH-FET  used  was  57.3  mV/pH  at  37°  C  and  380 
|i  V  respectively.  The  pH-FET  was  operated  by 
coupling  it  to  a  constant-current  circuit  with  a  drain 
voltage  of  4  volts  and  a  drain  current  of  1  00  |iA.  As  to 
the  output  signal  of  the  pH-FET,  a  potential  of  the 
source  current  based  on  the  liquid-junction  ref- 
erence  electrode  (hereinafter  referred  to  as  "source 
potential")  was  measured  and  recorded. 

Fixation  of  receptor  antibody  on  the  small-diameter 
tube 

Anti-human-IgG  (sheep)  was  selected  as  a  recep- 
tor  and  fixed  on  a  small-diameter  tube  according  to 
the  following  procedure.  As  the  small-diameter  tube 
was  used  a  cannula  (commercial  name:  Happycas  Z) 
shown  in  FIGURE  4  made  of  polytetrafluoroethylene 
by  Medikit  Co.  having  an  inner  diameter  of  its 
small-diameter  portion  of  0.53  mm.  The  small- 
diameter  portion  of  the  cannula  had  a  length  of  25 
mm  and  the  large-diameter  portion  had  an  inner  and 
outer  diameters  and  a  length  of  4  mm,  6  mm  and  20 
mm,  respectively.  A  50  jxg/ml-PBS  solution  (pH:  7.0) 
of  anti-human-lgG  was  prepared,  and  in  the  tip  of  10 
mm  long  of  the  above  cannula  was  immersed  in  the 
solution  at  4°C  for  24  hours,  whereby  the  anti- 
human-lgG  was  physically  absorbed  on  the  inner 
and  outer  walls  thereof.  The  inner  and  outer  walls  of 
the  cannula  having  thus  adsorbed  the  anti-human- 
lgG  were  then  washed  well  with  a  PBS  solution  (pH: 
7.0)  containing  0.05%  of  a  surfactant  (corrimercial 
name:  Tween-20).  After  being  washed,  the  inner  and 
outer  walls  of  the  entire  small-diameter  portion  of 
the  cannula  was  immersed  in  a  PB  solution  contain- 
ing  1%  bovine  serum  albumin  (BSA)  and  0.05% 
Tween-20  at  a  room  temperature  for  one  hour,  thus 
subjected  to  blocking  treatment. 

Preparation  of  enzyme-labelled  antibody 
Urease  separated  from  soy-bean  and  purified 

(Type  C-3,  available  from  Sigma  Co.)  was  used  as  a 
labelling  enzyme,  and  made  to  bind  anti-human-lgG 
(goat)  by  the  avidin-biotin  method  as  follows.  First,  a 
0.1  M  sodium  bicarbonate  buffer  solution  (pH:  8.3) 
containing  1  mg/ml  urease  and  1  mM  EDTA  was 

prepared.  Separately,  a  1  mg/ml  solution  of  biotin- 
N-hydroxysuccimide  in  DMSO  was  prepared.  Then  1 
ml  of  the  urease  solution  was  reacted  with  5  |il  of  the 
biotin-N-hydroxysuccimide  solution  at  a  room  tem- 

5  perature  for  4  hours  to  add  biotin  to  the  urease.  After 
the  reaction,  the  reaction  mixture  was  subjected  to 
gel  chromatography  with  PD-column  (available  from 
Pharmacia  Co.)  to  give  a  fraction  of  biotin-urease. 
The  thus  obtained  fraction  was  diluted  with  a  PBS 

10  solution  containing  1  %  BSA,  0.05%  Tween-20,  1 
mM  EDTA  and  0.01%  NaNg  (pH:  4;  hereinafter  this 
solution  is  frequently  used  and  will  hence  be  referred 
to  as  "diluting  buffer")  to  give  a  25  p.g/ml  solution. 

Separately,  avidin-D  (Vector  Co.)  and  biotin- 
15  antihuman-IgG  (Tago  Co.)  were  diluted  with  the 

same  diluting  buffer  to  give  solutions  of  7.6  u.g/ml 
and  6.9  jig/ml  respectively.  The  thus  obtained 
solutions  of  biotin-urease,  adivin-D  and  biotin- 
antihuman-IgG  were  mixed  at  a  volume  ratio  of  1  :1  :1 

20  to  give  the  desired  solution  of  urease-labelled 
anti-human-lgG.  Hereinafter  this  solution  is  referred 
to  as  "the  conjugate  solution". 

