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A ~ T ~  

A sensor for acetylcholine/choline is described using a tetrathiaful- 
valene-tetracyanoquinodimethane (TTF-TCNQ) electrode modified 
with acetylcholine esterase (ACHE) and choline oxidase (ChO) en- 
zymes. DC cyclic voltammetry and impedance measurements  of the 
enzyme-modified TTF-TCNQ electrode that indicate the regeneration 
of choline oxidase at the electrode surface are reported. Effective elec- 
trochemical rate constants for the present enzyme electrode are calcu- 
lated using the expressions derived by Albery et al. (1), which show 
the enzyme kinetics as the rate-limiting step. The values of the effec- 
tive electrochemical rate constants are close to those reported by Hale 
and Wightman (2). The application of the sensor is described for the 
determination of fluorode ion and nicotine based on the reversible 
inhibition of AChE activity. The range of detection of fluoride ion and 
nicotine is found to be 5 x 10 -6 to 5 x 10-4M. 

Index Entries: Enzyme electrode; enzyme inhibition; frequency- 
response analysis; bioelectronics, neurotransmitters. 
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I N T R O D U C T I O N  

Analysis of neurotransmitters has recently gained considerable atten- 
tion (2-4). Potentiometric determination of acetylcholine has been described 
(5, 6), but the sensitivity is inadequate for clinical purposes. Amperometric 
determination of choline has been described using choline oxidase (ChO) 
immobilized onto an oxygen electrode (7,8) and a chemically modified 
platinum electrode (9) as a working electrode. Simultaneous electrochem- 
ical determination of acetylcholine and choline has been described by 
liquid chromatography (10) and using immobilized AChE and ChO on 
nylon net (11 ). There is still need of a suitable sensor for the sensitive and 
selective determination of the neurotransmitters. During this decade, 
chemical modification of the electrode surface has attracted considerable 
interest for the construction of amperometric probes (12-15). Chemical 
modification of the electrode surface is achieved by the treatment of the 
naked metal surface using mediators and conducting polymer as electrode 
materials. The use of tetrathiafulvalene-tetracyanoquinodimethane (TTF- 
TCNQ) conducting polymer as an electrode material (16) is of consider- 
able interest for the chemical modification of the electrode surface (12-15) 
because of its low background current. This conducting polymer has been 
used as an electrode material for the direct oxidation of ChO at the elec- 
trode surface (2). 

In an amperometric enzyme electrode the Faradic process occurs by 
the direct electron exchange either from one of the enzymatic reaction 
products or directly from the redox center (e.g., FAD/FADH2) of the en- 
zyme. The latter normally does not occur at the conventional metal elec- 
trode surfaces because the distance between the redox center and the 
electrode surface exceeds the distance across which electrons are trans- 
ferred at a measurable rate (17). Hence electrical communication between 
the redox center of the enzyme and the naked electrode surface requires 
the presence of electron-transfer relays. The use of these relays suggests 
two distinct means of electron exchange: (1) a mediated mechanism, 
which requires the presence of electron carriers reacting with the enzyme 
redox center and then regenerated electrochemically on the electrode and 
(2) a mediator-free mechanism, which involves electron exchange in 
absence of kinetically mobile mediators at the equilibrium potential of the 
substrate. Recent experimental results on conducting organic-metal elec- 
trodes suggest the dependence of the electron exchange rate on the pro- 
tein nature, the electrode materials, and the state of the electrode/electro- 
lyte interface. Kulys et al. (19,20) claim the mediator-free mechanism for 
the electron exchange from the redox center of enzyme and organic-metal 
electrode surface in cases of relatively low-mol-wt protein electron carrier 
(e.g., cytochrome b2 and heroin), and mediated mechanism (21) of elec- 
tron exchange in case of relatively high molecular weight enzyme, the 
active center of which lies deeply buried in a polypeptide structure, sup- 
ported by the fact that substrate oxidation proceeds at the potentials cor- 

