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Abstract  

Conducting polypyrrole microtubules have been prepared by template synthesis inside 
track-etch membranes. The interiors of these microtubules can adsorb the redox 
enzyme, glucose oxidase. The enzyme-coated tubules have been employed in the 
construction of a third generation amperometric biosensor for the determination of 
glucose. With this biosensor, glucose concentrations in the range 0.1-250 mM can be 
measured easily. The polypyrrole microtubules have been characterized by different 
microscopic techniques, including scanning tunneling microscopy. Based on the 
microscopy data, a model is presented for the interaction between the conducting 
polymer and the glucose oxidase molecules. 

Introduct ion  

Nowadays,  much effort is being directed toward the development of 
so-called thi rd  genera t ion biosensors [1-7]. These sensors detect  an ana- 
lyte amperometr ical ly  wi thout  the need of a co-substrate or a low molec- 
ular  weight  mediator  as in first [8, 9] and second [5, 10, 11] generat ion 
biosensors. In a th i rd  genera t ion biosensor the redox enzyme (e.g., glu- 
cose oxidase) communicates  freely with the electrode. In general,  a redox 
enzyme does not  in terac t  direct ly with an electrode mater ia l  as its active 
center  is sur rounded by an insula t ing protein shell [12]. To overcome 
this, modified electroconduct ive polymers have been studied as media- 
tors in recent  years. In such polymers the enzyme can easily be en- 
t rapped during the electrochemical  polymerizat ion process [13, 14]. 
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However, the results have been disappointing in so far as the enzyme 
loses its activity. 

In a previous communicat ion we reported that  glucose oxidase can 
be adsorbed irreversibly in conduct ing microtubules of polypyrrole, 
while re ta ining its activity [15]. Polypyrrole microtubules are prepared 
by diaphragmatic  oxidative polymerization of pyrrole inside the pores of 
a track-etch filtration membrane [16, 17]. During the polymerization 
react ion the membrane acts as a template for microtubule formation. 
We have described an amperometric  glucose sensor in which these 
microtubules are successfully used as mediators between enzyme and 
electrode [18]. Apparently,  the microscopic space inside the pores of the 
track-etch membranes,  and the morphology of the interior of the 
polypyrrole microtubules,  are important  for realizing the direct electron 
transfer from the enzyme to the conduct ing polymer. In this paper we 
report  on the surface morphology of the polypyrrole microtubules as 
studied by scanning electron microscopy (SEM) and scanning tunnel ing  
microscopy (STM). It will be shown that  the dimensions of the 
polypyrrole surface corrugat ion matches the dimensions of the glucose 
oxidase molecules [19]. This opens the possibility of close contact  be- 
tween enzyme and polymer and provides a pathway for direct electro- 
chemical interaction. 

Experimental 

Details regarding the construct ion of the biosensor have been de- 
scribed elsewhere [18]. Polymerization of pyrrole inside the filtration 
membranes was carried out  as described by Cai and Mart in  [16]. 

All electrochemical  measurements  were performed with an Autolab 
potent iostat  controlled by an Olivetti M24 Personal  Computer  and Gen- 
eral Purpose Electrochemical System (GPES)-software (Eco Chemie, The 
Netherlands). Current  output  was recorded on a Yew 3056 pen recorder. 
Electron micrographs were made on a CAMSCAN scanning electron 
microscope (Cambridge Instruments).  Convocal laser scan microscopy 
and scanning tunnel ing  microscopy images were made on home-made 
instruments.  

To perform amperometric  analysis, the enzyme membrane was 
placed as working electrode in a three-electrode flow cell (Sparc 
Holland). An Ag/AgC1 electrode was used as reference. The base of 
the flow cell acted as auxiliary electrode (glassy carbon). Phosphate- 
buffered saline solution was driven through the cell at a rate of 
1 .75mlmin  -1 (Watson Marlow 101U peristaltic pump). The potential  
of the membrane was set at 0.350V versus the Ag/AgC1 reference. 
During flow injection analysis the buffer solution was replaced for 
20 s by a glucose solution and the result ing current  t ransient  was moni- 
tored. 
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R e s u l t s  

Polypyrrole tubules synthesis 
Polyester and polycarbonate track-etch filtration membranes (10 gm 

thickness) were treated with pyrrole in a manner described in our previ- 
ous paper [18]. Membranes with pore sizes of 600, 800 and 1000 nm were 
chosen for the template synthesis of the polypyrrole microtubules. The 
inner diameter of the microtubules was controlled by varying the time of 
the polymerization reaction. Scanning electron microscopy (SEM) 
showed how the pores of the membranes became gradually filled with 
conducting polymer with increasing polymerization time (Fig. 1). On 
increasing the polymerization time the porosity of the membranes de- 
creased in addition to the electrical resistance over the membrane. After 
4 rain, non-porous membranes were obtained with an electrical resistance 
of 1.9 gl. 