Preparation  of  calibration  curve  for  human-IgG 
25  Prepared  next  was  an  calibration  curve  for 

human-IgG,  to  test  the  performance  of  the  ELISA 
apparatus  of  the  present  invention.  First,  a  pres- 
cribed  amount  of  human-IgG  was  dissolved  in  the 
above-described  diluting  buffer  to  give  a  human-IgG 

30  solution.  Then  the  thus  obtained  human-IgG  solution 
was  mixed  with  the  same  volume  of  the  above 
prepared  conjugate  solution.  In  the  meantime,  the 
small-diameter  tube  having  fixed  the  antihuman-IgG 
was  pulled  out  from  the  blocking  solution  and 

35  washed  with  a  PBS-Tween-20  solution.  The  above- 
described  mixed  solution  of  the  human-lgG-con- 
jugate  was  introduced  into  the  small-diameter  tube 
and  then  incubated  at  a  room  temperature  for  30 
minutes,  followed  by  washing  with  a  PBS-Tween-20 

40  solution. 
A  substrate  solution  of  0.1  M  urea,  1  mM 

ammonium  chloride  and  0.15  M  sodium  chloride  was 
prepared  and  the  solution  was  charged  to  a 
reservoir  21  shown  in  FIGURE  2.  Then  the  pump  20 

45  was  operated  to  feed  the  substrate  solution  into  the 
cell  11  and  overflow  it  from  the  cell  outlet  13.  From 
this  time  on  the  source  potential  of  the  pH-FET  and 
its  changing  rate  were  recorded.  An  example  of  the 
recording  is  shown  in  FIGURE  9.  In  FIGURE  9,  A  Vis 

50  the  changing  rate  of  the  source  potential  with  the 
advance  of  reaction  based  on  the  source  potential 
against  the  substrate  solution  before  the  start  of  the 
reaction  and  is  shown  in  full  line.  dA  V/dt  is  its  time 
differential  and  shown  in  dotted  line.  The  pump  20 

55  was  stopped  at  time  A  in  FIGURE  9.  At  time  B,  the 
above-described  small-diameter  tube  after  the  incu- 
bation-washing  was  inserted  into  the  small-diameter 
section  of  the  cell  as  shown  in  FIGURE  7.  Let  the 
time  of  the  insertion  be  0  (zero).  Immediately 

60  thereafter,  in  the  small-diameter  tube  the  decompo- 
sition  reaction  of  urea  into  ammonia  and  carbon 
dioxide  started,  and  the  pH  of  the  substrate  solution 
changed  to  alkaline  side,  or  to  decreasing  the 
source  potential.  In  the  course  of  the  reaction,  the 

65  changing  rate  of  A  V  reached  its  maximum  at  time  M. 
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detected,  which  ranges  from  several  mV  to  several 
tens  of  mV.  Further,  where  the  inner  diameter  is  0.8 
mm  or  less,  that  is,  the  clearance,  d,  is  less  than  0.20 
mm,  an  output  of  as  large  as  at  least  45  mV  can  be 
obtained. 

Table  2 

At  time  C,  the  small-diameter  tube  was  pulled  out 
from  the  cell  and,  at  the  same  time,  the  feed  pump 
was  started,  whereby  the  source  potential  and  its 
time  differential  returned  to  the  original  values  at 
once.  5 

Following  the  above  procedures,  pH  response 
curves  were  determined  for  to  human-IgG  solutions 
of  various  concentrations,  and  from  the  results 
thereof  two  calibration  curves  shown  in  FIGURES  10 
and  11  were  drawn.  FIGURE  10  shows  the  relation-  10 
ship  between  and  the  concentration  of  the  human- 
IgG  and  A  V  at  5  minutes  af  :er  the  insertion  of  the 
small-diameter  tube.  FIGURE  11  shows  the  relation- 
ship  between  the  maximum  value  of  dA  V/dt  (dA 
V/dt  at  time  M  in  FIGURE  9;  so-called  peak  rate)  and  15 
the  concentration  of  the  human-IgG.  In  both  of  the 
calibration  curves  of  FIGURES  10  and  11,  the  lower 
detection  limit  of  the  concentration  is  about  1  ng/ml. 
When  FIGURE  10  is  compared  with  FIGURE  11, 
while  A  V  gets,  at  about  100  ng/ml,  near  to  a  20 
saturation  in  FIGURE  10,  it  shows  no  such  tendency 
in  FIGURE  1  1  .  This  fact  suggests  that  a  wider  range 
of  determination  with  a  single  calibration  curve  may 
be  obtained  by  employing  the  so-called  peak  rate 
than  by  employing  A  V  at  5  minutes  after  the  25 
insertion  of  the  small-diameter  tube. 

