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Summary 

By counting the volatile molecules produced by an immobilized-enzyme ca- 
talyzed reaction which is interfaced to a mass spectrometer  via a semi-perme- 
able membrane,  a general approach to biochemical measurement and detect ion 
is obtained which offers the potential of high sensitivity, specificity and speed. 
In combination with molecule microscopy,  this method  should allow, for ex- 
ample, a mapping of suitable enzyme distributions in non-stained and non-fixed 
tissue slices. 

Immobilized urease (urea amidohydrolase,  EC 3.5.1.5) was used to assay 
urea using CO2 as the volatile product ,  and alcohol dehydrogenase (alcohol: 
NAD ÷ oxidoreductase,  EC 1.1.1.1) was used to assay NADH using ethanol as 
the volatile product .  

Introduct ion 

The use of gas chromatography-mass spectrometry for the detect ion and 
measurement  of  biochemicals is well established [1,2] .  For comparison with 
the method presented here, important  features of  gas chromatography-mass 
spectrometry are: (1) existence of  a time delay during the separation of sample 
molecules in the gas chromatograph, (2) thermal volatilization of  sample mole- 
cules, and (3) direct introduction of  sample molecules into the mass spectrom- 
eter following separation. As a consequence, gas chromatography-mass spec- 
t rometry is not  readily adapted to real-time monitoring or measurements re- 
quiring a rapid time response. Furthermore,  gas chromatography-mass spec- 
t rometry  is generally limited to molecules with a vapor pressure greater than 
10 -6 mm Hg, and a molecular weight off less than 1200. Also, identification is 
obtained by comparison of  an often complex mass spectrum (fragmentation 
pattern) with known patterns. 
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We present a new method which is based on the direct and rapid counting of  
volatile enzyme product  molecules [3] .  One or more selected enzymes, which 
are immobilized next  to a semi-permeable membrane,  catalytically convert  a 
given substrate into products,  of  which at least one is reasonably volatile (e.g. 
CO2), which then permeate the membrane and evaporate into the reduced pres- 
sure (vacuum) of  a mass spectrometer.  Since such volatile products  are usually 
low molecular weight molecules which do not  fragment significantly compared 
to the substrate [1,2] ,  the mass spectrometer  can often be operated at only 
one mass peak. Substrate identification is thus obtained via the enzymes '  spe- 
cificity. This allows the use of a relatively inexpensive mass spectrometer,  and 
optimization for sensitivity. In the configurations currently used (Figs. I and 
2a), the steady-state, mass spectrometer  count  rate at the volatile product  mo- 
lecular weight is proportional to the enzyme-catalyzed reaction rate. Over a 
wide range of  concentration, this rate is proportional to substrate concentra- 
tion. 

Methods and Results 

The current volatile enzyme-product  apparatus [4] (Fig. 1) has been used 
for rapid measurements of  urea and NADH. A buffered,  aqueous solution was 
circulated past a layer of enzyme immobilized next  to a synthetic semiperme- 
able membrane,  the other  side of  which was e x p o s e d t o  the vacuum of the mass 
spectrometer.  Small concentrated amounts  of  substrate were injected into the 
circulating solution. When substrate molecules reached the immobilized en- 
zyme layer, a rapid increase in the mass spectrometer  count  rate at the volatile 
product  mass peak occurred. Since the enzyme reaction is localized near the 
semi-permeable membrane,  a large fraction, fR (about  0.25 for the urease con- 
figuration and 0.75 for the alcohol dehydrogenase configuration) of  the volatile 
product  permeates the membrane and evaporates. Similar fractional recoveries 
of  volatile products  have been obtained in electrochemical mass spectrometry 
[5] .  