Applied Biochemistry and Biotechnology Vol. 31, 1991 



Acetylcholine/ Choline" Sensor 147 

responding to the mediator's redox conversion potential, which is formed 
in the layer near the electrode surface during the slight dissolution of 
organic metal. Reports are also available showing the extremely efficient 
oxidizing behavior of the components of the organic metals TCNQ (21,22) 
and TTF (23,24) for the reduced enzyme. These observations suggest a 
mediated mechanism of electron exchange between the redox center of 
the enzyme/protein and the organic-metal electrode. However, Albery et 
al. (12) disagree with the mediated mechanism and suggest the direct 
route of electron exchange from the enzymelike glucose oxidase to the 
organic-metal surface, citing the experimental data on the organic-metal 
dissolution products using the rotating ring-disk electrode, as they have 
not been able to detect the same, which is required for homogeneous 
mediation, suggested by Cenas and Kulys (25). Recently Albery et al (26) 
suggested that the reaction of the enzyme on the conducting organic- 
metal electrode proceeds through heterogeneous redox catalysis instead 
of direct electron transfer as proposed earlier (12) based on the data on 
reaction order with respect to enzyme, which is half, rather than unity, 
for direct electron-transfer. Hill et al. (27) have also demonstrated the 
application of the active layer at the interface, which fascilitates the elec- 
tron transfer of soluble or weakly adsorbed enzyme through catalysis. 
These experimental and theoretical reports indicate three possible mecha- 
nisms for electron transfer from the redox center of the enzyme/protein to 
the organic-metal electrode surface: (1) homogeneous mediation, (2) direct 
transfer, and (3) heterogeneous redox catalysis. The present paper gives 
deeper insight into the mechanism of electron transfer based on these 
three mechanisms and the distance between the redox center and the elec- 
trode surface at which the electrons are transferred at a measurable rate. 
We report an AChE/ChO-modified tetrathiafulvalene-tetracyanoquinodi- 
methane electrode for the simultaneous analysis of acetylcholine/choline. 
The electrochemical studies (dc cyclic voltammetry and frequency-response 
analysis) of the enzyme electrode are reported. The effective electrochem- 
ical rate constants for the enzyme electrode have been calculated using 
the expressions derived by Albery et al. (1,28), which show the enzyme 
kinetics as the rate-limiting step. The present sensor has been exploited 
for the determination of AChE activity, since the activity of acetylcholine 
esterase is inhibited in presence of certain toxics (6, 29,30), which in turn 
affect the oxidation of ChO at the electrode surface. 

EXPERIMENTAL 

Materials 

Purified AChE (EC 3.1.1.7), ChO (1.1.3.17), acetylcholine chloride, 
choline, and nicotine were obtained from Sigma. TCNQ, TTF, and PVC 
powder were obtained from Aldrich. All other chemicals were of analyti- 
cal grade. 
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Preparation of TTF-TCNQ Electrode 

The TrF-TCNQ salt was prepared according to the procedure described 
by Jaeger and Bard (16) followed by five washings in cold acetonitrile and 
diethyl ether alternately. The electrodes were made by placing a platinum 
disk (diameter 4 mm) in a Teflon TM holder having a recessed depth of 1.2 
mm. The back of the platinum disk was connected to a copper wire using 
silver-loaded epoxy resin (Elecolite, 336 A + B). The contact resistance was 
< 0.2 Ohm. The platinum disk was shielded using nonconductive epoxy 
resin (Ciba-Geigy, HY 956 and ZY 103). This electrode was filled to a 1-mm 
depth with a slurry of TTF-TCNQ and PVC (13/1) in anhydrous tetra- 
hydrofuran. The electrode was cured for 24 h at room temperature in the 
dark. The resistance of the TTF-TCNQ electrode was < 100 9. The enzyme 
electrode was made by soaking the TTF-TCNQ electrode in an aqueous 
solution of AChE/ChO for several hours. 

Electrochemical Measurements 

DC cyclic voltammetry, frequency-response analysis, and ampero- 
metric measurements were performed with a Tacussel-type PRT 20-2X 
potentiostat, Solartron Schlumberger (Farnborough, Hants) 1286 electro- 
chemical interface, 1255 HF frequency-response analyzer and a Hewlett 
Packard 85 microcomputer. A Hewlett Packard plotter (model no. 7470A) 
was used to plot the data. The experiments were performed in a one- 
compartment water jacket cell with a working vol of 10 mL, using three 
electrodes. The temperature was controlled by an ultrathermostat (K5 
COLORA messtechnik, Gmbh LORCH/WURTT) and all experiments were 
performed at 30~ The reference and counter electrodes were a saturated- 
calomel electrode (SCE) and a platinum-wire electrode, respectively. The 
electrodes were secured in position in the thermostatic cell, and all the 
experiments were performed under argon. 