Examples  2  through  8  and  Comparative  Examples  1 
through  3 

Example  1  was  repeated  except  for  changing  the  30 
inner  diameter  of  the  small-diameter  tube  for  fixing 
the  receptor  in  a  range  of  from  0.53  to  3.0  mm,  to 
study  the  change  of  the  pH  response  curve.  For  this 
purpose,  ELISA  was  conducted  by  using  cells 
having  various  inner  diameters,  L,  and  the  resin  parts  35 
having  various  diameters,  a,  and  a  receptor-fixing 
small-diameter  tube  having  an  outer  and  an  inner 
diameters,  h  and  I2  respectively,  while  the  following 
relationships  were  maintained  among  the  sizes: 
L  -  a  =  0.05  mm,  a  =  h  and  h  -  12  =  0.16  mm.  Here  40 
the  maximum,  d,  of  the  clearance  between  the  pH 
sensitive  surface  of  the  pH-FET  and  the  inner 
surface  of  the  small-diameter  tube  is  represented 
by:  d  =  (l2-0.15)/2. 

pH  response  curves  were  obtained  with  the  above  45 
reaction  cells  and  small-diameter  tubes  in  the  same 
manner  as  in  Example  1  on  a  10  ng/ml  human  IgG 
solution  which  was  the  objective  solution  to  be 
determined.  From  the  results  obtained  the  relation- 
ship  between  the  inner  diameter  of  the  receptor-fix-  50 
ing  small-diameter  tube  and  the  output  of  pH-FET 
at  5  minutes  after  the  start  of  the  enzyme  reaction 
was  determined  and  shown  in  Table  2  and  FIGURE 
12.  Table  2  also  shows  the  clearances,  d's,  between 
the  pH-FET  sensitive  sur  face  and  the  inner  wall  55 
surface  of  the  small-diameter  tube.  As  is  clear  from 
FIGURE  12,  the  smaller  the  inner  diameter  of  the 
small-diameter  tube,  the  larger  the  output  of  the 
pH-FET  for  the  same  human-IgG  concentration. 
Where  the  inner  diameter  of  the  small-diameter  tube  60 
is  at  least  2.20  mm,  that  is,  the  clearance,  d,  is  at 
least  1  .0  mm,  no  appreciable  pH  change  is  noted  at  a 
reaction  time  of  about  5  minutes.  Where  the  inner 
diameter  of  the  small-diameter  tube  is  less  than  2.2 
mm,  there  can  be  obtained  an  output  sufficient  to  be  65 

Inner  Clearance  Output  of 
diameter  d  (mm)  pH-FET 
of  small  after  5 
dia.  tube  minutes 

(mm)  (mV) 

Example  2  0.53  0.19  73.5 
Example  3  0.70  0.28  58.5 
Example  4  0.83  0.34  45.4 
Example  5  1.08  0.47  39.5 
Example  6  1.26  0.56  32.0 
Example  7  1.56  0.71  19.2 
Example  8  1.77  0.81  15.8 
Comp.  2.20  1.03  2.0 
Ex.  1 
Comp.  2.50  1.18  1.8 
Ex.  2 
Comp.  3.00  1.43  1.2 
Ex.  3 

Example  9 
Alpha-fetoprotein  was  measured  by  using  a 

small-diameter  tube  as  a  solid  phase  and  pH-FET  as 
a  detecting  means  as  in  Example  1. 

Anti-AFP  polyclonal  antibody  (Dako)  was  ad- 
sorbed  on  a  polytetraf  luoroethylene  cannula  from  50 
jig/ml  PBS  solution  (pH:  7.0)  as  in  Example  1. 
Washing  and  blocking  were  carried  out  through  the 
same  procedure  as  in  Example  1. 