Refluxing a polycarbonate membrane in dichloromethane for several 
hours caused the membrane material to dissolve, and the polypyrrole 
microtubules could be isolated by filtration of the solvent. Figure 2(a) 
shows a photograph of isolated polypyrrole microtubules as imaged by 
SEM. Figure 2(b) shows a further enlargement of some isolated tubules. It 
is clearly visible that  the microtubules are hollow. Furthermore, from the 
length of the tubules it can be concluded that  the complete pores of the 
track-etch membrane have been coated with polypyrrole. 

Immobilization of glucose oxidase 
Glucose oxidase or fluorescein-labeled glucose oxidase was physically 

immobilized inside the polypyrrole microtubules by adsorption. To this 
end the polypyrrole-containing track-etch membranes were soaked in 
a 10mM phosphate buffer solution (pH 7.4) containing the enzyme. 
After enzyme treatment, the membrane was rinsed in buffer solution to 
remove any enzyme material adsorbed on the surface of the membrane, 
and dried. This leaves only irreversibly-adsorbed enzyme. Confocal 
laser scan microscopy (CLSM) in fluorescence mode was used to image 
the immobilized fluorescein-labeled glucose oxidase [20]. Figure 3 shows 
a typical CLSM image of an enzyme-treated membrane. It can be seen 
that  adsorption of enzyme has preferentially taken place on the walls of 
the polypyrrole microtubules. Membranes which had not been modified 
with polypyrrole did not show this behaviour. The CLSM image even 
suggests that  the enzyme has penetrated the microtubular walls. This may 
lead to strong interaction between the enzyme and polypyrrole (vide 
infra). 

Construction of biosensor 
We constructed a biosensor electrode from the polypyrrole-modified 

membrane by coating one of its sides with platinum before enzyme immo- 
bilization (Fig. 4) [15]. The membrane was placed as the indicator elec- 



i 

i 

400 

(a) (b) 

(c) 

Fig. 1. Scanning electron micrographs of track-etch membranes after various polymeriza- 
tion times: (a) untreated membrane, original pore size 800nm; (b) polymerization time 
2 min.; (c) polymerization time 5 rain. 

t rode in a flow-injection set-up. Amperometr ic  measurements  were per- 
formed by in t roducing glucose samples of var ious  concent ra t ions  in the 
carr ier  s t ream and recording the resul t ing cur ren t  t ransient .  All experi- 
ments  were carr ied out  under  an argon a tmosphere  at a potent ia l  of 
0.35 V (versus Ag/AgC1). Cata lase  was present  as a hydrogen peroxide 
scavenger  in all solutions.  Under  these condit ions oxygen mediat ion and 
accidental  hydrogen peroxide detec t ion can be excluded. Figure  5 shows 
the amperometr ic  response of a typical  membrane  sensor  to glucose 
concent ra t ions  in the range 0 . l -250  raM. We found that  glucose concen- 
t ra t ion in this range can be measured  easily with good and reproducible  
results.  
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Fig. 2. Scanning electron micrographs of isolated polypyrrole microtubules: (a) magni- 
fication, × 3000; (b) magnification, × 20000. The hollow structures are indicated by 
arrows. 

STM study 
Figure 6(a) shows a scanning-tunneling micrograph of the surface 

inside the polypyrrole microtubules. A depth profile on nanometer scale is 
presented in Fig. 6(b). This profile reveals that  the polypyrrole surface is 
strongly corrugated. Typical values of the width and height of the corru- 
gations are approximately 5-6 nm and up to 2.5 nm, respectively. The 
individual glucose oxidase molecules, as imaged by STM, have an oval 
shape with a dimension of 14-18 nm along the main axis and 5-8 nm 
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Fig. 3. Confocal  laser  scan  image in the fluorescence mode of a membrane, containing 
polypyrrole microtubules of 1 # m  dia., treated with fluorescein-labeled glucose oxidase. 
Only the microtubular walls are fluorescent (see arrows).  
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Fig. 4. Schematic representation of the biosensor .  

along the perpendicular direction (Fig. 6(c)). These dimensions are in 
agreement with the literature values [21, 22]. The most interesting finding 
is that the dimensions of the polypyrrole corrugations match the molecu- 
lar dimensions of glucose oxidase. A complete scanning-tunneling- 
microscopy study on the surface morphology of polypyrrole in microtubu- 
lar form, and of individual glucose oxidase molecules, will be presented 
elsewhere [19]. 
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Fig. 5. P lot  of the  measured  anodic  cu r r en t  response  as a func t ion  of glucose concent ra-  
t ion.  A t r ack-e tch  m e m b r a n e  wi th  800 nm pores was t r ea t ed  wi th  pyrrole  and  i ron chlor ide  
oxidizing agen t  for 1 min  and  i n c u b a t e d  wi th  glucose oxidase. The measu remen t s  were 
car r ied  out  a t  0.350 V vs. Ag/AgC1 unde r  a rgon  a tmosphere .  A phospha te -buf fe red  sa l ine  
so lu t ion  wi th  25 U ml-1 ca ta lase  was used. 
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Fig. 6. (a) STM image of the  i n t e r io r  surface  of a p01ypyrrole micro tubule ,  a rea  
80 x 80 nm 2, ve r t i ca l  scale 30 nm; (b) cross sec t ion  of the  image in (a); (c) top view of 

glucose oxidase molecules  adsorbed  on  a n  atomical ly-f lat  gold surface,  a rea  36 x 36 nm z. 
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Discuss ion  

