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Abstract 

Oxidase-based biosensors for continuous in vivo measurements have been 

developed. A platinum/iridium (9/1) wire electrode ( o.d. of 0.178 mm, sensing area of 

1.12 mm2) is modified with (3-mercaptopropyl)trimethoxysilane employing self-

assembly and electropolymerization to achieve a permselectivity for hydrogen peroxide 

over endogenous electroactive interferants. Glucose oxidase is immobilized on the 

modified surface, (i) by using 3-maleimidopropionic acid as a covalent linker, or (ii) by 

cross-linking with bovine serum albumin using glutaraldchyde. Sensitivities of 9.97 

nAfmM glucose are observed when the enzyme is immobilized by method ii at an 

applied potential of +600 mV vs Ag/AgCI in pH 7.4 PBS. Lower sensitivities (l .13xl 0·1 

nNmM glucose) are observed when immobilization method i is employed. The sensor 

immobilized by method ii and coated with polyurethane exhibits a linear range to 15 mM 

glucose with a sensitivity of 0.47 nAfmM glucose. 

Ferrocenecarboxylic acid is covalently immobilized to shuttle the electron 

transfer between glucose oxidase and electrode surface. A gold disk electrode ( o.d. of 

0.5 mm, sensmg area of 0.196 mm2) 1s self-assembled with (3-

mercaptopropyl)trimethoxysilane to solve the problem of electrochemical interferences. 

Sensitivities of 0.65 nAfmM glucose are observed for the sensor coated with Eastman 

AQ-55O, poly-L-lysine and polyurethane at an applied potential of +400 m V vs 

Ag/AgCI. The interference from ascorbate becomes zero after coimmobilizing ascorbate 

oxidase along with glucose oxidase. However, interferences from uratc (0.05 nNO. l 



mM) and acetaminophen ( 1.2 nA/0.1 mM) are still problematic. 

Covalently immobilized thionine is employed as a mediator. A potential of +230 

mV vs Ag/AgCl to Au disk electrodes (0.5 mm o.d.) is applied. The sensors with the 

mass transport limiting layer containing Eastman AQ-55D, poly-L-lysine and 

polyurethane show good linearity up to 15 mM glucose \vith a sensitivity of 3.0 nA/mM 

and show no interference from uric acid or acetaminophen, although a signal from 

ascorbic acid is noticed (0.4 nA/0.1 mM). The sulfoxide formation through the oxidation 

of thionine seems to be a part of the cause of the sensitivity loss over time. 

l11e TTF-TCNQ crystals are directly prepared on the cylindrical surface of a Pt/Ir 

(9/1) ,vire electrode ( o.d. of 0.178 mm, sensing area of 0.56 mm2). A potential of+ 150 

mV vs Ag/AgCl is chosen for glucose measurements. The pattern of the sensor 

performance as a function of glucose concentration in an air-saturated solution is like a 

sigmoidal curve, which explains the strong oxygen competition with the TTF-TCNQ for 

reoxidation of glucose oxidase at low glucose concentrations. There is no signal from 

the oxidizable interferants such as uratc and acetaminophen. However. still a large 

current from ascorbate is observed (195 nA/0. l mM ascorbate ). The ascorbate signal is 

completely removed at the oxygen levels higher than 55 µM when ascorbate oxidase is 

employed. When the TTF-TCNQ-glucose oxidase layer is coated with poly-L-lysine and 

Nation. the ascorbate interference is remarkably reduced (l.6 nA/0.lmM ascorbate) 

mainly due to the charge repulsion effect from Nation. The improvement in linearity is 

an additional advantage of the coating (10.7 nA/mM glucose, KM= 48 mM). 
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Chapter 1 

