
Ther,nochimt'ca Acta, 217 (1993) 1 -7  
E lsev ie r  Sc ience  Pub l i she r s  B.V. ,  A m s t e r d a m  

Calorimetric investigations into enzyme catalysed 
glucose oxidation 
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Abstract 

T h e  s tudy  p resen t s  the  resul ts  o f  ca lo r ime t r i c  inves t iga t ions  into e n z y m e  ca ta lysed  
g lucose  ox ida t ion .  It was  s h o w n  tha t  the  conver t ib l e  a m o u n t  o f  g lucose  is l i m i t e d  by the  
avai labi l i ty o f  the  ox idan t  o r  m ed i a to r :  O2, K.~[Fe(CN),] and  b e n z o q u i n o n e  were  u sed  as 
med ia to r s .  T h e  m e a s u r a b l e  g lucose  c o n c e n t r a t i o n  range  was  m u c h  e x p a n d e d  b y  us ing 
b e n z o q u i n o n e .  I n d e p e n d e n t l y  of  the  m e d i a t o r  used;  the  en tha lpy  value  for  the  ox ida t ion  of  
g lucose  in the  p r e s e n c e  o f  the  e n z y m e  g lucose  oxidase  was f o u n d  to be  
A R H - -  - 1 2 5  ± 2  kJ t o o l - ' .  

I N T R O D U C T I O N  

The analytical • determination of  •glucose is based u p o n  its enzyme-  
catalysed oxidation to o-glucono,5-1actone or D-gluconic acid and hydrogen 
peroxide; only /3:D-glucose is capable of this reaction. Possible  oxidants or 
mediators include benzoquinone  and potassium hexacyanoferrate,  ~ in 
addition t o  oxygen.  The reaction can be quantitatively •indicated i n  three 
ways: amperometrically [1], calorimetrical ly  [2], or by measuring t h e  
concentration of  one reactant (usually by photometry)  [3]. The accurate 
knowledge  of the reaction conditions and Parameters is an indispensable 
prerequisite for research activities ~such as the deve lopment  of  a g l U c o s e  
s e n s o r .  . . . . . . . . . . . .  
.... This  s t u d y  commun ica t e s  t h e  r e su l t s  of c a l o r i m e t r i c  m e a s u r e m e n t s  a t  
normal  t e m p e r a t u r e  as a basis for t h e d e v e l o p m e n t  of a t he rma l  senson  The  

• influence of var ious m e d i a t o r s ,  the presence  of catalase in addi t ion• t  0 t h e  
enzyme glucose ox idase  and the  •equilibrium Of mu ta r0 t a t i on  on the  m o l a r  
react ion en tha lpy  were  invest igated.  Q u a l i t a t i v e  s t a t e m e n t s  a r e  m a d e  • With 

• . . . . . .  . : : : : . . . . . . .  . . .  ' . .  " . i  
• ! "  . 

• . ,  . . . . . . . . . . . . . . . . . .  : .  " . 

* C o r r e s p o n d i n g  au tho r .  : ~ . . . . . .  ~ : : :  . . . . .  ~ i i ~ ....... ~ 
. . • : • . . . . " . . .  . , , . . .  

: i .  . " ' ' " ' 

© e sB . . . . . .  . . . .  i: 0040-6031193/$06.00 1 9 9 3 ,  E l sev ie r  Sci n e e  Pub l i she r  



K. Bohmhamnlel et aL/Thermochim. Acta 217 (1993) i - 7  

.••respect to: the Conversion rate.  A subsequen t  s tudy  [4] p resen ts  the resul ts  
iof  a q u a n t i t a t i v e  t he rmok ine t i c  analysis. 

MATERIALS AND EQUIPMENT 

. T h e  glucose .oxidase (E.C.  1.1.3.4) used was f rom Aspergi l lus  niger 
(Serva) , .  and had a. specific activity of. 2 5 0 U m g - '  ( foreign activities 
5 U m g ~ l  catalase;  0 .05% a - a m y l a s e ,  0 .05% inver tase  and  0 .05% m a l t a s e ) ,  
T h e  specific activity of  the  e m p l o y e d  c a t a l a s e  (E.C.  1.11.1.6) f rom 

• A s p e r g i l l u s n i g e r ( S e r v a )  was 1950 U mg -1. R e a g e n t - g r a d e  chemicals  were  
u s e d  f o r  all m e a s u r e m e n t s .  A t e s t  ca l ibra t ion  buffer  of p H  = 6.86 (0.25 M 
KH2PO4-0 .25  M Na2HPO4) was u s e d . .  : 