Immobilization of glucose oxidase by adsorption inside the 
polypyrrole microtubules appears to be irreversible. Enzymatic activity is 
retained. Apparently,  the concave s t ructure  of the tubules is essential in 
this respect. It probably allows the polypyrrole to interact  strongly with 
glucose oxidase from different directions. Interact ion will be fur ther  
enhanced by the nature  of the two species involved. Polypyrrole in its 
conduct ing state is a polycation [23], whereas glucose oxidase at neutra l  
pH is a negatively-charged species [21]. The negatively-charged groups on 
the enzyme molecules can replace the anions originally present  in the 
polypyrrole structure.  This results in electrostatic at traction,  which may 
be very strong. 

T h e  shape and dimensions of the glucose oxidase molecules are such 
that  these molecules can easily be adsorbed in the ditches on the surface 
inside the microtubules (Fig. 6(a)-(c)). This ensures that  the electroac- 
tive sites on the conduct ing polymer surface are in the contact ing range 
of the redox centers of glucose oxidase, result ing in direct electronic 
interaction. 

Ac k n ow l e d ge ment s  

The authors thank Arie Draaijer for making the CLSM images. This 
research was supported by the Technology Foundation (STW). 

References  

1 Y. Degani and A. Heller, J. Am. Chem. Soc., 111 (1989) 2357. 
2 H. Gunasingham and C. Tan, Anal. Chim. Acta, 229 (1990) 83. 
3 M. V. Pishko, I. Katakis, S. Lindquist, L. Ye, B. A. Gregg and A. Heller, Angew. Chem., 

102 (1990) 109, 
4 B. A. Gregg and A. Heller, Anal. Chem., 62 (1990) 258. 
5 N. C. Foulds and C. R. Lowe, Anal. Chem., 60 (1988) 2473. 
6 J. M. Dicks, S. Hattori, I. Karube, A. P. F. Turner and T. Yokozawa, Ann. Biol. Clin., 47 

(1989) 607. 
7 A. P. F. Turner, I. Karube and G. S. Wilson, Biosensors Fundamentals and Applications, 

Oxford University Press, New York, 1989. 
8 C. Galiatsatos, Y. Ikariyama, J. E. Mork and W. R. Heineman, Biosensors Bioelectronics, 

5 (1990) 47. 
9 E. Mann-Buxbaum, F. Pittner, T. Schalkhammer, A. Jachimowicz, G. Jobst, F. Olcaytug 

and G. Urban, Sensors and Actuators, B1 (1990) 518. 
10 K. Yokoyama, E. Tamiya and I. Karube, Anal. Lett., 22 (1989) 2949. 
11 Y. Kajiya, H. Sugai, C. Iwakura and H. Yoneyama, Anal. Chem., 63 (1991) 49. 
12 A. Heller, Acc. Chem. Res., 23 (1990) 128. 
13 M. Umana and J. Waller, Anal. Chem., 58 (1986) 2979. 
14 P. C. Pandey, J. Chem. Soc., Faraday Trans. 1, 84 (1988) 2259. 
15 C. G. J. Koopal, B. De Ruiter and R. J. M. Nolte, (1991) J. Chem. Soc., Chem. Commun., 

(1991) 1691. 



405 

16 Z. Cai and C. R. Martin, J. Am. Chem. Soc., 111 (1989) 4138. 
17 C. R. Martin, L. S. Van Dyke, Z. Cai and W. Liang, J. Am. Chem. Soc., 112 (1990) 8976. 
18 C. G. J. Koopal, M. C. Feiters, B. De Ruiter, R. B. M. Schasfoort and R. J. M. Nolte, 

Biosensors Bioelectronics, in press. 
19 R. Chajka, C. G. J. Koopal, M. C. Feiters, J. W. Gerritsen, H. van Kempen and R. J. M. 

Nolte, Bioelectrochem. Bioenergetics, in press. 
20 P. M. Houpt and A. Draaijer, Inst. Phys. Conf. Ser. No 98, (1989) 639. 
21 A. Szucs, G. D. Hitchens and J. O. Bockris, J. Electrochem. Soc., 136 (1989) 3748. 
22 B. K. Vainshtein, N. A. Kiselev, A. S. Kaftanova and E. V. Orlova, in M. M. Myshlyaev 

(ed.), Mater. Vses. Konf. Elektron. Mikrosk., Akad. Nauk SSSR, Moscow, 1973, p. 325. 
23 G. Fortier and D. B~langer, Biotechnol. Bioeng., 37 (1991) 854. 