Initially we used urease (urea amidogydrolase, EC 3.5.1.5), which catalyzes 
the reaction: 

Urease  
(EC 3 . 5 . 1 . 5 )  

u r e a +  H 2 0 "  ~ 2 N H  3 + C O  2 

While both products  are permeable and volatile, we monitored the CO2 count  
rate, since a large vacuum background at the molecular weight of  NH3 was pre- 
sent due to OH fragments produced from H20, which also permeates the mem- 
brane into the mass spectrometer.  We began with blank runs in which there was 
no immobilized enzyme and in which the concentrat ion of urea in the circu- 
lating buffer  was increased stepwise from zero by injecting small, concentrated 
quantities of  urea. No change in the CO2 count  rate was observed. Solubilized 
urease was then injected into the circulating solution (Fig. 2b). After  a delivery 
time delay and following a transient due to: (1) diffusion of  substrate across 
the unstirred boundary layer  and product  diffusion through the polyester  
backing and membrane,  and (2) mixing of  the injected material while circu- 
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Fig. 1. Schem a t i c  r e p r e s e n t a t i o n  of  the  appa ra tu s ,  wh ich  consists  of  a c i rcula t ing sample  so lu t ion ,  i m m o -  
bil ized e n z y m e ,  s emi -pe rmeab le  m e m b r a n e  (see inser t )  a n d  mass  s p e c t r o m e t e r .  1 is a sample  in jec t ion  
po r t ,  2 is a s t i r red flask for  mix ing ,  3 and  4 are  va lved inlets  and  ou t l e t s  respec t ive ly  for  par t ia l  degassing 
by  N 2 bubbl ing ,  5 is a peris tal t ic  p u m p ,  6 is a p e r f o r a t e d  disc p rov id ing  add i t iona l  mix ing  an d  m o r e  uni-  
f o r m  del ivery of  sample  7 to  the  e n z y m e  layer  and  the  d i m e t h y l  sil icone m e m b r a n e  8. A h e a t e d  t r ans fe r  
t ube  9 guides the  p e r m e a b l e  a nd  volat i le  mo lecu le s  in to  the  universa l  ionizer  10 of  the  q u a d r u p o l e  mass  
s p e c t r o m e t e r  (QMS) 11. T y g o n  tub ing  was  used  for  sec t ion  12 an d  13,  wh e re  CO 2 a b s o r p t i o n  ef fec ts  m a y  
be responsib le  for  our  inabi l i ty  to  grea t ly  degas the  sample .  14  is a c o n s t a n t  t e m p e r a t u r e  b a th .  Th e  to ta l  
c i rcula t ing  sample  so lu t ion  v o l u m e  was  a b o u t  150  ml ,  and  the  del ivery t ime  f r o m  sample  in jec t ion  to  the  
first response  was 1 0 - - 2 0  s de pe nd ing  on p u m p  speed.  The  inser t  is an en la rged  schema t i c  of  the  e n z y m e  
layer  and  m e m b r a n e  reg ion  s h o w n  for  the  i m m o b i l i z e d  urease  e x p e r i m e n t .  S tar t ing  f r o m  the  sample  7 
side, a s imple ,  one-d imens iona l ,  uns t i r r ed  b o u n d a r y  layer  15 of th ickness  x ~ 10  -2 c m  is a s sumed .  T h e n  
there  is the  a p p r o x .  3 • 10  -2 c m  th ick  po lyes t e r  hack ing  8a on  w h i c h  the  urease  is i m m o b i l i z e d .  The  di- 
m e t h y l  silicone m e m b r a n e  itself 8b of  2.5 • 10 -3 c m  th ickness  is d i rec t ly  s u p p o r t e d  b y  a single piece of  
10  /~m th ick  Nuc lepore  f i l ter  16 ,  fo l lowed  b y  a p e r f o r a t e d  stainless s teel  disc 17 con ta in ing  several  holes 
for  the  m a i n  m echn i ca l  s u p p o r t .  Final ly there  is the grea t ly  r e d u c e d  pressure  or  v a c u u m  of the  mass  spec- 
t r o m e t e r .  