. T h e  ca lor imetr ie  m e a s u r e m e n t s  w e r e  car r ied  out  in an isoper ibol ic  
r e a c t i o n  ca lo r ime t e r  [5]. Usual ly  abou t  6 2 m l  of  an a q u e o u s  solut ion of  
g l u c o s e ,  the  m e d i a t o r  subs tance  in different  concen t ra t ions  and  p h o s p h a t e  
buffer  (c = 0.1 M,  p H  = 6.86) were  mixed  in the  ca lor imetr ic  cell. 

T h e  •reaction was •initiated by b r e a k i n g • a n  a m p o u l e  filled .with enzyme  
s o l u t i o n .  B e c a u s e  a n  eva lua t ion  o f  t h e  t e m p e r a t u r e - t i m e  g raphs  in 
acco rdance  with Dick inson  involved a hig h deg ree  of  uncer ta in ty ,  in view of  
the  long reac t ion  t imes (up  to 100 min) ,  the  hea t  flow to the  e n v i r o n m e n t  

w a s  first co r rec ted  o n  the  bas is  of an electrical  ca l ibra t ion (in accordance  
with: R e g n a u l t - P f a u n d l e r  [6]). T h e  resu l t ing  adiabat ic  t e m p e r a t u r e ' t i m e  
g raphs  al low the d e t e r m i n a t i o n  of bo th  ATm°x as r equ i red  for the calculat ion 
of  the.. reac t ion  e n t h a l p y  and the  funct ions  AT  = A T ( t )  or 

• (a A T ~ a t )  =(19 A T I ~ t ) ( t )  

w h i c h  are necessary  for  kinet ic  analysis. 
. I t •holds  tha t  

x ] c  ° = A T / A T m . x .  

• •where c ° = . to ta l  glucose concen t ra t ion ,  x = conve r t ed  glucose concent ra -  
• t i on  at t ime  t, and  AT = adiabat ic  t e m p e r a t u r e  difference at t ime t so tha t  

. A T  at-•time, t is.a measu re  for the convers ion  or  the  reac t ion  rate.  

c~..Ax. ' c  ° . # A T  

..... -AT. .... :ATma, At . . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . . . . . . .  
• . -  . . . .  • . 

-i. :The object ,  quant i t ies  w e r e • d e t e r m i n e d  b y w e i g h i n g .  All  m e a s u r e m e n t s  
:"refer to .a ••thermostatic t e m p e r a t u r e  of  the ca lo r ime te r  of  2 9 8 K .  T h e  
: / g i u c 0 s e c o n c e n t r a t i o n  w a s  va r i ed  over  t h e  r a n g e  0 .9 -18  m m o l  -I corres-  
. .ponding  t o  a AT,,.~, Value be tween  a b o u t  • 16 and .250inK:,. Thus ;  a t : a  
maximum••• reac t ion .  t ime  o f i  100 rain u p  to. c o m p l e t e c o n v e r s i o n a n d  a 

' : "  " : "  ' :  " " " : :  - : :  " : " " " . . . .  " : : : : . . i . .  : : : '  . . . .  . i  " • " . . . . . . . . .  



K. B o h m h a m m e i  et al . /Therrnochim.  

IBO" 

~20' 
v 

<3 8ff 

40. 

Acta  2 i 7  (1993) 1 - 7  

. _ -ATrr ~ ~ ~ ~'ql~ 

/// 
I 

Fig. 1. A T - t ime  
v = 62.15 ml). 

go 
t/rain 

graphs for glucose solution (--) and 

H 

a-glucose ( - - - )  (m = 100rag, 

3 

long- term stability of the ca lo r imete r  of ±0.1 m K h  -~, the lowest glucose 
concen t ra t ion  was still far  above  the detection• limit, wh ich  was assumed a t  
s o m e  0 . 0 5 m m o l l  -t f o r  an assumed e r ro r  of ± 2 % ,  OXygen,  po tass ium 
hexacyanofe r ra te  and  benzoqu inone  were  used as mediators .  

DISCUSSION 

In accordance  with t h e  mu ta ro t a t i on  equil ibr ium, a ' g l u c o s e  (38%)  m 
presen t  in solut ions in addi t ion  to /3-glucose (62%).  There fo re  the  first 
ques t ion to be answered  was  whe the r  only t h e / 3 - f r a c t i 0 n  would r e a c t ,  or  
whe th e r  the mu ta ro t a t i on  ra te  would be sufficient for a total convers ion  of 
the glucose, In cont ras t  to a calor imetr ic  m e a s u r e m e n t  (solut ion of glucose 
(c = 8.9 mmol  1-1), b e n z o q u i n o n e  (c = 15.6 mmol  1-1) and buffer + glucose• 
oxidase (god) solut ion,  a m e a s u r e m e n t  w a s  ca r r i ed  o u t  in which so l id  
a -g lucose  was added  to a solut ion of equal  concen t ra t ions  of buffer, 
benzoqu inone  and  god. T h e  resul t ing • endo the rmic  solut ion effect  w a s  
de t e rmined  separa te ly  in an exper imen t  wi thout  g o d  ( A L H =  10.04kJ 
mol - l ) ;  the  previous  m e a s u r e m e n t  was then  c o r r e c t e d  t o  the p u r e  
react ion effect. Figure  1 shows •the two calor imetr ic  curves (for glucose 
solut ion and ,v-glucose), : : .... .... 

It is ev ident  that• the  ATm"~ value, and thus the •molar react ion en tha lpy , i s  
i n d e p e n d e n t  of t h e  in i t ia l  composi t ion  (glucose solutio n o r  a -g !ucgse ) ,  T h i s  
means  tha t  the  m u t a r o t a t i o n  rate• is so high that  a -g lucose  is conver ted  a s  
well, so tha t  t h e  r eac t ion  en tha lpy  must  be related• to the •entire •object 
quant i ty  of  t h e  glucose. T h e  A T - t i m e  graph  (Fig .  1) for  a -g lucose  shows 
t h e  typical  shape  of tha t  for  a success ive  react ion,  especial ly  in t h e  s t a r t i ng  
phase .  O n  the whole,: the  c o n v e r s i o n  r a t e  o f  a ' g l u c o s e  w a s  lower  t han  t h a t  
of g lucose  •solution,• which was  e x p e c t e d .  . . . .  : .... . . . . . . . . .  . • . . . . . .  . .  . 
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It i s  known• [7], and will be conf i rmed  in t h e  followingi that the 
convertible  amount  of glucose i s  l imited by the available amount  o f  
oxidants or mediators.  If oxygen  is used as a mediator,  the  limit at 25°C (in 
d e p e n d e n c e  on t h e  oxygen c o n c e n t r a t i o n )  is 2.36 x 1 0  -4 mol 1-1 f o r  
air-saturated solut ions  a n d  1.22 x 10 -3 tool  I-1 for oxygen-saturated solu- 
tions. As  can be seen from Fig. 2 ,  these limits can be proved beyond doubt 
f rom the calorimetrie curves ,  Sharp breaks can be observed in either case. 
With minor deviations,  the ATK values assigned to the break points exactly 
corre late  wi th  the above o x y g e n  concentrations: 

c•(air)2.29 x 10- '  mol 1-'; c~:(O2) = 1.18 x 10 -3 mol 1-1; 

c lc*=ar lar ... 
T h e  constant increase of the AT-t  curve after the break (equiva lent  to a 

cons tant  reaction rate) is independent  of  the glucose concentration,  and is 
obviously controlled by the diffusion o f  the oxygen from the gas phase (air 
or oxygen)  into the solution.  It is understandable  that in the case of an 

. ' . . . 

oxygen atmosphere  (curve b in Fig. 2) this increase is greater than in the 
case of  air (curve a in Fig. 2). The ratio of the increases b /a  is about 4.8, i.e. 
exactly the same as the ratio of  the oxygen partial pressures p,(O2)/p.(Oa). 

• The high-resolution calorimeter used in the experiments  al lows a reliable 
determination Of the entire react ion effect and thus of  ARH; nevertheless ,  
the  u p p e r  limit for the thermometric  determinat ion of  the glucose 
concentrat ion appears to be the limit fixed by the oxygen concentration in 
the solution. As  discussed in  refs. 8 and 9, this limit can be complete ly  
e l iminated (1) for an addition of  the enzyme catalase to the pair, or (2) for 
the use of a different mediator.  

A m o n g  others,  potassium hexacyanoferrate  and benzoquinone  [10, 11] 
are  known as substitutes for oxygen.  Calorimetric  measurements  with 
K3[Fe(CN)~] as a mediator show that a vast excess  of K3[Fe(CN),]  in 
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relation to stoichiometric conversion is needed t o  obtain reaction rates 
allowing a n  evaluation of the calorimetric curve. Figure 3 compares two 
calorimetric curves. It is evident that  even for a vast excess of K.~[Fe(CN)~] 
the •attainable reaction rates are in the same range as for an air-saturated 
solution. Hence  K3[Fe(CN)~] does not appear  to be a suitable •mediator. 

A different situation is created when benzoquinone is used as a mediator .  
For equal glucose concentrat ions below the sa tura t ion  concentrat ion of 
oxygen, the calorimetric curves for oxygen and b :nzoqu inone  are absoI, 
utely identical within th e error limits, i.e. the same reaction rates as•with 
oxygen can be at tained with benzoquinone.  

These  are some further  conclusions from this experiment: 
(1) the reaction rate is independent  of the media tor  concentration. This 

is also conf i rmed  by m e a s u r e m e n t s  with different benzoquinone 
concentrat ions;  

(2) the conversion o f  t h e  reduced form • o f  glucose oxidase t o  t h e  
oxidized form by means of the mediator  is effected so rapidly that  this 
reaction stage does not exert any influence on the overall reaction •rate; • 

(3) for the given pH value of the solution (6.86), the oxidation potential 
of K3[Fe(CN)6] is greater  than that  of benzoquinone; therefore the 
unexpectedly small effect of K3[Fe(CN)6] can be explained only b y  the 
reaction kinetics.  It must be  assumed that  t h e  oxidation of  the reduced  
glucose ox idase  is connected • with hydrogen transfer fa ther• than electron 
transfer. Hydrogen transfer is excluded for Ka[Fe(CN)6], whereas  it~is 
possible for oxygen and benzoquinone.  . . . . .  ~ 

Calorimetric measurements  with benzoquinone  as a mediator•• were 
performed in the glucose concentrat ion range be tween  0.8 and 1•8 mmol  1-:!, 
A kinetic analysis allows s tatements  •concerning••the reac t ion  order, t h e  
functional d e p e n d e n c e  of~ t h e  r eac t ion •  rate o n :  glucose and enzyme 

• concentrat ion,  the enzyme activity, a n d  the determinat ion of the Michaelis  
: . i  i...' . " i: '...- . '  " . .  ::. ' : i... " " . i  . " i  i : i . .  ::.i 
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E n z y m e  

g o d ,  

g o d  
g o d  
.god 
god: , . . . .  
god 
god + catalase 

M e d i a t o r  Number of 
measurements  

A R H  (kJ tool-') 

BenzoqUinone 
Oxygen 
K.a[Fe(CN),,] + air 
K~[Fe(CN),] + air 
K~[Fe(CN)~,] q- N:, 
K.~[Fe(CN),] ÷ Oa 
Benzoquinone 

12 
12 
10 
10 
4 
4 
7 

i24.0.4- 4 
127.1 -4- 4.3 
123.3 -4- 5.6 
• 124.9 4- 4.0 
125.3 -!- 1.8 
127.4 4- 2.5 
223.3 ± 1.9 

constant KM. These  questions will be discussed in detail in a subsequent  
s t u d y  [ 4 ] .  

All measurements  were evalua ted  with respect to the overall reaction 
e f f ec t  • ARH. 

: A n  overview• is g iven  in Table 1. Independent ly  of t h e  mediator,  the 
enthalpy va lue  of the oxidation of glucose in the presence of the  enzyme 
glucose oxydase was found to be A R H -  --125 ± 2 kJ mol -~. As expected, 
:this Value was increased by some - 1 0 0  kJ mo1-1 in the presence of catalase. 
The difference is almost equal t o  the reac t ion  entha!py of the decomposi- 
tion r e a c t i o n .  • 

H~O2(aq )  , H20 + 0.502(g) ARHe(298) = 100.06 kJ mol - '  

Al l  l i t e r a t u r e  data originate from the measurements  by Schmidt et al. 
[12]. For  the Oxidation of glucose in the presence of glucose oxidase and 

ca ta lase ,  a value of ARH = -207.2  kJ mol -t is gl,/en, i.e. a value 7% below 
that measured by us. Since Schmidt et al. [12] used  immobilized enzymes, 

• an incomplete react ion•can be assumed, which would explain the lower 
value. 

. ' : :  : ' .  
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