Amperometric measurements of the acetylcholine/choline was per- 
formed at constant potential of 0.225 V vs SCE in 0.SM phosphate buffer 
(pH 7.5). The background current was allowed to decay to a steady-state 
and varying concentrations of acetylcholine/choline were injected into 
the reaction cell. After brief stirring the current in quiescent solution was 
recorded. 

Determination of Fluoride Ion and Nicotine 

For the determination of fluoride ion and nicotine, first the steady- 
state reponse was established by adding an appropriate concentration of 
acetylcholine. After the establishment of the steady-state, varying con- 
centrations of fluoride ion and nicotine were injected into the reaction cell 
and the new steady-state was recorded. From the difference of two steady- 
states, the percentage of AChE inhibition was calculated at the different 
concentrations of the inhibitors. 
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RESULTS AND DISCUSSION 

There has been no controversy regarding the direct electron exchange 
from relatively low-mol-wt electron carriers (e.g., cytochrome-c, cyto- 
chrome-c3, ferredoxin, flavodoxin, and some other proteins) to the sur- 
face of organic-metal electrodes. However, the mechanism of electron 
transfer from relatively high-mol-wt enzymes whose active centers lie 
deeply buried in a polypeptide structure is controversial regarding whether 
the enzyme is oxidized by direct electron transfer or whether there is a 
mediated electron transfer. Evidence for mediated electron transfer in- 
cludes the following observations: 

1. Dependence of anodic current on the electrode potential; 
2. Potential value of substrate oxidation that proceeds at the 

mediators' (components of organic metal) redox conversion 
potentials; 

3. Formation of mediator in the layer near the electrode surface 
during the slight dissolution of organic metal; and 

4. Applications of TCNQ and TTF § as efficient mediators for the 
oxidation of the reduced form of enzymes. 

These observations suggest a mediated mechanism of electron transfer, 
rather than direct electron transfer. However, other experimental obser- 
vations reported by Albery et al. (26) show the dependence of anodic 
current on the square root of enzyme concentration. This observation 
suggests that electron transport takes place by heterogeneous redox cata- 
lysis, rather than by direct or mediated electron transport. Hill et al. (27) 
also support the conclusion of Albery et al. (26). Based on the radiolabel- 
ing experimental data they suggest that when a TTF-TCNQ electrode is 
soaked in the enzyme solution at least two types of adsorbed layers are 
formed at the interface. The first one is irreversibly adsorbed and inactive, 
whereas the second one is weakly or reversibly adsorbed and is responsi- 
ble for heterogeneous redox catalysis. There are also reports (16) that sur- 
face transformation of a TTF-TCNQ electrode gives symmetrical cathodic 
and anodic peaks because of reduction and oxidation of TCNQ ~ and TTF 0, 
respectively. We have also found that a choline sensor can be designed 
using ChO in acrylamide-methacrylamide-hydrazides prepolymer immo- 
bilized onto the surface of an electrochemically transformed TTF-TCNQ 
electrode. The membrane film containing immobilized ChO can be at- 
tached to the surface of a TTF-TCNQ elecrtode using the procedure 
described earlier (6). Fig. 1A shows the dc cyclic voltammograms of an 
enzyme electrode made up using immobilized ChO within the membrane 
and an electrochemically transformed TTF-TCNQ electrode in the absence 
(al) and presence (a2) of 0.3 mM choline in 0.5M phosphate buffer (pH 7.5) 
at scan rate of 10 mV/s. These results are similar to those reported by Hill 
et al. (27). There is an increase in anodic current and a decrease in cathodic 
current on the addition of choline, thereby showing regeneration of ChO. 
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Fig. 1A. Cyclic voltammograms of electrochemically transformed TTF- 
TCNQ enzyme electrode in the absence (al) and presence (a2) of 0.3 mM choline 
in 0.5M phosphate buffer, pH 7.5, at 30~ 