Anti-AFP  monoclonal  antibody  (Nippon  Viotest 
Laboratory)  was  used  for  the  preparation  of  urease- 
conjugated  antibody  by  avidin-biotin  method  as  in 
Example  1. 

Using  these  solid  phase  and  conjugated  antibody, 
the  calibration  curve  for  AFP  was  prepared  as  in 
Example  1  and  the  result  was  shown  in  FIG.  13.  As 
obvious  from  FIG.  13,  AFP  of  about  10  ng/ml  can 
easily  be  measured  by  the  present  method. 

Obviously,  numerous  modifications  and  variations 
of  the  present  invention  are  possible  in  light  of  the 
above  teachings.  It  is  therefore  to  be  understood 
that  within  the  scope  of  the  appended  claims,  the 
invention  may  be  practiced  otherwise  than  as 
specifically  described  herein. 

Claims 

1.  A  method  for  measuring  the  amount  of  an 
analyte  substance  present  in  a  sample,  com- 
prising: 

(i)  contacting  the  product  of  a  com- 
pleted  analyte-receptor  reaction  bound  to 
a  solid  phase  with  a  substrate  solution, 
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wherein  said  substrate  is  capable  of 
changing  the  pH  of  said  substrate  solution 
as  a  function  of  its  reaction  with  said 
product,  wherein  said  solid  phase  is  pro- 
vided  in  a  spaced  relationship  with  and  5 
facing  a  pH  sensitive  surface  of  a  pH 
electrode  such  that  the  slit  distance  bet- 
ween  the  two  is  not  greater  than  1  mm;  and 

(ii)  monitoring  the  pH  change  of  said 
substrate  solution  enclosed  in  said  slit.  w 

2.  The  method  of  Claim  1,  wherein  said 
analyte-receptor  reaction  is  an  antigen-anti- 
gody  reaction. 

3.  The  method  of  claim  1  or  2,  wherein  said 
substrate  reaction  with  said  product  is  an  15 
enzymatic  reaction  and  wherein  said  product  is 
labeled  with  an  enzyme. 

4.  An  apparatus  for  measuring  the  amount  of 
an  analyte  substance  present  in  a  sample  by 
contacting  the  product  of  a  completed  analyte-  20 
receptor  reaction  bound  to  a  solid  phase  with  a 
solution  containing  a  substrate  capable  of 
changing  the  pH  of  said  substrate  solution 
upon  its  reaction  with  said  product,  wherein 
change  in  the  pH  of  said  substrate  solution  is  25 
used  to  measure  the  amount  of  analyte  in  the 
sample,  said  apparatus  comprising: 

a)  a  cell  means  having  an  inlet  means 
and  an  outlet  means  for  said  substrate 
solution;  30 

b)  a  pH  electrode  housed  in  said  cell; 

c)  a  pump  means  for  supplying  said 
substrate  solution  into  said  cell; 

d)  a  means  for  introducing  into  said  cell 
a  solid  phase  having  fixed  thereon  a  first 
receptor  capable  of  specifically  binding  an 
analyte  and  which  has  been  contacted  first 
with  a  sample  solution  and  then  with  a 
labeled  second  receptor  or  labeled  ana- 
lyte,  and  then  washed;  and 

e)  a  means  for  positioning  said  solid 
phase  in  a  spaced  relationship  with  and 
facing  the  pH  sensitive  surface  of  said  pH 
electrode  such  that  the  slit  distance  bet- 
ween  the  two  is  not  more  than  1  mm. 

5.  The  apparatus  of  Claim  4,  wherein  said  pH 
electrode  is  a  pH-sensitive  field-effect  transis- 
tor  having  a  mutual  conductance  of  at  least  50 
\xQ,  and  a  pH-sensitivity  at  25°  C  of  40-60 
mV/pH. 

6.  The  apparatus  of  claim  4  or  5,  wherein  said 
solid  phase  comprises  a  small-diameter  tube 
having  an  inner  diameter  of  not  more  than  2.0 
mm,  said  small-diameter  tube  having  fixed  on 
its  inner  wall  a  first  receptor  which  can 
specifically  bind  said  analyte. 

7.  The  apparatus  of  claim  4,  5  or  6  wherein 
said  analyte  receptor  reaction  is  antigen-anti- 
body  reaction  and  said  labeled  second  receptor 
or  labeled  analyte  is  labeled  with  an  enzyme. 
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FIG-   10 
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FIG-   13 
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