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Enzyme-Modified Tetrathiafulvalene 
Tetracyanoquinodimethane 
Microelect rodes : Direct 
Amperometric Detection of 
Acetylcholine and Choline 
PAUL D. HALE and R. MARK WIGHTMAN 
Depemnent of Chemistry, Indiana Univemily, Bloomington, IN 47405 

Microelectrodes constructed with the one-dimensional organic conducting salt lTF- 
TCNQ as the electrode material and modified with two enzymes, acetylcholinesterase 
and choline oxidase, are used to selectively detect the neurochemically important 
molecule acetylcholine and its metabolite choline. Kinetic analysis of the variation of 
w e n t  with substrate concentration indicates that the rate-limiting step in these elec- 
trodes is the enzyme kinetics. Values for the electrochemical rate constant are reported 
and the conditions of enzyme saturation are defied. 

INTRODUCTION 

Recent work by Albery and co-~orkers'-~ has shown that a variety 
of one-dimensional conducting organic salts can be used as electrode 
materials for the direct oxidation of enzymes containing the flavin 
prosthetic group flavin adenine dinucleotide (FAD). For example, 
electrodes constructed of the salts of tetracyanoquinodimethane 
(TCNQ) and tetrathiafulvalene ('ITF), quinoline, or N-methylphen- 
azine were shown to efficiently oxidize glucose oxidase. Among these 
materials, 'ITF-TCNQ was found to be the most suitable due to its 
low background current, and enzyme-modified TT'F-TCNQ elec- 
trodes have been used for the determination of biological purines: 
as well as for the in vivo measurement of glucose in the rat brain.5 
In these electrodes, the FAD group in the enzyme is reduced by the 
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270 P. D. HALE AND R. M. WIGHTMAN 

substrate and this reduced enzyme is then directly oxidized at the 
electrode, as shown in the reaction scheme be10w:~ 

SH, + E(FAD) --* S + E(FADH2) (1) 

ITF-TCNQ 
E(FADH2) - E(FAD) + 2H+ + 2e- 

Here SH, is the reduced form of the substrate and E(FAD) represents 
the oxidized form of the corresponding flavoenzyme. 

In this paper we report the design and response of enzyme-modified 
ITF-TCNQ microelectrodes for the determination of the neurotrans- 
mitter acetylcholine (ACh), CH3C02CH2CH2N+ (CH,),, and its me- 
tabolite choline (Ch), HOCH,CH,N+(CH,),. The role of ACh as a 
neurotransmitter has been known for many years, and is well doc- 
umented.6 Several methods for the determination of this species have 
recently been developed, including radi0-1abeliing~~~ and gas 
chromatographic9 techniques. In addition, experiments utilizing high- 
performance liquid chromatography (HPLC) with electrochemical 
detection have been reported.lOJ1 In this latter work, the actual de- 
tected species is hydrogen peroxide, which is the electroactive by- 
product of the following enzymatic reactions: 

AchE 
acetylcholine + H,O - choline + acetic acid (3) 

ChO 
choline + 20, + H,O __* betaine + 2H202 (4) 

In this scheme, AChE and ChO refer to acetylcholinesterase and 
choline oxidase, respectively. Although the HPLC-electrochemical 
systems are sensitive and specific in the measurement of ACh and 
Ch, the response is strongly affected by the ambient concentration 
of oxygen, as indicated in equation 4 above. More importantly, the 
time response of these systems is quite long, which precludes their 
use as in vivo probes. 

In the present work, the use of lTF-TCNQ microelectrodes mod- 
ified with acetylcholinesterase and choline oxidase permits a more 
direct measurement of both Ch and ACh, with improved time re- 
sponse over the systems described above and excellent spatial char- 
acteristics. For the detection of Ch, these electrodes follow the scheme 
outlined in (1) and (2); in the case of ACh, the substrate is first 
converted to Ch according to (3). The processes occumng at the 
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ENZYME-MODIFIED MICROELECI'RODES 271 

ChO (ox) ChO (red) 

choline betaine aldehyde 

acetylcholine 
FIGURE 1 Schematic representation of the double-enzyme TIF-TCNQ electrode. 
AChE refers to aaetylcholinesterase; ChO(ox) and ChO(red) refer to the oxidized 
and reduced forms of choline oxidase, respectively. 

1 AChE 

electrode surface are shown schematically in Figure 1. In the following 
sections, the response of these electrodes to ACh and Ch is described 
in more detail, and the results are analyzed using the theory for 
amperometric enzyme electrodes developed by Albery and Bart1ett.l 

EXPERIMENTAL 

Reagenrs. Acetylcholinesterase from electric eel (EC 3.1.1.7; Type 
111, activity 970 unitdmg) and choline oxidase from Alcaligenes spe- 
cies (EC 1.1.3.17; activity 13.9 unitdmg) were obtained from Sigma. 
The TTF and TCNQ were obtained from Aldrich. AU other chemicals 
were reagent grade and were used as received. Doubly distilled water 
was used in the preparation of all solutions. All experiments were 
carried out in phosphate buffer containing NaCl (O.lM), which was 
prepared by titrating 0.1M Na2HP0, to a pH of 7.4 with concentrated 
HCl. Except when testing for oxygen interference, all experimental 
solutions were deaerated by bubbling N2 through the solution for at 
least 10 min. 

Electrode Preparation. The TTF-TCNQ complex was prepared 
using a standard procedure.l2 A sluny of the conducting salt and 
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272 P. D. HALE AND R. M. WIGHTMAN 

poly(viny1 chloride) (PVC) in tetrahydrofuran (in a 1O:l ratio of ITF- 
TCNQ:PVC by weight) was used to partially fill a glass capillary (1.3 
mm outer diameter, 0.75 mm inner diameter, A-M Systems, Inc., 
Everett, WA). After evaporation of the solvent, a solid plug of TTF- 
TCNQPVC remained in the bottom of the capillary; the plug was 
typically 3 to 5 mm in length, with a diameter of approximately 0.6 
mm as measured by electron microscopy. The electrode material was 
then sealed in the capillary with epoxy (Epon 828 with 14% metaphen- 
ylenediamine, Miller Stephenson Chemical Co., Danbury, CT) and 
cured for 1 hour at 8OC. Afterwards, the electrode surface was polished 
with fine emory paper. Electrical contact was established by injecting 
mercury into the top of the capillary and inserting a silver wire. 

The immobilized enzyme electrode was prepared by soaking the 
Tl'F-TCNQ electrode in an aqueous solution of acetylcholinesterase 
and choline oxidase for several hours. Unlike most of the previously 
published w ~ r k , l - ~ J ~  a dialysis membrane was not used to trap the 
enzyme solution; work in this laboratory and elsewhere' indicates 
that the enzymes remain incorporated in the electrode for long pe- 
riods without a membrane. 

The constant potential experiments were run using a 
Princeton Applied Research Polarographic Analyzer (Model 174A) 
and a Houston Instruments strip chart recorder. In addition to the 
'ITF-TCNQ working electrode, a saturated sodium calomel reference 
electrode (SSCE) and a platinum wire auxiliary electrode were em- 
ployed. All current measurements were made at a constant potential 
of + 150 mV vs. the SSCE, and the experiments were conducted at 

Apparatus. 

23( 2 2)C. 

RESULTS AND DISCUSSION 

Figure 2 shows typical results for the response of the enzyme-modified 
TTF-TCNQ microelectrode to ACh in pH 7.4 phosphate buffer. Steady 
state values for the current are achieved quite rapidly, with a delay 
of less than 1 min. from the addition of substrate to the steady state 
measurement. The electrodes appear to regenerate the oxidized form 
of choline oxidase very efficiently. In several cases, the test solution 
was not deaerated in order to test for oxygen interference (i.e. to see 
if the enzyme would be oxidized by 0, rather than at the electrode); 
no decrease in current was apparent. For the majority of electrodes 
tested, the maximum current was approximately the same for both 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
52

 1
9 

Fe
br

ua
ry

 2
01

3 



ENZYME-MODIFIED MICROELECTRODES 

0 to 40uM acetylcholine in ~ J J M  steps 
r 

273 

0 5 10 15 20 

TIME (min) 
FIGURE 2 Typical results for the variation of current with acetylcholine concentra- 
tion for the aoetylcholinesterase/chotine oxidase 'ITF-TCNQ electrode. 

Ch and ACh, as the calibration curves in Figure 3 indicate, but enzyme 
saturation was usually reached at lower concentrations when Ch was 
used as the substrate; this point will be discussed in more detail below. 
In order to obtain kinetic information, these curves are analyzed using 
a theory developed by Albery and co-~orkers.l-~ As a first step, it 
is necessary to construct Hanes plotP4 of [Svi  versus [S], where [S] 
is the substrate concentration and i is the measured current. From 
these plots, one can find a limiting value of the electrochemical rate 
constant khE for low substrate concentrations, as described by the 
equation below: 

Here A is the surface area of the electrode, n is the number of 
electrons transferred, and Fis the Faraday constant. The rate constant 
is thus determined by extrapolating the Hanes plot to zero concen- 
tration. The Hanes plots for the data in Figure 3 are presented in 
Figure 4, and the electrochemical rate constants resulting from a large 
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FIGURE 3 calibration curves for the variation of current with substrate concentra- 
tion for the acetylcholinesterase./chohe oxidase "TF-TCNQ electrode: (0) choline; 
(0) acetylcholine. 

conc (uM 1 
FIGURE 4 Hanes pl0t~l.l~ for the data shown in Figure 3: (0) choline; (0) acetyl- 
choline. 
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ENZYME-MODIFIED MICROELECTRODES 275 

number of measurements are listed in Table I. It should be noted 
that one would expect that the khE values found for the detection of 
Ch and ACh by the two-enzyme system should be nearly equal since 
acetylcholinesterase is one of the most efficient enzymes known6; i.e. 
the conversion of ACh to Ch (equation 3) is sufficiently rapid that 
this step can be ignored in the kinetic treatment. The experimental 
results support this point, giving nearly the same electrochemical rate 
constant for both Ch and ACh. It should also be mentioned that this 
quantity is really an effective rate constant because the system is 
complicated by the fact that betaine aldehyde, an intermediate prod- 
uct of the enzymatic oxidation of Ch (equation 4), is also a substrate 
for choline oxidase. Nevertheless, the values found here for khE are 
quite similar to those found for other enzyme electrode/substrate 
systems .2-4 

Following closely the work of Albery, we continue the kinetic 
analysis by calculating the quantity p, shown in (6) below, at higher 
substrate concentrations, where the current is greater than that de- 
scribed by (5).  

In the usual procedure,' these terms are plotted against the quantity 
y defined below: 

From this so-called rho plot, it is possible to determine the observed 
Michaelis-Menten constant KME15 for the electrode, since y is also 

TABLE I 

Kinetic Results for Acetykholinesterase/Chohe Oxidase "TF-TCNQ 
Microelectrodes 

c h o h e  acetylcholineb 

k k  ( d s )  5.7 x 10-4 5.8 x 10-4 
K M E  (M) 7.9 x 10-5 1.0 x 10-4 
KdM) 3.6 x 10-4 4.1 x 10-4 

'Mean results for 12 electrodes. 
bMean results for 16 electrodes. 
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276 P. D. HALE AND R. M. WIGHTMAN 

1.5 

related to p through the following expression1: 

- 
n 

Here k: is the rate constant for mass transport of the substrate; this 
term is often rate-limiting for enzyme electrodes using mem- 
branes:-* but it should be very large for the present system. This 
point is borne out in Figure 5 ,  which shows the rho plots for the data 
in Figure 3. The results for both Ch and ACh show a straight line 
with a slope of nearly zero, since for large k:, enzyme kinetics are 
rate-limiting and equation 8 gives a constant value for y ( = l /KME);  
thus the observed Michaelis-Menten constant can be read directly 
from these plots. The mean results for a large number of electrodes 
are shown in Table 1. When the concentration of the substrate is less 
than K M E ,  the measured current is proportional to [S]; saturation 
occurs at concentrations greater than this quantity. Our results in- 
dicate that the observed Michaelis-Menten constant for the TTF- 
TCNQ electrode is approximately an order of magnitude smaller than 
that found in solution (KM = 1.2 mM for choline oxidase in solution, 
with choline as the substrate).16 It is also interesting to note that 
although the additional step of converting ACh to Ch does not affect 
the apparent electrochemical rate constant kLE, it can slightly alter 
the observed Michaelis-Menten constant. 

Oe5 t 
0.0 0.2 0.4 0.6 

rho 
FIGURE 5 Rho plots (equations 6 and 7) [l] for the data shown in Figure 3: (0) 
choline; (0) acetylcholine. 
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ENZYME-MODIFIED MICROELECTRODES 277 

Finally, it is possible to extend the analysis in order to determine 
the Michaelis-Menten constant KM for the homogeneous reaction. l5 
The following discussion is valid for systems where there is no mem- 
brane over the electrode.* In such a case, when the enzyme is un- 
saturated the current should show a half-order dependence on the 
substrate concentration: 

i(unsaturated) = nAF( Dk,,[SJIK,) ln[E]tow (9) 

Here D is the diffusion coefficient for the enzyme within the diffusion 
layer and kat is the combined rate constant for the reaction of the 
enzyme-substrate complex to form the enzyme-product complex and 
its subsequent breakup into product and reduced enzyme4; [Eltot,, is 
the total concentration of enzyme in the electrode. If the enzyme is 
saturated, the current is independent of substrate concentration? 

i(saturated) = nAF(Dk,t)la[E]t,,,, 

From (9) and (lo), one may write the following expression for the 
homogeneous Michaelis-Menten constant: 

K,,, = {[SImn/i(unsaturated))Z {i(saturated)}2 (11) 

The first term in this equation can be found from plots such as those 
shown in Figure 6, where the current has been plotted against the 
square root of the substrate concentration. Its value is given by the 
inverse of the slope of the linear region of the curve (for convenience, 
only the linear, or unsaturated, region is shown in Figure 6). The 
current in the saturated region can be taken directly from calibration 
curves like those in Figure 3; we have taken i(saturated) as the max- 
imum measured current in the i vs. [S] plots. The values for K,,, 
resulting from this analysis are shown in Table I, and are in reasonable 
agreement with the literature value for the choline oxidasekholine 
system.16 

The results presented here demonstrate the feasibility of directly 
detecting the neurotransmitter ACh with a double enzyme-modified 
‘ITF-TCNQ microelectrode. Work is presently underway to extend 
the concentration range of the electrodes (unsaturated region) by 
coating with a polymer membrane such as Nafion” in order to make 
mass transport of the substrate the rate-limiting step rather than the 
enzyme kinetics. Preliminary results18 indicate that such a procedure 
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30 

20 

10 
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0 5 10 15 
1/2 1/2 conc (JJM 1 

FIGURE 6 Plots of current against square root of substrate concentration for the 
data shown in Figure 3: (0) choline; (0) acetylcholine. 

can increase the range of the electrodes’ linear response by approx- 
imately an order of magnitude. 

This research was supported by the National Institutes of Health (NS15841). 

1. W. J. Albery and P. N. Bartlett, J.  ElcctroMa. Chem., 194,211 (1985). 
2. W. J. Albery, P. N. Bartlett and D. H. Craston, J. E l e c t r d .  Chem., 194,223 

3. W. J. Albery, P. N. Bartlett, M. Bycroft, D. H. Craston and B. J. Driscoll, J. 

4. K. McKeMa and A. Brajter-Toth, Anal. Chem., 59, 954 (1987). 
5. M. G. Boutelle, C. Stanford, M. Fillenz, W. J. Albery and P. N. Bartlett, Neurosci. 

6. J. R. Cooper, F. E. Bloom and R. H. Roth, The Bwchmricul Basis of Neuro- 

7. D. R. Haubrich, N. Gerber, A. B. Wueger and M. Zweig, J. Neurochem., 36, 

8. M. L. Gilberstadt and J. A. Russell, A d .  Bwchem., 138,78 (1984). 
9. 1. Hanin and R. F. Skinner, Anal. Biochem., 66,568 (1975). 

(1985). 

Elecfmad. Chem., 218, 119 (1987). 

Len., 72, 283 (1986). 

pharmacology, Oxford University Press, New York (1986). Chapter 8. 

1409 (1981). 

10. P. E. Potter, J. L. Meek and N. H. Neff, J. Neurochem., 41, 188 (1983). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
52

 1
9 

Fe
br

ua
ry

 2
01

3 



ENZYME-MODIFIED MICROELECTRODES 279 

11. T. Yao and M. Sato, Anal. Chim. Acru, 172, 371 (1985). 
12. J. Ferraris, D. 0. Cowan, V. Walatka and J. H. Perlstein, J .  Am. Chem. Soc., 

13. W. J. Albery, P. N. Bartlett, A. E. Cass and K. W. Sim, 1. Electroanal. Chem., 

14. C .  S .  Hanes, Biochem. J . ,  26, 1406 (1932). 
15. C. Walsh, EnzymaticRePction Mechunirmr, W. H. Freeman, SanFrancixo (1979), 

16. S. Ikuta, S. Imamura, H. Misaki and Y. Horiuti, J.  Biochem., 82, 1741 (1977). 
17. E. W. Kristensen, W. G. Kuhr and R. M. Wightman, Anal. Chem., 59, 1752 

18. P. D. Hale and R. M. Wightman, unpublished results. 

95,948 (1973). 

218, 127 (1987). 

p. 64-67. 

(1987). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
52

 1
9 

Fe
br

ua
ry

 2
01

3 