lating (causing the damped oscillation Component), the steady state CO2 count 
rate increased linearly in time. This is as expected for a CO2-producing reaction 
occurring homogeneously in a sample volume which is large relative to mem- 
brane area and permeability. The steady slow rise in count rate for the solubi- 
lized urease reaction is proportional to the accumulation of  CO2 in the circu- 
lating solution, and the count rate is thus a measure of  the time integral of  the 
reaction rate. 
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Fig. 2. (a) Idea l ized  con f igu ra t i on  of  the  e n z y m e - l a y e r  a n d  s en~-pe rmeab ie  d i m e t h y l  si l icone m e m b r a n e  
used  in ou r  e x p e r i m e n t s .  1 is the  semiopermeable  m e m b r a n e .  2 is the  e n z y m e  l ay e r  o f  th ickness  x E ~--- 
3 • 10  -2 em ,  con ta in ing  suf f ic ien t  e n z y m e  ac t iv i ty  t h a t  the  r e a c t i ° n  ra te  is l imi t ed  b y  t h e  d i f fus ion  of  
subs t ra te  to  t he  e n z y m e  l aye r  a t  low subs t ra te  c onc e n t r a t i on s ,  C s. x ~--- 10 -2 c m  is the  th ickness  of  a s im- 
ple ,  one -d imens iona l ,  uns t i r r ed  b o u n d a r y  layer .  In  the  s t eady  s ta te ,  Js  is the  subs t ra te  f lux dens i ty  r each-  
ing the  e n z y m e  layer ,  whi le  J V , R  a nd  J V , L  are the  r igh t  a nd  lef t -going volat i le  p r o d u c t  f lux densit ies.  For  
va lues  of  C s less t h a n  the  a p p a r e n t  K m ,  the  s t eady  s ta te  r eac t i on  ra te  is d i f fus ion  l imi ted ,  is equa l  to  Js  
and  is p r o p o r t i o n a l  t o  C s. Thus ,  since J V , R  = fRJs ,  the  c o u n t  ra te ,  hs, of  the  mass  s p e c t r o m e t e r  is 
e T A M f R J  s, where  e T is the  to t a l  c o u n t i n g  e f f i c i ency  (2 • 10 -7  in o u r  p r o t o t y p e  a p p a r a t u s )  an d  A M = 1.2 
c m  2 is the  m e m b r a n e  area .  (b)  T i m e  response  of  the  a p p a r a t u s  fo l lowing in jec t ion  of  a large a m o u n t  of  
solubi l ized urease  in to  the  c i rcula t ing  sample  so lu t ion  con ta in ing  subs t ra t e  urea.  tl s is the  mass  s p e c t r o m -  
e te r  i n p u t  c o u n t  ra te  (ions • s -1 ) a t  mass  44  (CO2) .  No  i m m o b i l i z e d  e n z y m e  was p resen t .  Solubl l ized en-  

z y m e  was in jec ted  a t  t = 0 and ,  fo l lowing  a del ivery t ime ,  a t r ans ien t  due  to  i n c o m p l e t e  mix ing  was  ob-  
se rved  which  d a m p e d  in to  a l inear  r a m p .  (c) T i m e  response  o£ the  a p p a r a t u s  to  u rea  in jec t ions  w i th  urease  
i m m o b i l i z e d  o n t o  the  f iber  back ing  of  t he  m e m b r a n e .  Where  s h o w n ,  1.0 ml  of  10  -1 M u rea  was  in jec ted  
in to  the  c i rcula t ing  sample ,  giving a c o n c e n t r a t i o n  change  of  45.7 • 10  -4 M. Fo l lowing  a de l ivery  t ime ,  a 
t r ans ien t  r esponse  in the  mass  s p e c t r o m e t e r  c o u n t  ra te  was  again obse rved ,  b u t  in this  case the  s t eady  
s ta te  c o u n t  ra te ,  h s, was  c o n s t a n t  in t ime .  The  init ial  p e a k  is associa ted  w i th  the  mix ing  of  in jec ted  u rea  
and  gives rise to  a d a m p e d  osci l la t ion,  the  p e r i o d  of  wh ich  is equa l  t o  t h e  c i rcu la t ion  t ime .  Th e  shor t  peri-  
odic  spikes are  due  to  an  i n t e r m i t t e n t  v a c u u m  p u m p  p r o b l e m  (obse rved  separa te ly ) .  

In a subsequent experiment,  urease was immobilized by cross linking onto  
the polyester-fiber backing of the membrane. When small amounts of urea 
were then injected to increase stepwise the sample substrate concentration,  the 
nature of  the time response was quite different from that exhibited in Fig. 2b. 
Fol lowing a similar transient (r63~ = 6 s for the first component )  the steady 
state count  rate exhibited a constant  value (Fig. 2c). The change in steady state 
count  rate, Ahs, was noted after each urea concentration change, ACs. A re- 
sponse curve was determined (Fig. 3) by plott ing the cumulative Ah s as a func- 
t ion of  urea concentration.  The observed sensitivity was  9 • 10 l° cps • M -1, as 
compared with a mathematical model 's  prediction of  4 • 101° cps • M -1. 

We have also obtained results in which alcohol  dehydrogenase (alcohol: 
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F i g .  3.  R e s p o n s e  c u r v e  o f  t h e  p r o t o t y p e  v o l a t i l e  e n z y m e  p r o d u c t  a p p a r a t u s  t o  a s ing l e  s e q u e n c e  o f  e l e v e n  

s t e p w i s e  i n c r e a s e s  i n  u r e a  c o n c e n t r a t i o n  ( F i g .  2c ) .  T h e  o r d i n a t e  g i v e s  t h e  c u m u l a t i v e  c h a n g e  in  t h e  s t e a d y  
s t a t e  c o u n t  r a t e ,  fis, o f  C O 2  i o n s  a t  t h e  i n p u t  o f  t h e  m u l t i p l i e r  o f  t h e  m a s s  s p e c t r o m e t e r ,  w h i l e  t h e  absc i s -  

sa  g ive s  t h e  c u m u l a t i v e  u r e a  c o n c e n t r a t i o n  i n  m o l a r i t y .  T h e  r e s p o n s e  c u r v e  is  c o n s i s t e n t  w i t h  a s i m p l e  

m o d e l  in  w h i c h  t h e  s t e a d y  s t a t e  c o u n t  r a t e  is  p r o p o r t i o n a l  t o  t h e  a p p a r e n t  r e a c t i o n  v e l o c i t y  o f  t h e  i m m o -  

b i l i z e d  e n z y m e  r e a c t i o n .  I n  t h e  s i m p l e  a n d  h i g h l y  n o n - o p t i m a l  p r o t o t y p e  a p p a r a t u s ,  a d e t e c t a b l e  r e s p o n s e  
( s i g n a l - t o - n o i s e  = 1 )  w a s  s e e n  a t  [ u r e a ]  = 2 . 3  • 1 0  - 6  M. T h e  r e s p o n s e  i n c r e a s e d  l i n e a r l y  w i t h  c o n c e n t r a t i o n  

t o  [ u r e a ]  ~-- 1 0  -3  M,  t h e r e a f t e r  l e v e l i n g  o f f  i n t o  s a t u r a t i o n  a s  is  e x p e c t e d  f o r  a n  e n z y m e - c a t a l y z e d  r e a c -  

t i o n .  T h e  s t r a i g h t  l ine  f i t  t o  t h e  l o w  c o n c e n t r a t i o n  r e g i o n  w a s  c o n s i x a i n e d  t o  a f i r s t  p o w e r  l a w ,  a n d  f i t s  t h e  

d a t a  we l l .  T h e  s e n s i t i v i t y  i n  t h i s  r e g i o n  is  A ~ s / A C  s = 9 • 1 0 1 0  c p s  • M -1 , w h i c h  c o m p a r e s  f a v o r a b l y  w i t h  
t h e  m a t h e m a t i c a l  m o d e l ' s  p r e d i c t i o n  o f  4 • 1 0 1 0  c p s  • M -1 . T h e  e r r o r  b a r s  a r e  e s t i m a t e s  b a s e d  o n  t h e  

s h o r t  t e r m  n o i s e  o b s e r v e d  i n  t h e  t o t a l  c o u n t  r a t e .  

NAD ÷ oxidoreductase, EC 1.1.1.1) is the immobilized enzyme and ethanol is 
the detected volatile. Although some fragmentation does occur with ethanol, it 
was found sufficient to monitor the major mass peak of 46. By supplying 
acetaldehyde at a concentration approx. 7 times the Km for the solubilized re- 
action, we used the reaction 

acetaldehyde + N A D H  

Alcohol dehydrogenase 
(EC I.i.I.I) 

) ethanol + NAD 

to measure NADH, a molecule frequently used in colorimetric assays with 
coupled enzyme reactions. Alcohol  dehydrogenase was immobilized by entrap- 
ment between two membranes (Fig. 4, inset). Because of  the thick diffusional 
layer between the dialyzer and silicone membranes and the low permeability of  
the dialyzer membrane, the alcohol dehydrogenase reaction was more diffu- 
sionally limited. Thus, the response time, as illustrated in Fig. 4, fol lowing 
NADH injections was considerably longer (T63~ = 80 s) and the sensitivity in 
the linear portion of  the response curve (Fig. 5) was considerably smaller, 
1 - 1 0 9  cps .  M -1. This is also in fair agreement with the simple model  [ 3 ] ,  
which predicts 0.3 • 109 cps • M -1. 

Since many relatively simple molecules permeate suitable membranes and are 
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Fig.  4. R e s p o n s e  o f  the  apparatus  to  an  i n j e c t i o n  o f  0 .2  ml  o f  10 -1 M N A D H  w i t h  a l co ho l  d e h y d r o g a n s e  
i m m o b i l i z e d  by  e n t r a p m e n t  as s h o w n  in the  insert .  The  N A D H  c o n c e n t r a t i o n  change  wa s  1.3 • 10  -4 M. 

Ethan o l  (measured  at M = 46)  is the  d e t e c t e d  volat i le  p r o d u c t .  Fo l lowing  a 12-s de l ive ry  t i m e ,  a s low,  

s o m e w h a t  c o m p l i c a t e d  transient  response  was  observed ,  ns is the  c o u n t  rate ( ions / s )  at  the  i n p u t  o f  the  
m u l t i p l i e r  o f  the  mass  s p e c t r o m e t e r .  Th e  N A D H  used  c o n t a i n e d  an e t h a n o l  c o n t a m i n a t i o n  w h i c h  is n o t  

subtrac ted  here ,  bu t  for  w h i c h  a s t eady  s tate  c o r r e c t i o n  is m a d e  in the  re sponse  curve of  Fig .  5. The insert  
s h o w s  a s c h e m a t i c  representa t ion  o f  the  m e m b r a n e - e n z y m e  reg ion .  1 is the  c irculat ing sample  s t ream,  2 is 
an a s s u m e d  unstirred b o u n d a r y  layer ,  3 is a dia lyzer  m e m b r a n e ,  4 is a n y l o n  m e s h  of  t h i c k n e s s  5 • 10 -3 

c m  w h i c h  serves as a spacer ,  and 5 is an  u n b a c k e d  ME M-213  m e m b r a n e .  6 is a s ingle p iece  of  I - # M  p o r e  

s ize ,  10 -pM t h i ck  N u c l e p o z e  f i l ter ,  and 7 is a s u p p o r t i n g  stainless  s tee l  per fora ted  disc.  Due  t o  bu lg ing  o f  

the  M E M - 2 1 3  m e m b r a n e  and N u c l e o p o r e  f i l ter ,  the  layer  o f  en traped  e n z y m e  (8 and 9 )  varies in th ick-  
ness ,  a c o n f i g u r a t i o n  w h i c h  is bel ieved  respons ib le  for  the  s o m e w h a t  c o m p l i c a t e d  t i m e  re sponse  (w i th  

b o t h  fast  and s low c o m p o n e n t s ) .  

volatile, a large number of  enzymes and substrates [6] appear suitable for the 
volatile enzyme product method.  Examples are: acetylcholinesterase (EC 
3.1.1.7) with acetic acid as the volatile, catalase (EC 1.11.1.6)  with 02 as the 
volatile, cysteine desulphydrase (EC 4.4.1.1)  with H2S as the volatile, and sat- 
cosine oxidase (EC 1.5.3.1) with HCHO as the volatile. The use of  coupled re- 
actions greatly increases the possibilities. 

Many applications involving rapid, sensitive biochemical measurements of  
substrates, cofactors, inhibitors and enzymes are possible. In the latter case, the 
sample to be assayed for a particular enzymatic activity is passed through a nar- 
row channel bounded by the membrane and vacuum of  the mass spectrometer 
on one side, and a dialyzer membrane on the other. The dialyzer prevents the 
escape of  enzyme,  while admitting the required substrates and cofactors. In this 
way, sample volumes could be kept small and uncontaminated. 

The sensitivity should be adequate to perform metabolic experiments with 
single cells, provided the background counting rate can be reduced by proper 
vacuum and sample degassing techniques. Metabolic f luxes (CO2 and lactate) 
from single cells could be measured with a time constant of  about 10 s, and the 
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Fig. 5. Response curve for the measurement of NADH using alcohol dehydxogenase for a single sequence 

of increasing NADH concentrations, with ethanol as the detected volatile product. Here ~s is the cumula- 

tive change in the mass 46 count rate as a function of NADH concentration, corrected for ethanol con- 

tamination, which accounted for 15% of the steady state change shown in Fig. 4. After injecting ethanol 

to determine directly the total permeability from sample solution to vacuum, a correction was made by 

subtracting the count rate calculated for the injection of contaminant ethanol The response curve ex- 

hibits saturation, as expected for an enzyme catalyzed reaction. The cost of NADH prohibited going to 

significantly higher NADH concentrations and fewer data exist for the alcohol dehydrogenase experi- 

ments. Nevertheless with thinner dimethyl silicone membranes [8], thinner enzyme layers, and degassing 

of the sample to reduce background, it appears feasible to extend significantly the performance of this en- 

zyme system. The experimental sensitivity in the linear portion of the response is 1 • 109 cps • M -I , which 

is in agreement with the estimate 0.3 • 109 cps • M -I given by the mathematical model. 

change in such fluxes due to a variety of  stimuli could be monitored.  This tech- 
nique could also be combined with molecule microscopy [7] to provide a 
means for spatially mapping enzyme activity with a resolution of  about  1 pm 
in, for example, thin tissue slices. Neither stain nor fixative need be used. A 
very thin (300 A) synthetic membrane [8] ,  mechanically supported by a Nu- 
clepore filter with 300 A pores, would separate the sample from the vacuum 
system of a molecule microscope in order to prevent dehydration.  When se- 
lected substrates and cofactors are provided, the spatial distribution of  enzyme 
activity should give rise to a corresponding spatial variation in the flux of vola- 
tile product ,  which should permeate the membrane wi thout  significant spread- 
ing. 

Experimental details 

The response of  the quadrupole mass spectrometer (Extranuclear Corp., 
Pittsburgh, Pa.) was observed for three types of  experiments:  

(1) Fig. 2b. Solubilized urease (Sigma Chemical Co., St. Louis, Mo: Type  VI) 
was injected into 150 ml circulating solution of  0.1 M Tris buffer, pH 7.2 at 
30 + I°C which contained 5 • 10 -2 M urea. A MEM-213 dimethyl silicone mem- 
brane (General Electric Co., Membrane Products,  Schnectady, N.Y.) of thick- 
ness 0.001 inch with a polyester  fiber backing on the side exposed to the aque- 
ous solution and wi thout  immobilized urease was used. 4.1 Sigma units of  
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urease were injected (I Sigma unit = 1 mg urea nitrogen evolved per 5 min). 
(II) Fig. 2c. Prior to increasing stepwise the urea concentration of the circu- 

lating solution, urease was immobilized onto the fiber backing of the mem- 
brane described in I by physisorption followed by crosslinking with glutaralde- 
hyde [9,10]. The buffer and temperature used for I were also employed for II. 

(III) Fig. 4. Prior to increasing stepwise the NADH (Sigma, Grade III ~- 
NADH) concentration of the circulating solution, alcohol dehydrogenase 
(Sigma, Product No. A-1762) was immobilized by entrapment [11] between a 
Technicon Type C dialyzer membrane and a MEM-213 dimethyl silicone mem- 
brane of thickness 0.001 inch and without a fiber backing (see Fig. 4 for details 
of construction of the membrane-enzyme-membrane sandwich). 0.1 M phos- 
phate buffer, pH 7.2 at 30 + 1°C with 5.5 • 10 -3 M acetaldehyde was used. The 
injected NADH contained ethanol contaminant as determined by the manufac- 
turer in the amount 0.5 molecules ethanol per molecule NADH. After the ex- 
perimental run represented by Fig. 5 was completed, ethanol was injected on 
the aqueous side and the membrane-enzyme-membrane sandwich permeability 
to ethanol was determined to be 2 • 10 -6 cm • s -~, whereas the MEM-213 perme- 
ability to ethanol was 8.9.10 -~ cm-s -~. Based on these calibrations, the 
change in steady state count rate shown in Fig. 4 is found to have a 15% con- 
tribution from the ethanol contaminant. 

For all the experiments the pressure in the mass spectrometer vacuum sys- 
tem due to all species was about 10 -s mm Hg. The total counting efficiency for 
individual molecules which permeate the membrane is eT = 2" 10 -7, while in 
future designs eT I> 10 -~ is likely to be obtained. 
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