O,·crvicws on Oxidasc-bascd Ampcromctric Bioscnsors 

I. Introduction 

We are interested in developing oxidase-based biosensors for continuous 

monitoring of physiologically important molecules such as glucose, glutamate and 

lactate. A glucose sensor remains the top priority among biosensors because of the 

importance of blood glucose monitoring to insulin therapy. It has been reported that 

intensive monitoring of glucose decreased the frequency and severity of complications 

associated with insulin-dependent diabetes mellitus. 1 Glutamate is one of the principal 

neurotransmitters in the mammalian brain and has consequently been the subject of 

considerable interest to neuroscientists.2 It is implicated in a variety of disorders in 

humans, such as neuronal injury and epilepsy. There is a strong demand for lactate 

measurements in intensive care situations such as myocardial infarction, severe 

congestive heart failure, pulmonary edema, septicaemia and hemorrhage.3 The use of 

amperometric enzyme electrodes is rationalized by the inherent selectivity of the 

enzyme to promote selective detection of the enzyme substrate:' Oxidases are of 

particular interest for the construction of amperometric enzyme electrodes because an 

electron transfer reaction takes place in the enzymatic conversion of substrates. Many 

oxidases depend on a prosthetic group (FAD), which is held within the enzyme structure 

and makes use of molecular oxygen as the electron acceptor in the catalytic cycle 



producing hydrogen peroxide in most cases. The enzymatic reaction scheme is 

illustrated in Figure 1-1. Many oxidases can react with artificial mediators, which arc 

used to shuttle the electrons from the reduced enzyme to an electrode. In this chapter, 

various modes of detennining analytes of interest using oxidases arc discussed. 

a. Measuring the oxidation of H2O2 

The production of H2O2 as a result of enzymatic reaction in the presence 

of 0 2 can be detected electrochemically at a potential of +600 m V vs Ag/ AgCI and is 

then related to the concentration of an analyte of interest. The electrochemical oxidation 

of H2O2 is shown as follows. 5 

+600 m V vs. Ag/ AgCl 
(1.1) 

Platinum has been the material of choice for the measurement of hydrogen peroxide 

oxidation because the oxidation reaction occurs readily on Pt but not on Au or carbon.6·7 

The most important advantage of this detection mode is the ease of fabrication of 

sensors. Additionally, oxygen is produced as a result of hydrogen peroxide oxidation at 

electrode surfaces, which is a beneficial phenomenon for sensors requiring extended 

linearity because oxygen is a co-substrate for oxidases. However, at the high operating 

potential required for the oxidation of H2O2, oxidation of endogenous components such 

2 



substrate 

Oxidasc 

product FADH2 

Figure 1-1. Reaction sequence for an oxidation catalyzed by an oxidase using 
oxygen or mediators as electron acceptors. 
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as ascorbic acid, uric acid, dopamine and acetaminophen can occur. This problem can 

be overcome, to some degree, with the use of pcnnselectivc membranes, which arc 

permeable to H2O2 but not to interferants. Unfortunately this can lead to reduced 

sensitivity of the scnsor.8 Lower applied potentials arc desirable and electrochemically 

deposited rhodium has been developed to lower the ovcrpotential for hydrogen peroxide 

oxidation.9 In addition, the permselective membranes lower the collection efficiency of 

hydrogen peroxide at electrode surfaces, resulting in non-linear behavior of sensors at 

high analyte concentrations because of high oxygen demand. The dependence of the 

sensor output on 0 2 concentration is another source of difficulty. The problem can be 

partially solved by employing membranes with hydrophobic properties to achieve a high 

ratio of oxygen/glucose in the enzyme layer. Polyurethane possessing a high "hard 

block" content is fairly hydrophobic. Therefore, it allows oxygen to penetrate while 

retarding hydrophilic glucose penetration. Good linearity up to 15 mM of glucose has 

been achieved by employing polyurethane as an outer membrane. 8 An additional 

advantage of employing an outer membrane is that long term operational stability can be 

easily achieved. Glucose oxidase (GOx) is immobilized in excess and polyurethane is 

employed. Although the activity of GOx decreases over time, the sensor output remains 

constant because the sensor output is controlled by the flux of glucose through the outer 

membrane rather than the enzyme activity as long as the activity of the enzyme is high 

enough to consume all glucose as soon as it arrives in the enzyme layer.4 However, the 

enzyme decays gradually and eventually reaches the point where the response becomes 

4 



kinetically controlled. This is the reason why the response of an amperometric electrode 

suddenly drops after remaining constant for an extended period. 

b. Measuring the reduction of H2O2 

H2O2 produced in the enzymatic reaction might be reduced rather than 

oxidized. Reduction occurs at a potential which is close to the potential for 0 2 

reduction. Therefore, the analytical challenge is to differentiate H2O2 reduction from 0 2 

reduction and achieve high sensitivity for H2O2 reduction alone. The electrochemical 

reduction of H2O2 is given by: 

(12) 

Prussian Blue (PB) was found to be a better electrocatalyst for H2O2 reduction than 

platinum. 10 Such catalytic action offers convenient biosensing of an analyte of interest 

at very low operating potentials, where the influences of interfering species are 

negligible. However, it has been found that the presence of K+ is necessary to obtain the 

reversible voltammetric response of the PB film and that the concentration of K+ is not 

important as long as it is higher than 0.01 M. 11 This will be a serious limitation for the 

in vivo application of the sensor. Electrodes made of iridium-containing carbon paste12 

and rhodium-dispersed carbon paste13 have been developed for selective measurements 

of hydrogen peroxide reduction. 

5 



c. Measuring the reduction of 0 2 

ll1c use of an oxygen detecting electrode for glucose monitoring was the 

first electrochemical method developed. 14 Oxygen is reduced at a potential of -600 m V 

vs Ag/AgCI: 

-600 m V vs. Ag/ AgCI 
-----------.> (13) 

The oxygen consumed during the enzymatic oxidation of an analyte is measured, from 

which the analyte concentration can be determined. One of the major points is that a gas 

permeable membrane can be used. The sensors detecting oxygen reduction arc 

advantageous in that they require a cathodic applied potential, at which only a few 

endogenous chemical species can interfere. 15 However, the sensors must measure the 

decrease in response, resulting in complexity of the construction of the sensors, 

requiring two electrodes and making miniaturiz.ation a difficult task. In addition, it 

might be difficult to differentiate the reduction of 0 2 from that of H2O2, produced by the 

enzymatic oxidation of an analyte. Disadvantages of measuring oxygen reduction 

include the derivation of an analyte-related signal from the reduction of an initial current, 

thus making the analyte determinations at low concentration difficult. 

d. Measuring the oxidation of artificial mediators 

The use of an alternative oxidant (mediator) molecule to replace the 

6 



natural acceptor oxygen is an approach which has been explored to overcome the tissue 

oxygen dependence and solve the problem of electrochemical interference of 

amperometric biosensors (see Figure 1-1). The electrochemical oxidation of the reduced 

mediator occurs at a low potential thus reducing the sensitivity of the sensor to 

interfering species. A suitable mediator for amperometric enzyme electrodes must fulfil 

the following criteria: i) it should react rapidly with the reduced enzyme, ii) its rcdox 

potential should be low enough not to oxidize other interfering species, iii) both the 

oxidized and reduced forms of the mediator should be stable and should not react with 

oxygen or hydrogen peroxide and iv) the mediator must not be toxic. The influence of 

mediator redox potential on the oxidation of glucose by the glucose oxidase prosthetic 

group has been studied. 16 For phenothiazines, phenoxazines and Wurster's salts 

oxidation rate constants depend on the redox-potential of the electron acceptors, and 

results can be interpreted in the framework of outer sphere electron transfer theory. 

However, the interpretation of the kinetic results concerning thioaromatic compounds 

and metallocenes are complicated due to complex formation with the enzyme active 

center and aggregation of their oxidized forms in buffer solution. Investigation of several 

single-electron acceptors (mostly ferrocenium derivatives) as cosubstrates has revealed 

that their reactivity does not obey the kinetic law expected for a simple outer-sphere 

electron transfer process. 17 A number of amperometric glucose sensors incorporate 

mediators to establish electron transfer between the enzyme redox center and electrode 

surface: hexacyanoferrate, 18 ferrocene derivatives. 19 tetrathiafulvalene (TIF). 20 
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tetrathiafulvalene-tetracyanoquinodimethane (TTF-TNCQ)21 •21 and ruthenium 

hexamine.23 The enzymatic oxidation in these sensors is not supposed to depend on 

oxygen partial pressure, resulting in better linearity than those sensors measuring 

hydrogen peroxide oxidation. The glucose biosensor with I, I'-

dimethylferrocene/glucose oxidase paste showed stable response for 6 h in rats. 24 These 

sensors depend less on oxygen partial pressure, resulting in better linearity than those 

sensors using oxygen as a cosubstrate. However, mediators should be covalently 

immobilized for in vivo applications to prevent them from leaching into surrounding 

tissues. Mediator leaching can cause serious toxicity. When mediators arc covalently 

immobilized, the rate of electron transfer between the enzyme active site, mediator 

molecules and the electrode surface is significantly decreased because the mobility of 

mediator molecules is drastically decreased. The reduced enzyme should be reoxidized 

only by mediators for proper sensor performance. However, freely diffusing oxygen 

competes with mediators very efficiently. This enzyme reoxidation competition between 

oxygen and mediators is problematic especially under low substrate concentrations, 

resulting in delayed response and non-linearity. The length of spacers between fcrrocene 

and GOx has been varied to achieve fast electron transfer.25 It has been concluded that 

flexibility in the covalent immobilization of mediator molecules is very important for fast 

mediation. The limited long-tenn stability of mediated biosensors has been the major 

problem for in vivo applications. It has been reported that TTF becomes 

electrochemically inactive during an enzymatic reaction.10 The instability due to 

8 



hydrogen peroxide produced by the enzymatic reaction has been suggested. A potential 

pitfall in mediator-based sensors comes about when intcrfcrants and mediators react with 

each other. The reaction between fcrroccnc and ascorbate has been obscrvcd.26 

Fcrroccne is directly reduced by ascorbate, resulting in an increase in current. 

e. Measuring the reduction of artificial mediators 

Peroxidases have been used for the determination of 1-120 2 and small 

organic peroxides. The use of peroxidase in combination with 1-120 2 producing oxidases 

is also well established. In the reaction with 1-120 2, the native form of horseradish 

peroxidase (HRP, the most commonly used peroxidase) becomes oxidized in a single two 

electron step. The reaction back to the native form occurs in two single one electron 

steps with an intermediate form denoted Compound II. A number of different 

compounds may work as electron donors (mediators). Examples of such mediators arc 

o-phenylenediamine,27 ferrocyanide 28 and fcrrocene. 29 The reaction sequence is 

illustrated in Figure 1-2. The oxidized mediator can in tum be electrochemically reduced 

at an applied potential lower than that required for the direct oxidation of H2O2, thus 

offering electrochemical interference-free detection. These sensors have problems of 

both long-term stability resulting from mediators leaching or inactivation. Another 

problem comes from the reaction between hydrogen peroxide and mediators. It has been 

reported that acetaminophen and urate can cross-react with Os-poly(l-vinylimidazole) 

complex in HRP-based sensors.30 

9 



21-120 compound M 
\ red 

IIRP compound II 

Oxidase 
2I-J+ 

product F ADH 0 2 2 

Figure 1-2. Reaction sequence for an oxidation catalyzed by an oxidasc coupled 
to hydrogen peroxide reduction catalyzed by HRP. 
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f. Measuring the reduction of HRP 

An apparent direct electron transfer between various electrode materials 

and HRP can possibly occur because of the relatively small size of 1-IRP (m.w. ~ 40,000 

daltons) compared with GOx (m.w. ~ 160,000 daltons), considering that the rate of 

electron transfer between the redox center and the electrode decreases exponentially as 

the distance increases. HRP-based carbon pastes have been used in mediatorless fashion 

and together with hydrogen peroxide producing oxidases.31 An electrocatalytic reduction 

of hydrogen peroxide starts at about +600 mV vs a saturated calomel reference electrode 

(SCE) at neutral pH. The efficiency of the clectrocatalytic current increases as the 

applied potential is made more negative and levels off at about -200 m V vs SCE. where 

electrochemical interference by endogenous electroactive species is minimal. However, 

the electron transfer between HRP and the electrode surface is significantly influenced 

by the manner ofHRP immobilization (e.g. the highest sensitivity with adsorbed I-IRP).32 

Therefore, the reproducibility of the sensor performance is a problem. 

11 
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Chapter 2 

Polymeric Mercaptopropylsiloxane Modified Platinum Electrodes for 

Elimination of lnterfcrants in Glucose Biosensors 

I. Introduction 

Glucose oxidasc (GOx) selectively catalyzes the oxidation of glucose and 

produces hydrogen peroxide using oxygen as a co-substrate. 1 The amperometric 

measurement of the oxidation of hydrogen peroxide is compromised by elcctroactive 

interferants such as ascorbic acid, dopamine, acetaminophen and uric acid because of the 

high operating potential required as shown in Equation ( 1.1) in Chapter I. 1l1ercforc, the 

elimination of these influences is essential to proper sensor operation.2 It will be of 

ultimate importance to develop membranes which arc permeable to H2O2, but not to 

interferants. 

Organosulfur compounds arc knovm to adsorb onto the surface of gold forming 

stable monolayers.3-6 There have been several reports on the use of self-assembled 

monolayers (SAM) to improve selectivity. Self-assembled monolayers of w-

mercaptoearboxylic acid on gold electrodes were used for the detection of dopamine in 

the presence of ascorbic acid.7 The negatively charged moiety promotes some 

enhancement of dopamine oxidation over ascorbate. Multilayer arrays of glucose 

oxidase were immobilized on the surface of self-assembled monolayers on gold 

electrodes. 8 Thioctic acid was assembled on gold electrodes to oxidize 
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hexaammineruthenium(II) selectively in the presence of hexacyanofcrrate(Il).9 

Although it has been known that gold is far superior to platinum as a substrate for stable 

SAMs, Pt must be used for hydrogen peroxide measurements. The oxidation of 

hydrogen peroxide takes place readily at platinum but not at gold. 10 To overcome the 

poor sensitivity of gold electrodes for Hi02 measurements, glucose oxidase was modified 

by N-(2-methylfcrrocene)caproic acid, an electron transfer mediator.8 Mediators used 

for in vivo measurements can be consumed by endogenous clectroactivc species, mostly 

ascorbic acid, thus producing an error in the glucose measurement. This error becomes 

significant especially when glucose concentrations arc low. Platinum electrodes have 

been modified by coating with a layer of lipid mixture (asolectin) to measure glucose in 

the presence of interfcrants. 11 Platinum electrodes were silanizcd with 3-(2-

aminoethylamino )propyltrimethoxysilane to covalently immobilize clectroactive 3,5-

dinitrobenzoyl chloride.12 Viologen (l-ethyl-l '-octadecyl-4,4'-bipyridyl), a redox-active 

surfactant, was self-assembled on platinum electrodes. 13 Platinized silicon wafers were 

silanized using 4-aminobutyldimethylmethoxysilane, and glucose oxidase was then 

immobilized on it. 14 Phenol has been used to coat a platinum electrode to confer 

selectivity. 15 The stability of octadecyltrichlorosilane on platinum has been studied and 

it has been concluded that direct silanization of the substrate would not be a viable 

approach for bonding organized monolayers to platinum surfaces. 16 

The interaction of thiols \\ith platinum has been studied,17 but we are aware of 

only one thiol-based self-assembly layer system on platinum used for enzyme 
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immobilization. 18 In the present study, a silane [3-mercaptopropyltrimcthoxysilane (3-

MPS)] has been chosen as a building block because it provides interaction with the Pt 

surface plus lateral stabilization through covalent linkages. The sensor coated with this 

thin polymeric layer has excellent selectivity for glucose over interfcrants. The challenge 

is to prepare a thin polymeric layer which yields rapid sensor response at the same time. 

