541

Amperometric Biosensor for Glucose Based on a Nanometer-Sized
Microband Gold Electrode Coimmobilized with Glucose Oxidase and
Poly(o-phenylenediamide)

Huangxian Ju,* Dongmei Zhou, Yi XiaandHongyuan Chen

Department of Chemistry, State Key Laboratory of Coordination Chemistry, Nanjing University, Nanjing 210093, P.R. China
email: hxju@jlonline.com

Received: February 2, 1998
Final version: March 18, 1998

Abstract

A nanometer-sized (88 mm) microband gold electrode for glucose detection is described. These noble metal ultramicrosensors are prepared b
electrochemical copolymerization ofphenylenediamide (PDA) and glucose oxidase at the nanometer-sized electrodes. Electropolymerization
conditions of PDA at the microband surface are optimized. The current can rapidly (3s) reach a steady value upon the potential step from 0 to
+0.6V without stirring the solution. The permselectivity characteristics of polymer can eliminate the interference of ascorbic acid. The
amperometric response to glucose shows a linear relation in the range of 0.5 mM to about 10 mM with the correlation coefficient of 0.9993. With
further increasing of glucose concentration an obvious Michaelis-Menten’s response can be observed. The maximum steady current density is ce
4.4+ 0.2 mA/cnf and the apparent Michaelis-Menten constant is 21012 mM.

Keywords: Glucose sensors, Nanometer-sized biosensmiBhenylenediamide, Glucose oxidase, Electrochemical polymerization, Microband gold
electrodes

1. Introduction In this work we coimmobilized glucose oxidase on a nanometer-
sized gold band electrode by electropolymerizatioo-pheylene-

8' mine at+0.65V and obtained a nanoscopic (88 nm width)

(g‘tﬁcose sensor. This sensor responses to glucose with a higher

I%{rrent density than those reported previously and reaches a steady
glue within 3 s without stirring the solution, which would develop

In recent decades, electrochemical microsensors based
voltammetric microelectrodes have received considerable attenti
due to the needs and challenges of miniaturization of detectors a
detection devices as well as the advantages of microelectrod

compared with conventionally sized electrodes [1-7]. Thes (Iena:‘g?:ltlcsfleogleritnrgeoc:f ;?Sriglgt?gr?zisehnes cire.nediamine was first
miniaturized biosensors are particularly attractive in ex vivo and ’ poly phey

in vivo clinical applications. Glucose is one of the most importantmpOrtecl In 1958 [20]. The reaction mechanism of electropolymer-

biomolecules. The levels of glucose in blood or cerebrospinal flui('Jzat'on h"?‘s.bee” well studied [2.0_23]' Due to permsele(_:tlwty
aracteristics of the membrane, it can produce a sensor virtually

are related to many diseases such as diabetes, pulmoneﬁge from the interference of ascorbic acid and its fouling problem
tuberculosis and meningitis etc., thus, its detection is a routin 4]. Prior to those reported in [18] and [19], a glucose fast-response

project in clinic chemistry. Many methods have been reported fo . i . " X
the determination of glucose [8] which has long been a populaarlmperometrlc sensor based on glucose oxidase immobilized in an

. lectropolymerized polgtphenylenediamine) film on platinum
target for the development of biosensors [9]. In these glucosgé%ctrode surface had been reported [25]. The adherent, highly

sensors, amperometric sensors based on the electrodes modifft . . ;
with glucose oxidase or with glucose oxidase and a mediator ha producible thin membrane possessed a thickness of around 10 nm.
ith a rotating disk electrode a response time less than 1s was

been well developed [10—15]. With the effort in miniaturization, . - ) o . -
many glucose sensors were based on the ultramicro- or microele llgtalned [.zd‘r’]' Our ngk utlllzgd thl'j ;hmd flllm todlmmoblllze
trodes such as carbon fiber microelectrodes [2, 16, 17], screef:UCOSE OXIdase on a ss nm wide goid ban electrode.

printed carbon microdisk [18] and microband [19] electrodes. All

these microbiosensors except those described in literature [2, 17] .

were prepared by using electropolymerization or electrodepositio,. Experimental

a flexible and readily controlled method for the immobilization of

enzymes at electrode surfaces. With this method the thickness apd)  Apparatus

spatial extent of the immobilized enzyme layer can be controlled by

changing the electrolysis time, the potential range or the component Electrochemical measurements were performed with a PAR
of the solution. Kuwana used a polypyrrole film to immobilize M273/270 electrochemical analyzer (EG&G, PAR Co.) with a
glucose oxidase on a carbon fiber surface and obtained matinum wire counter-electrode, a saturated calomel reference
microbiosensor for glucose with the Michaelis-Menten constantelectrode (SCE), against which all potentials were quoted in our
Ky, of 20mM [16]. Wang prepared glucose microsensors by theesults, and a modified microband gold working electrode (ca.
coimmobilization of glucose oxidase armpheylenediamine at 88nmx0.5cm) at 25+ 0.1°C.

+0.65V, Pt or Rh at—0.8V on the screen-printed carbon The method of fabrication of the microband gold electrode was
microdisk array electrodes [18]. In the meantime, Bartlett alssimilar to that reported in literature [26]. After the edge of a
made a glucose sensor based on the carbon bands with #0dth  deposited gold film on glass plate was abraded with successively
by immobilizing the enzyme from a buffer solution containing finer grades of sandpaper, the working electrode was polished
25 mM o-pheylenediamine at0.4V [19]. These glucose sensors with 0.3um and then 0.0pm alumina slurry on microcloth
were of microometer-sized diameter. pads (Buehler), followed by rinsing with distilled water and
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removal of traces of alumina from the surface by brief sonicating in
acetone and twice distilled water, respectively. Prior to use, the
electrode was pretreated by continuous cycling from 0 V@R V at
50mV/s in phosphate buffer solution (pH 7.0) until a constant
background was observed, yielding a gold band of real area of
approximately 3.& 10~ cn? which was determined by using single
sweep voltammetry in 1.0M KCI solution containing 1.0 mM
K3[Fe(CN)].

2.2. Chemicals

Glucose oxidase (GOD, EC1.1.3.4, Type II, 23800U/g, 0 +05 +09
Aspergillus nigey and3-p-glucose (97 %) were obtained from the
Sigma Chemical Company and used as receiedéhenylenedia- ENV vs.SCE
mine was purchased from the Chemical Reagent Factory @fig. 1. Cyclic voltammogram of 5.0 mM-phenylenediamide in pH 7.0
Shanghai (China) and was purified by triple crystallization fromPBS at a nanometer-sized microband gold electrode at 50 mV/s.
water.L-Ascorbic acid was from Sigma (reagent grade). All other . i o .
chemicals were of analytical grade. All solutions were prepare§onducting film was initially formed, and on the top of this a
with double distilled water. 0.1 M phosphate buffer solutions (PBS{ionconducting film formed which eventually insulated the electrode
with various pHs were prepared by mixing the stock solutions 0_22]- Usually, it is difficult to form a_fllm at_a microelectrode due to_
NaH,PO, and NaHPO, The solutions ofg-b-glucose were ItS fastmass transport. However, with a wider scan range of potential

prepared in pH 7.0 phosphate buffer and were allowed t@" insulating polymer film can be obtained at a gold band electrode.
equilibrate 24 h prior to use. Our experimental results showed that with a potential sweep range

from 0 to+0.8V the rate of current decrease was very slow in PDA
solution, the voltammograms did not reach a steady shape even
2.3. Procedures after the electrode was swept for over 20 cycles, and the film was
very poor, from the evidence of the cyclic voltammograms of bare
The poly-phenylenediamine) (poly-PDA) was electrochemi-and film modified electrodes in 1.0M Cl solution containing
cally polymerized at+0.65V in pH 5.8 0.1M acetate buffer 1.0mM Kg[Fe(CN)]. With a scan range of 0 te-0.9V, some
solution containing 5.0 mM PDA. Poly-PDA/GOD was prepared bydifferent appearances were observed, indicating that a compact and
using a constant applied potential ef0.65V in a solution insulating film was formed. The film thickness was very small, and
containing 500 U/ml GOD and 5mM PDA for 5min. After the has been evaluated as ca. 10nm from the intercept of Koutecky-
film was rinsed with pH 7.0 PBS the electrode was kept in pH 7.Q.evich plot for the reduction of Hat a rotating poly-PDA modified
PBS at less than “€. All the experiments for preparing the poly- disk electrode in a 0.2 M pH 3.0 trifluoroacetate buffer [25].
PDA and poly-PDA/GOD modified microband gold electrodes
were carried out under nitrogen atmosphere after deaerating with
pure N> for 10min. The electrochemical measurements were3.2. Glucose Oxidase and Poly-PDA Coimmobilization at a
performed inside a Faraday cage. The chronoamperometric Nanometer-Sized Microband Gold Electrode
experiments were carried out with a potential step from 0 to

+0.6 V. In our experiments the solutions and the working electrodes Both the cyclic voltammogram (not shown) and the chronoam-
were kept motionless. perometric curve (Fig. 2) of PDA solution containing glucose

oxidase were different from those without glucose oxidase. With

increasing GOD concentration in PDA solution the oxidation peak

current of the voltammogram increased and the rate of the decrease

in peak current reduced. Thus, it needed a greater number of sweep

cycles to reach a steady voltammogram. In chronoamperometric

3.1. Electrochemical Polymerization ofo-PDA at a experiments, the oxidation current in PDA solution containing
Nanometer-Sized Microband Gold Electrode

3. Results and Discussion

The voltammograms of 5.0 mgtPAD in pH 7.0 PBS displayed
a wide irreversible oxidation peak at abo#0.6V (shown in
Fig. 1), which was different from those in literature [20, 22, 25]. In 150}
those reports, two irreversible oxidation peaks at akduB5V and
+0.55 t04-0.6 V had been observed in the first cycle, and then the 100}
first peak at+0.35 V disappeared. It was possible that the difference L
resulted from the size of electrodes. At a microelectrode the mass
transport rate is very fast, at a low scan rate a sigmoidal wave can be
obtained, so that the two peaks in the first cycle can not be
distinguished. The decrease in current at the potential more than
+0.6V resulted from the formation of insulating film. With ) ) )
successive cyclic sweeps the peak current quickly decreased. 10 20 30 40
After 3 to 4 cycles the peak disappeared and the wave trended to a t's

baCk.ground. shape, indirectly, but clearly Ind_lcatlng that a Com.paq!ig. 2. Chronoamperometric curves of a) 5.0mM PDA and b) 5.0mM
and insulating film was formed and the film was substantiallyppa | 500 U/mL GOD in pH 5.8 acetate buffer with a potential step from 0
free from holes [25]. According to Yacynych’s explanation, ato +0.6V.

Current/nA
N
o
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GOD at the potential 0f-0.65 V was larger than that without GOD. b

After an electrolysis time of 30 s the two curves tended to overlap

(Fig. 2), the effect of GOD on the formation of poly-PDA film

gradually decreased, and the curve reached a steady shape. The 2 5}/\

current was near to zero by an electrolysis time of 50 s, indicating

that a layer of GOD/poly-PAD film on the surface was formed. Our

experiments chose an electrolysis time of 5 min for the formation of

GOD/poly-PDA film. The charge in current was different from L 1 1 1 1

those in [22] and [28], resulting from both the adsorption of GOD 0 +0.2 +0.4 +06 +08

on the electrode surface prior to the electropolymerization [27] and E/N vs.SCE

the exposition of active dots of electrode surface due to the

incorporation of GOD. The former decreased the oxidation rate cﬁ

PDA and made the formation of an insulating polymer film slower.

The latter was just the opposite. At the beginning the first factor . .

dominated, resulting in a lower rate of insulating film formation, >-0 ™M glucose. A S|gm0|da_l response can be seen at the GOD/

However, once the GOD was incorporated into the film the seconBc’Iy'P,DA electrode. The oxidation .cu.r.rent begins to rise at the

factor became dominant. Finally, the insulting polymer films wereOOtentIaI O_f+0'35V ar_1d reaches a I|m|t|ng value ‘?‘O'Sy.‘ then

formed, and the currents at both poly-PDA and GOD/pon-PDAStayS at this value untH—0.65_V. At a potential more positive than_

approached the same value. _+O.65\_/ the current further increases due to the be_lck_ground. With
The effects of pH on the formations of both poly-PDA and Gop/ncreasing glucose_ concentration up to 25 mM the limiting va_lue .Of

poly-PDA were different. Poly-PDA film could be formed on the oxidation current increases. At the bare electrode the oxidation

microband electrodes at nearly all pH values. The characteristics gprrent b‘?g'”s to rise at the potgntlalm.zz V. but the chz_mge n
all these films for the electrochemical response of 1.0M Kceurrent with positively scanning is very little, compared with that at
solution containing 1.0mM KFe(CN)] were similar. The & GOD/poly-PDA modified electrode. These results indicate that

responses of GOD/poly-PDA films formed at the solutions oiIh_e GOD in polymer ﬁl.m catalyzes the oxidation of glucose at the
various pHs to glucose in PBS (pH 7.0) changed greatly. WhentHglcroband electrodelln the presence of oxygen. The electrode
films were formed at pH values lower than 4.8 or higher than p.gProcess can be described as follows:

the response to glucose deteriorated. This pH effect is related to the
isoelectric point of glucose oxidase [29]. A pH value of 5.8 was
chosen for the electropolymerization of GOD/poly-PDA film in GODyeg + O;— GODy + H0, )
subsequent experiments.

ig. 4. Single sweep voltammograms of 5.0 mM glucose inpH 7.0 PBS at a)
are and b) GOD/poly-PDA modified electrodes at 5 mV/s.

GOD,y + B-p-glucose~ GOD,q+ p-gluconic acid (1)

and
3.3. Electrochemistry of Ascorbic Acid at the GOD/ H,0, — 28— (120, + H,0 &)
Poly-PDA Electrode With the increase of glucose concentration mop®kis produced,
. . _thus the oxidation current of ¥D, is related to the concentration of
I_:lgure 3 shows the cyclic voltammograms of 4.0mM aSCOFb' lucose in solution. According to the results in Figure 4, we chose a
agld in PBS (pH 7.0) at bare and GOD/poly-PDA nanometer-size orking potential of+0.6 V for the amperometric determination of
microband gold electrodes. At a bare electrode, the OX'dat'oalucose concentration. Furthermore, due to the fast mass transport

currehnt begins to |ncresze at trée potential of ak_)«BOtl(\j/ and \ate of the microelectrode, a quasi-steady-state response can be
reaches a maximum value at abek0.5V. A quasi-steady-state painag without stirring the solution, simplifying greatly the
voltammogram could be observed, indicating a fast eleCtrorrheasurement procedures

transfer process. In contrast, at a GOD/poly-PDA film electrode The chronoamperometric curves of the GOD/poly-PDA modified
the response is greatly diminished due to the permselectivityecyrode in a static cell with pH 7.0 PBS containing various
characteristics of poly-PDA polymer film. concentrations of glucose are shown in Figure 5. At various
concentrations of glucose all of the response curves reached steady
values quickly, indicating a considerably fast response time ( for
example, the current reached 90% and 95% of its steady-state
value within 2 s and 3 s, respectively, for the glucose concentration

Figure 4 shows the linear sweep voltammograms of bare ar@® high as 20 mM). The steady value of current was related to the

GOD/poly-PDA film electrodes in PBS (pH 7.0) containing concentration of glucose. There was a linear relation between
steady-state current and glucose concentration over the range of 0.5

to 10 mM, with a correlation coefficient of 0.9993. The microsensor
exhibited good reproducibility for the determination of glucose with
the concentrations within linear range. The relative standard
40hA deviation of results was 1.6 % for 6 successive determinations at
2.0 mM glucose concentration.

With the further increase of glucose concentration the oxidation
current of chronoamperometric curve trended towards a constant
value. From the plot of steady-state current vs. glucose concentra-
L L A L e tion a Michaelis-Menten type response can be observed (Fig. 5

02 0 +02 +04 +0.6 +0.8 insert), showing a characteristic of Micheals-Menten kinetic
E/N vs.SCE mechanism.

Fig. 3. Cyclic voltammograms of 4.0 mM ascorbic acid in pH 7.0 PBS ata) At @ thin polymeric film electrode, the reaction between
bare and b) poly-PDA modified microband gold electrodes at 50mV/s. ~ substrates in solution and enzymes immobilized in film follows

3.4. Electrochemical Response of Glucose at the GOD/
Poly-PDA Electrode
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Fig. 5. Chronoamperometric curves of GOD/poly-PDA modified electrode . . ) . )
in pH 7.0 PBS containing a) 1mM, b) 2mM and ¢) 5mM glucose with aFigd. 6. Lineweaver-Burke analysis of the relationship between the steady-
potential step from 0 ta-0.6 V. Also shown is the plot of steady-state current state current and glucose concentration. The experimental conditions are the

vs. glucose concentration. same as in Figure 5.

the Michaelis-Menten equation [30]: pH 7.0 PBS for two weeks, the current did not change. With a
_ _ , passage of three weeks there only was a decrease in the current of
iss= im[substrat@(Ky + [substraté) (4 about 14 %. Thus, the sensor possessed good stability and might be

;. . . L in clinic analysis.
where Ky, is the apparent Michaelis-Menten constaigg,is the used in clinic analysis

steady-state current,, is the maximum current under saturating

substrate conditions and
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