It appears that electron exchange from the proteins may takes place 
by direct electron transfer, by a mediated method, or by heterogeneous 
redox catalysis, depending on the method of electrode preparation and 
the distance between its redox center and electrode surface, since in pro- 
teins the electron transfer rates drop (31) by 104 when the distance between 
the electron donor and an electron acceptor is increased from 8 to 17 A. 
The dc cyclic voltammetry studies reported by earlier workers (13-15) and 
also in the present paper on TTF-TCNQ electrodes with and without 
enzyme in the absence of substrate show the same background current 
within the defined potential range, thereby showing that no redox reac- 
tions are occurring at the electrode surface. Further, the direct electron 
communication from the redox center of enzyme and naked metal elec- 
trode can be facilitated by incorporating electron-accepting/transferring 
relays in the enzyme without causing damaging structural change (17), 
which substantially shortened the electron-tunneling distances involved 
in communicating between the redox center of enzymes and the naked 
electrode surface. Hence direct electron transfer from the active center of 
enzyme to the TTF-TCNQ electrode depends on the thickness of the reac- 
tion layer, method of electrode preparation, polarity of the medium in 
which experiments are carried out, electrochemical pretreatment, and 
stability of the electrode within the desired potential range. Further, another 
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Fig. lB. Cyclic voltammograms of AChE/ChO modified TTF-TCNQ 
electrode in absence (bl) and presence (b2) of 0.5 mM acetylcholine in 0.5M 
phosphate buffer, pH 7.5, at 30~ 

characteristic of the TTF-TCNQ electrode is its large surface area and 
roughness, which facilitate the direct electron transfer. Experimental 
results on dc cyclic voltammetry and impedance measurements given 
below support this conclusion. 

Figure 1B shows the dc cyclic voltammograms of an AChE/ChO-modi- 
fled TTF-TCNQ electrode in the presence and absence of 0.5 mM acetyl- 
choline in 0.5M phosphate buffer at the scan rate of 5 mV/s. There is a 
increase in the anodic current on the addition of acetylcholine/choline, 
thereby showing regeneration of ChO at the TTF-TCNQ electrode surface. 

Figures 2 and 3, respectively, show the low (1-10 kHz) and high (0.5-5 
MHz) frequency responses of the enzyme-modified TTF-TCNQ electrode. 
The amplitude of the applied sinusoidal voltage was 225 mV. The data 
show the variations of impedance modulus and phase angle as a function 
of frequency. The low-frequency response (Fig. 2) does not give any valu- 
able information; however, the high-frequency response (Fig. 3) shows 
sharp variation of impedance modulus at 3.2 MHz. On the addition of 
substrate there is a significant increase in the impedance modulus, thereby 
showing oxidation of ChO at the TTF-TCNQ surface (Fig. 3). Figure 4 
shows the variation of real and imaginary parts of impedance modulus as 
a function of frequency; Fig. 5 shows the Nynkvist plot of thedata in Fig. 3 
in the presence and absence of acetylcholine. The variations of the real 
and imaginary parts of the impedance modulus are quite different in the 
presence and absence of the substrate (Figs. 4 and 5). These results indi- 
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Fig. 2. Low-frequency (1-10 kHz) response of AChE/ChO modified TTF- 
TCNQ electrode in 0.5M phosphate buffer, pH 7.5, at 30~ The data represent 
the variation of impedance modulus and phase angle as a function of frequency 
at 225 mV polarization voltage. 
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Fig. 3. High-frequency (0.5-5 MHz) response of AChE/ChO modified 
TTF-TCNQ electrode in the presence (dotted line) and absence (solid line) of 0.3 
mM acetylcholine in 0.5M phosphate buffer, pH 7.5, at 30~ The data represent 
the variation of impedance modulus and phase angle as a function of frequency 
at 225 mV polarization voltage. 
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Fig. 4. Variation of real and imaginary parts of the impedance modulus 
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Fig. 5. Nynkvist plots of the data given in Fig. 3 in the presence (dotted 
line) and absence (solid line) of 0.3 mM acetylcholine. 
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Fig. 6. Variation of the capacitance as a function of impedance modulus 
of AChE/ChO modified TTF-TCNQ electrode in the presence (dotted line) and 
absence (solid lines) of 0.3 mM acetylcholine. 

cate the oxidation of ChO at the electrode surface. The variation of capaci- 
tance (imaginary part) as a function of the impedance  modulus  is given in 
Fig. 6. These plots are similar to the Nynkvis t  plots (Fig. 5). 