The stability of the membrane, the enzyme immobilization, the sensitivity and selectivity 

of the resulting sensor, and its time response arc presented. 

2. Experimental 

a. Reagents and Materials: High-purity glucose oxidase (type VII, Aspergillus 

niger, EC 1.1.3.4 ; 236 units/mg) was obtained from Biozyme Laboratories International 

Ltd. (San Diego, CA). Bovine serum albumin (Fraction V, 98-99% albumin) was 

obtained from Sigma (St. Louis, MO). Glutaraldehyde (GA), 25% aqueous solution, 

used in the immobilization process, 3-maleimidopropionic acid (3-MPA) and 3-

mercaptopropyltrimethoxysilane (3-MPS) were purchased from Aldrich (Milwaukee. 

\VJ). 1-Ethyl-3-(3-dimethylarninopropyl)carbodiimide hydrochloride (EDAC) was 

purchased from Pierce (Rockford, IL). All buffer solutions ,vere prepared with water 

from a Barnstead Nanopure JI System (Rochester, NY). Phosphate-buffered saline 

(PBS), pH 7.4, was prepared from phosphate salts (0.1 M) and sodium chloride (0.15 M) 

\\ith sodium azide (0.1 g/L) as a preservative. L-ascorbic acid and acetaminophen were 

purchased from Sigma (St. Louis, MO). Uric acid was purchased from Aldrich 
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(Milwaukee, WI). These interferant solutions were prepared immediately before use. as 

they arc subject to oxidative decomposition in solution. D-glucosc (from Sigma) 

solutions were allowed to mutarotate for 24 hours before use. Hydrogen peroxide 30% 

solution \Vas purchased from Fisher (Fair La\vn, NJ). Polyurethane (SO 85A) was 

obtained from Thermedics, Inc. (Woburn, MA). Teflon-coated platinum:iridium (9: I) 

wire (0.178 mm o.d.) was purchased from Medwirc Corp. (Mount Vernon, NY). 

b. Apparatus: Amperometry was perfonned by using a Bioanalytical Systems, 

Inc. (W. Lafayette, IN), Model LC4A Amperometric Detector. Current-time curves were 

recorded on a Kipp and Zonen (Holland), Model BD 40 Strip-Chart Recorder. A 

peristaltic pump from Buchler Instruments, Inc. (Fort Lee, NJ) was used for flow 

injection analysis (FIA). A Mattson Genesis Series FTIR (Madison, WI) was used for 

the reflection measurement of inner membrane on Pt. 

c. Sensor Preparation: 

(I) Indicating electrode: Both ends of a 5 cm long teflon-coated Pt wire 

(0.178 mm o.d.) were stripped by 3 mm to expose the Pt surface. One end was capped 

by 1 mm using epoxy glue (from Conap, Inc., NY) leaving a sensing cavity of2 mm and 

an area of 1.12 mm2 (Figure 2-1 ). 

(2) Inner membrane preparation: The sensing cavity of the Pt wire was 

pretreated by dipping into hot H2O2:H2SO4 ( 1: 10) for IO seconds. 16 Caution: A solution 

of H2O2 in SO4 is a very strong oxidant. It should be handled with extreme care. 

Copious rinsing \\ith deionized water and drying \\ith air followed. Next, the electrode 
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surface was derivatized by dipping the Pt wire in a 50 mM solution of 3-MPS overnight 

( chloroform was used as a solvent). The electrodes were then dipped into IO ml of pH 

7.4 PBS:ethanol (6:4) solution and a potential of +600 mV vs. Ag/AgCI applied with 

continuous stirring. I 00 µl of 3-MPS was injected into solution. The reaction was run 

for 4 hours with the potential applied, resulting in the formation of a polymeric 

mercaptopropylsilane membrane on the Pt surface. The electrode was then rinsed with 

ethanol and deionized water, dried in air and stored in a desiccator overnight to complete 

polymeri:zation. The nominal structure and FT-IR spectrum of the polymeric inner 

membrane are shown in Figures 2-2 and 2-3, respectively. 

(3) Enzyme Immobili:zation: Two methods were used to immobilize 

glucose oxidase onto the electrode polymeric coating: 

(a) Covalent bond formation by activating 3-MPA with EDAC. 19 

The modified electrode was put into 0.2 ml of0.5% (w/v in water) 3-MPA solution. pH 

6.0, and incubated at 4 °C overnight. After rinsing the electrode with deionized water. 

it was placed in 0.2 ml of 0.5% (w/v in water) EDAC solution. pH 5.0, and incubated for 

20 minutes at room temperature. After rinsing the electrode, it was placed in 0.2 ml of 

5% (w/v in water) glucose oxidase solution, pH 5.0, and incubated for 3 hours at room 

temperature with continuous stirring. After incubation, the electrode was rinsed and 

dried (Figure 2-4). 

(b) Crosslinking.~0 A solution mixture of 5 µI of 8% (w/v in 

water) glucose oxidase, 5 µl of 2% (w/v in water) bovine serum albumin and 0.2 µI of 
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Figure 2-2. Nominal structure of the polymeric mercaptopropylsiloxane layer. 
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Figure 2-3. FT-IR spectrum for polymeric mercaptopropylsiloxane permselective 
film on Pt electrodes. 
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Figure 2-4. Scheme for immobilization of glucose oxidase by covalent 
bonding on the modified Pt electrode. 
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25% (v/v in water) glutaraldehyde was prepared. 0.4 µI of this solution was delivered 

to the modified Pt electrode using a microsyringe and the electrode was dried in air. 

(4) Outer membrane.20 TI1e sensing cavity was dip-coated with 5% (w/v) 

polyurethane dissolved in tetrahydrofuran. Coating could be repeated to obtain the 

desired linear range of the sensor. 

d. Electrochemical Measurements: A two electrode system employing a working 

and reference/counter electrode was used for electrochemical measurements. A Ag/ Ag Cl 

reference electrode, which also served as a counter electrode, was made by anodizing 

silver wire (0.25 mm o.d.) in 2 M KC! solution at a constant current of 0.1 mA for 10 

minutes. The sensor was dipped into a cell containing l O ml of stirred PBS solution, pH 

7.4, room temperature, and a potential of +600 mV vs. Ag/AgCI was applied for 

arnperometric glucose detection.20 The background current was allowed to stabilize for 

about 1 hour before measurements. For oxygen measurements, a potential of -600 m V 

vs. Ag/AgCI was applied to the sensor.21 The oxygen sensor was prepared exactly the 

same way as the glucose sensor except that no enzyme immobilii.ation was carried out. 

The response time was measured by FIA at the outlet ofa glass tube (l.2 mm i.d.). 

e. Molecular modeling was performed by using SYBYL (version 5.5), TRIPOS 

Associates, Inc. (St. Louis). 

3. Results and Discussion 

a. Preparation and characterization of the permselective inner membrane: In 
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order to provide a thin but perrnselective membrane, 3-Mercaptopropyltrimethoxysilane 

(3-MPS) was chosen for surface derivatization. 3-MPS has been used as a "molecular 

adhesive" in the fabrication of vapor-deposited gold electrodes on glass substrates.22 3-

MPS is composed of two functional groups. The thiol is able to preferentially fom1 a 

covalent bond to Pt through the sulfur atom, and methoxysilane is capable of undergoing 

hydrolysis and condensation reactions. ll1e strategy is to exploit the RS· groups for the 

Pt surface attachment and an -Si-O-Si- linkage to promote the lateral cross-linking of 

the silanc to provide additional stability. First, 3-MPS was reacted with the Pt surface 

in chloroform solution [see Figure 2-2). The orientation of the silane monomer should 

be dominated by the high affinity of 3-MPS thiol moiety for Pt, although the 

trimethoxysilyl groups also have the ability to react with surface oxides of Pt to form 

siloxy bonds. It was observed that stability of the polymeric layer was improved by 

applying a potential of +600 mV vs. Ag/AgCI followed by the addition of 3-MPS in pH 

7.4 PBS solution. From the experiment. a rapid increase in anodic current was observed 

upon injection of3-MPS and then the current decreased slowly as time went on. Increase 

in current could be either from oxidation of the thiol group of 3-MPS or from oxidation 

of H2O2 generated from the combination of H 2 produced by H· reduction upon 

adsorption of 3-MPS and 0 2 dissolved in solution.6 Decrease in current indicates 

ongoing polymerization of 3-MPS and further blockage of the electrode surface. 

Generation of H2O2 from the combination ofH2 and 0 2 during oxygenated n-alkanethiol 

adsorption on gold has been reported.6 After four hours, the current reached an apparent 



steady state. During this period, a compact and stable layer fonns probably from lateral 

- Si-O-Si- and -S-S- bond formation. The layer thus fom1ed is more stable than that 

produced in the absence of an applied potential. The subsequent reaction of3-MPA with 

the immobilized silane requires the availability of free -SH groups. These must 

necessarily be derived either from 3-MPS coupled to the Pt surface through a siloxy bond 

or more likely through reaction between an SH-immobilized silanc and an additional 

silane in solution as indicated in Figure 2-2. l11e "structure" shown in Figure 2-2 should 

be regarded as suggestive of the reactions likely to occur as there is no definitive 

evidence of its existence. To get structural infonnation about the pennsclective 

membrane, FTIR spectroscopy was employed. Figure 2-3 shows FTIR reflection 

spectrum for polymeric mercaptopropylsiloxane on Pt electrode (0.5 mm o.d.). The 

entire experimental layout was enclosed in a nitrogen purge box. After the sample, the 

infrared beam was focused onto a liquid nitrogen cooled HgCdTe detector. The 

symmetric and asymmetric stretches of the CH2 groups appear at ~2840 and ~2930 cm·1, 

respectively. The scissoring ofCH2 groups appears at ~1470 cm·1• The wagging of the 

S-CH2 group appears at~ 1200 cm·•. The asymmetric stretch of the Si-O-Si appears at 

~1100 cm·•. The symmetric stretching of the -Si-O- groups appears at ~800 cm·•. From 

the spectroscopic data, it can be said that the polymerization through -Si-O-Si- did occur. 

However, the disulfide bond formation, which may appear weakly at ~500 cm·•, may not 

be noticed from the spectrum only. The orientation of self-assembled monolayers on Au 

has been studied by employing FTIR.23·~6 The FTIR spectrum sh0\\-11 in Figure 2-3 
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resembles the spectrum of bulk 3-MPS. And the general agreement of the peak positions 

of the spectrum with those for bulk 3-MPS indicates that the structural integrity of the 

alkyl chains is not significantly penurbed because of the polymer fommtion. Therefore. 

it can be concluded that there may be no orientation in the polymeric layer on Pt. This 

orientational disorder can be attributed to both the flexibility of the short alkyl chains and 

the microscopic roughening that is inevitable on the polished polycrystalline Pt surfaces. 

Although there may be some orientation in the immediate layer on Pt. the overall signal 

will be dominated by the rest of the polymeric layer. 

Potential-dependent stabilities of self-assembled thioctic acid9 and organothiol27 

on gold electrodes have been reported. It was observed that the 3-MPS polymeric 

membrane on the Pt electrode remained more stable in the presence of the applied 

potential than at open circuit. The stability of the modified Pt electrodes (n=6) was 

tested over a 5-day period. We used hydrogen peroxide (20 µM) to test the stability of 

the polymeric inner membrane on Pt. This particular peroxide concentration was chosen 

because it is the "effective" concentration measured when generated by the immobilized 

enzyme. Hydrogen peroxide was injected and the response of the electrode was 

measured at +600 m V vs. