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Summary 

A simple device capable of  measuring almost any reactant  in an enzyme- 
catalyzed reaction is created when an enzyme is immobilized onto one thermal 
sensor of a differential thermometer .  Experiments are described in which two 
thermistors,  one bare and one coated with immobilized enzyme,  are immersed 
in a well-stirred solution. The response of  this device to increases in glucose- 
ATP concentra t ion was observed using hexokinase (ATP:D-hexose 6-phos- 
photransferase, EC 2.7.1.1), and to increases in glucose concentrat ion using glu- 
cose oxidase (H-D-glucose:oxygen 1-oxidoreductase,  EC 1.1.3.4). A simple 
model is presented whose predictions are in reasonable agreement with the ex- 
perimental results. 

In t roduct ion  

The application of  enzymes to chemical analysis has had considerable impact 
on the development  of  measurement  systems featuring high chemical spe- 
cificity. However, the need to interface the enzyme-catalyzed reaction with a 
sensor, such as a spec t rophotometer ,  f luorimeter,  polarigraphic electrode or 
ion-specific electrode,  has placed a major limitation on the widespread use of 
enzymes for chemical analysis. In cases in which the substrate or product  of  an 
enzyme-catalyzed reaction cannot  be detected by one of  the above sensors, 
mul t ienzyme sequences that  culminate in a detectable product  have been used. 
However, the difficulties of mul t ienzyme systems increase with the number  
of steps involved. 

The development  of  systems based on immobilized enzymes has fur ther  in- 
creased the interest in using enzymes for chemical analysis, primarily because 
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immobilization of enzymes increases the number of measurements that can be 
performed per unit  of enzyme, and facilitates the development of continuous 
and automated analysis systems. However, the problems of interfacing the reac- 
tion(s) with an appropriate sensor remain. 

We have explored a system that  incorporates the advantages of immobilized 
enzymes and, in principle, can be used with any enzyme. Specifically, we em- 
ploy calorimetry to exploit the enthalpy change, which is universal to all chem- 
ical reactions, while enzymes provide specificity. Although the application of 
calorimetry to biochemical analysis is a well-established technique [1--3], most 
enzyme calorimeters are difficult to use for routine chemical analysis. With this 
as motivation, we have performed some experiments and calculations on a 
thermal enzyme probe that in more advanced form should be applicable to 
either discrete or continuous sampling [4,5]. The Thermal Enzyme Probe con- 
sists of two thermal sensors (e.g. thermistors); active enzyme(s) is immobilized 
onto one of them (Fig. 1). This is in contrast to other devices described as 
"enzyme-thermistors" in which a thermistor is either located within or down- 
stream from a column of immobilized enzyme [6--9] and in which a laminor 
flow of substrate solution is passed through the column. 

In our experiments, the two thermistors comprise half of  a high-precision 
Wheatstone bridge, whose electrical output  is proportional to the temperature 
difference (AT) between the thermistors if AT is small. When the Thermal En- 
zyme Probe is in a solution containing the enzyme substrate, the enzyme- 
catalyzed reaction(s) occurs only near the thermistor bearing the enzyme, and 
a AT develops between the thermistors. As calculation shows, the magnitude of 
the steady-state AT, and therefore the electrical output  of the bridge, is ex- 
pected to be proportional to the steady-state reaction rate. Thus, the steady 
state AT exploited by this technique is in principle applicable to the analysis 
of any chemical for which is an enzyme that  can be immobilized next to one of 
the thermal sensors. 

Methods and Results 

The apparatus shown in Fig. 1 was used for a number of experiments in 
which the substrate concentration of the well-stirred inner bath was increased 
sequentially by the addition of small amounts of concentrated substrate. In one 
set of experiments, a Thermal Enzyme Probe using hexokinase (ATP:D-hexose 
6-phosphotransferase, EC 2.7.1.1) was exposed to a series of increased glucose- 
ATP concentrations, and the AT response was observed (Fig. 2a). Subsequent- 
ly, the enzyme-coated thermistor was separately assayed by spectrophotome- 
tric analysis using soluble glucose-6-phosphate dehydrogenase (D-glucose-6- 
phosphate:NADP ÷ 1-oxidoreductase, EC 1.1.1.49) to produce NADPH. The 
spectrophotometric assay allowed us to: (1) compare the steady-state thermal 
and chemical response of the thermistor pair, and (2) measure independently 
the apparent Km for the immobilized enzyme. The apparent Km value deter- 
mined from the thermal response is 2.0 mM, while the value of 2.5 mM was 
obtained by chemical analysis. Thus, the response of the Thermal Enzyme 
Probe to glucose-ATP is nearly the same in both cases. Furthermore,  the appar- 
ent Km value is about 10 times the value found for the soluble enzyme, and is 
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MAGNETIC STIRRER 

Fig. 1. The Thermal Enzyme Probe stirred-bath conf igurat ion used for  thermal response  measurements .  
(A) Sample inject ion tube,  (B,C) Stainless steel  thermistor  tubes ,  (D,E)  thermistors ,  (F)  Magnetic stirring 
bars, (G) Glass inner bath wall, (H) Brass outer  bath wall, (1) Cooling coil, (N) Temporary storage res- 
ervoir for concentrated  substrate  prior to inject ion into the inner bath.  

consistent with a reaction limited by diffusion across a thin aqueous layer. 
The response of the Thermal Enzyme Probe is linear up to 3.0--4.0 mM glu- 
close-ATP. 

In another set of experiments we used a pair of thermistors with glucose oxi- 
dase (~-D-Glucose:oxygen 1-oxidoreductase, EC 1.1.3.4). The AT response is 
given in Fig. 2b, and is linear up to 1.5 mM glucose. The apparent Km value 
is 7 • 10 -4 M, which is about 3.5 times the Km value for dissolved 02 • Satura- 
tion with respect to 02 ,  not  glucose, is believed to be the limiting factor. 

The increased Michaelis-Menten constant for the immobilized enzymes is 
typical of immobilized enzymes and consistent with diffusional limitations on 
the reaction rate. A desirable aspect of the diffusional limitation is that  it ex- 
tends upward the useful linear response with respect to Cs, the substrate con- 
centration. 

The major problems of the Thermal Enzyme Probe involve the physics of 
differential thermometry ,  as both the predicted and observed AT values are 
small. In agreement with Bowers and Carr [10], some of our other experiments 
[5] suggest that  the present limitation is hydrothermal noise associated with 
the thermistors when used in a "well-stirred" bath. Also in agreement with 
Bowers and Carr [10], we find that  if a very small inner bath is used without  
stirring, then (after any flow has damped out) the noise of a bare thermistor 
pair is significantly lower, and is equal to the noise measured with a pair of 
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Fig. 2. a :  A T  vs. g lucose -ATP  c o n c e n t r a t i o n  cu rve  fo r  the  h e x o k i n a s e  T h e r m a l  E n z y m e  Probe.  T h e  r e -  

sponse  is c o r r e c t e d  fo r  a s l ight  b l a n k  r e sponse  w h i c h  occurs  only  a f t e r  several  50-pl  a d d i t i o n s  of  l iquid  

have  b e e n  m a d e ,  and  wh ich  appea r s  to  be  assoc ia ted  w i t h  inc reased  b a t h  level o f  the  i n n e r  b a t h .  o in i t ia l  

run ,  u 24 h l a t e r  ( p r o b e  s t o r e d  in b a t h  at  35°C;  the  reason  fo r  the  decay  is u n k n o w n ) .  The  f o r m  of  th is  

curve  is co n s i s t en t  w i t h  Michae l i s -Menten  k ine t i c s ;  the  V ( A T m a x )  dec reases  w i t h  t i m e  due  to  an un-  

k n o w n  m e c h a n i s m  o f  e n z y m e  d e c a y ,  and  the  c o n s t a n t  K m value o f  2.0 • 10 -3 M is in  a g r e e m e n t  w i t h  the  

s p e c t r o p h o t o m e t r i c a l l y  d e t e r m i n e d  value of  2 .4"  10 -3 M. b :  A T  vs. g lucose  c o n c e n t r a t i o n  f o r  a g lucose-  

ox ida se  T h e r m a l  E n z y m e  Probe .  A d i f f u s i o n a l  l i m i t a t i o n  w i t h  r e spe c t  to  o x y g e n ,  n o t  g lucose ,  a ppe a r s  to  
res t r i c t  the  r e sponse .  

wire-wound resistors of the same resistance. An additional contribution to AT 
noise arises from the current rather poor common mode rejection ratio (CMRRT 

10; the CMRRT is defined as 1/(apparent AT) which is measured when the 
common temperature of both thermistors is raised by 1°C) of the present 
thermistors, which results in fluctuations in the average bath temperature ap- 
pearing as fluctuations in AT of one-tenth the magnitude. Selection of better 
sensors and more carefully controlled-flow conditions (e.g. laminar flow in a 
flowthrough cell) should lead to much better performance, e.g. to about 10 -6 °C 
[10,11]. For typical enzyme systems [12] with AH ~ - - 1 0  kcal .  mo1-1 , this 
implies a minimum detectable substrate concentration of the order 10 -s M. At 
this level, the thermal enzyme probe would have the potential for widespread 
use as a simple, convenient device in many areas of biochemical analysis and re- 
search. 

Experimental Details 

Hexokinase and glucose oxidase were immobilized by first attaching hexo- 
kinase or glucose oxidase Enzygel (Boehringer Mannheim GmbH) to the sur- 
faces of both thermistors by means of a special glue [13], which was UHU 
Kontakt  2000 (UHU-Werk, H.u.M. Fischer GmbH, West Germany) in our ex- 
periments. Specifically, 1 ml of glue was first diluted with 2 ml of CH2C12. A 
thermistor was carefully cleaned with ethanol and was then dipped twice into 
the glue solution. After 5--10 s, the tip was carefully rolled in finely powdered 
Enzygel. After two hours the coated thermistor was ready for use. Two therm- 
istors were activated in this way, with one subsequently deactivated by im- 
mersion in a 25% aqueous glutaraldehyde solution for 10 min. 

Thermal response experiments were cofiducted in the apparatus of Fig. 1 
using triethanolamine buffer, 0.1 M, pH 7.0 at 35°C. The thermistors were en- 
cased in Teflon (model No. 44108 of Yellow Springs Instrument Co., Yellow 
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Springs, Ohio), with a nominal 3 • 104 ~2 resistance, and temperature coeffi- 
cient ~ ~- 4 • 10 -2 °K- ' .  The d.c. excitation voltage across each thermistor was 
about 0.5 V; under our experimental conditions of turbulent,  well-stirred flow 
a short-term noise (rms) of I pV was obtained, which corresponds to a short- 
term AT noise of about 5 • 10-s°C. The outer bath (Fig. 1) was controlled to 
1 • 10-3°C by precision circuitry designed and constructed by J. Williams [14]. 

The hexokinase activity on a thermistor was measured by dipping it into a 
3.5-ml cuvette containing 1.75 ml of 0.1 M triethanolamine buffer, pH 7, 0.1 
ml of 1 M glucose, 0.01 ml of glucose-6-phosphate dehydrogenase (Sigma 
Chemical Co., 210 units/ml), 0.10 ml NADP (40 mg/ml), and 0.50 ml of ATP 
(8 mg/ml). The cuvette was continuously stirred with a magnetic stirring bar 
and absorbance increase measured at 340 nm. 

Theory 

A simple mathematical model (Fig. 3) can be used to estimate the expected 
steady state AT as a function of substrate concentration, and to identify param- 
eters for interpretation of  our experimental results. A number of assumptions 
are made for simplicity. The steady state substrate flux density, J s ,  from the 
bulk solution to a layer of immobilized enzyme is given by: 

Js = Ds (Cs -- C~)/x (1) 

where Ds is the diffusion constant of the substrate, Cs and Cs are the concen- 
trations in the bulk solution and at the enzyme, respectively, and x is a simple, 
one-dimensional boundary-layer thickness. The boundary layer is treated as a sta- 
t ionary, unstirred aqueous layer including any trapped water or porous gel sur- 
rounding the active enzyme. The heat flux density, JQ, which is conducted 
away from the probe, is simply: 

JQ = KAT/x  (2} 

J q 

Immobilized R 
Enzyme ~ 

Temperature 
T + z ~ T  ~ 

x 

e 3" s = Substrate Flux 

,e 3" 0=  Heat Flux 

Temperature = T 

C S 
Substrate , 

Distance 

Fig. 3. Simple c o n f i g u r a t i o n  u p o n  which the mathematical model is based. The bulk substrate c o n c e n -  
t ra t ion  is CS, while the subs tra te  c o n c e n t r a t i o n  at  the immobilized enzyme layer is CS. T is the bulk so lu-  
t i o n  t e m p e r a t u r e ,  and the enzyme-coated thermal sensor is AT above T. A one-dimensional unstilTed 
layer of thickness x (typically 10 -2 cm) is assumed. 
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where  K is the  the rmal  conduc t iv i ty  of  the  unst i r red layer,  and A T  is the  tem- 
pera tu re  d i f fe rence  be tween  the  p robe  and the  bulk  solut ion.  The  rate  o f  reac- 
t ion  per  uni t  area, V, at the  p robe  surface is assumed to  be given by  the  Michae- 
lis-Menten model :  