Figure 7 shows the amperometric  response  of the sensor at the differ- 
ent  concentrat ions of acetylcholine/choline at a potential of 0.225 V vs 
SCE in 0.5M phosphate  buffer (pH 7.5). The amperometr ic  response  of 
the sensor on the addition of acetylcholine/choline can be depicted as 
follows: 

AChE 
Acetylcholine + H20 * Choline + Acetic acid (1) 

Choline[H2] + ChO[FAD] , Betain + ChO[FADH2] (2) 

TTF-TCNQ electrode 
ChO[FADH2] ~ ChO[FAD] + 2H + + 2e- (3) 

In the above reaction scheme ChO[FAD] and ChO[FADH2] refer to oxi- 
dized and  reduced  forms of the enzyme  choline oxidase. The choline 
formed in step 1 reacts with ChO, resulting in the reduct ion of the en- 
zyme,  which  is then  oxidized at the surface of the TTF-TCNQ electrode. 
The response  of the sensor on the addit ion of choline as initial substrate is 
slightly greater at the same concentrat ion of the acetylcholine. 

Kinetic analysis of the variations of current  on the substrate concen- 
trations can be done  by making Hanes  plots (IS ]/j vs IS ], where  IS ] and  j 
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Fig. 7. Response curves for the AChE/ChO modified I"rF-TCNQ elec- 
trode in 0.5M phosphate buffer, pH 7.6, at 30~ a, choline; b, aceylcholine. 
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Fig. 8. Hanes plots for the data given in Fig. 7: a, choline; b, acetylcholine. 

refer to substrate concentration and fluxes) of the data given in Fig. 7 
using the expressions derived by Albery et al. (1,12,28). These plots are 
given in Fig. 8. The intercept [I] of the Hanes plot at zero substrate con- 
centration [S] determines k~4E, the limiting value of the effective electro- 
chemical rate constant for low substrate concentration as described by the 
expression 

[1/k~] = ( I )=  ([S]/j)o = {2AF[S]/i)}[s]-o (4) 
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Table 1 
Kinetic Results for AChE/ChO Modified TTF-TCNQ Electrode 

Choline Acetylcholine 

k/aE 5.5x 10 -4 (5.7x 10-4) a 4.4x 10 -4 (5.8x 10-4) a 
KME 7.2X 10 -s (7.9X 10-s) a 9.0X 10 -s (1.0X 10-4) a 

nRef. 2. 
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Plots of the parameters p and y for the data given in Fig. 7: a, 
choline; b, acetylcholine. 

where  A is the area of the working electrode is the current  and  F is the 
Faraday constant.  These values are given in Table 1 along with the value 
obtained by Hale and Wightman (2). Values of k~E for the detect ion of 
choline and acetylcholine are close (Table 1), since the conversion of acetyl- 
choline to choline is very rapid. The next stage of kinetic analysis is the 
calculation of the value of the effective electrochemical rate constant  (KME) 
that governed  the high substrate concentration.  This can be done  pro- 
v ided the values of the parameters  a and y are known;  a may be es t imated 
using the following relations: 

a = Ij/[S] (5) 

and 

y = { (a) -1 - 1}/[S] = (1/KME) [1 -- ak'ME/kd] (6) 

where  ks' refers to the effective electrochemical rate constant for mass  
transfer kinetics. Plots of y and a are given in Fig. 9 for choline and acetyl- 
choline. In each case a horizontal line is obtained, which  indicates that  
kd is always m u c h  greater than the effective electrochemical rate constant  
for unsaturated enzyme kinetics (khE); hence, unsaturated enzyme kinetics 
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Fig. 10. Determination of (a) fluoride ion and (b) nicotine using ACHE/ 
ChO modified TTF-TCNQ electrode in 0.5M phosphate buffer, pH 7.5, at 30~ 

is the rate-limiting step. This is in accordance with the earlier observation 
of Hale and Wightman (2), which is obvious from the model  of the present 
enzyme electrode design, since there is no barrier at the solution/elec- 
trode interface. The values of KME can be obtained from the intercepts of 
the plots (at p = 0) given in Fig. 9. These values are recorded in Table 1 
along with the values obtained by Hale and Wightman (2), which are 
very close. 

Determination of fluoride ion and nicotine is based on the measure- 
ment  of percentage of inhibition (I), which is equal to the difference in 
current obtained by the sensor with and without  the inhibitor for the 
same concentration of the substrate and can be depicted as follows: 

( I )  = { (Io - I1 ) / Io }  x 100 (7) 

where I0 is the current change obtained by the sensor in absence of the 
inhibitor and I1 is the current change in presence of the inhibitor at the 
same concentration of the substrate. These data are given in Fig. 10. The 
lowest detection limit for these inhibitors is 10-6M. 
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