V = VmCs/(Km + Cs) (3) 

where  in this case Vm is the  m a x i m u m  reac t ion  ra te  per  uni t  area, and Km is 
the  co nc e n t r a t i on  of  subst ra te  at  one-hal f  of  Vm • For  Cs < <  Km,  Eqn.  3 may  
be simplif ied to :  

V "~ (Vm/gm)Cs (4) 

Because Js = V, and at  s teady state  VAH = JQ,  where  AH is the  sum of  enthal-  
py  changes fo r  all the  react ions  localized near  the  en zy m e ,  we f ind:  

AT~ [((Dslx)(VmlKm) ]l~As-s]t 
[t(Dslx) + (VmlKm)i[~/J  Cs (5) 

Of ten  the  reac t ion  is d i f fus ion- l imi ted because V,~/Kin >> Ds/x, and in this 
c a s e  

(6) 

and A T  is p ropo r t i ona l  to  the  concen t r a t i on  of  the  substra te  in the  bulk  solu- 
t ion.  This fo rm shows expl ic i t ly  tha t  in the  linear region where  Cs < <  Km,  ap- 
parent ,  we can mode l  the  e n z y m e  layer  as a pe r fec t  sink for  subst ra te  which is 
c o n n e c t e d  in series with an effect ive permeabi l i ty ,  Ds/x.  Signif icant ly,  this sim- 
ple mode l  shows tha t  when  its assumpt ions  are realized,  the  reac t ion  in the  
l inear region is d i f fus ion- l imi ted,  and ne i ther  the e n z y m e  concen t r a t i on  at the  
surface nor  the  b o u n d a r y  layer  th ickness  affects  the  s teady state AT. When Cs 
is greater  than  Kin,  however ,  the  sa tura t ion  response is d e p e n d e n t  on the 
a m o u n t  o f  e n z y m e  per  uni t  area. 

This mode l  also predic ts  the  t ime  response caused by  subst ra te  d i f fus ion to  
be o f  o rde r  rD ~ x2/4Ds ~ 5 s fo r  a well-stirred sys tem in which x ~ 10 -2 cm. 
Because our  thermis tors  (2 -mm d iamete r )  immersed  in water  typ ica l ly  have 
the rmal  t ime cons tan ts  of  1--2 s, it can be seen tha t  d i f fus ional  l imitat ions con-  
t rol  the  funda me n ta l  response t ime  observed previously [4] .  However ,  in our  
present  appara tus  (Fig. 1) the t ime  cons tan t  fo r  hea t  exchange  be tween  the  
inner  and ou te r  ba th  is a p p r o x i m a t e l y  40 s, which d o m i n a t e d  the  Thermal  En- 
zyme  Probe t rans ient  response  because o f  the  c o m m o n  m o d e  response {with 
respect  to  ambien t  t empera tu re )  o f  the  the rmis to r  pair  when  we added a sam- 
ple or  b lank at  a slightly d i f fe ren t  t e m p e r a t u r e  [5] .  Thermal  sensors with a sig- 
n i f icant ly  be t t e r  c o m m o n  m o d e  re jec t ion  rat io  could  be used to  minimize this 
e f fec t ,  so tha t  the  t ime response  will be fundamen ta l ly  l imited by  T D ° By sub- 
s t i tut ing typica l  values in to  Eqn 6, we can es t imate  the  ex p ec t ed  AT for  a given 
value o f  Cs. F o r  example ,  if the  sample were glucose in b lood,  a ten-fold  dilut- 
ed sample might  be 1.1 • 10 -3 M; the  d i f fus ion  cons tan t  o f  glucose in water  at 
25°C is D s = 6.7 • 10 -6 cm 2 • s -1 , the  the rmal  conduc t iv i ty  of  wate r  at 25°C 
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is 1.3 • 10 -3 cal • s - 1  • cm -~ • °C- ' ,  and the enthalpy of  the reaction catalyzed 
by hexokinase in the presence of  adenosine triphosphate is --6.6 kcal • mol -l 
[9] (the heat of  protonization in triethanolamine buffer is about 8.2 kcal .  
mol-~), so that AH = --14.8  kcal .  m o l - ' .  Thus, the calculated steady state 
AT is 8 . 4 . 1 0 - s ° C .  Although small, a AT of  this size is measurable by using 
available thermistors in a sensitive bridge circuit [5 ,10 ,11] .  
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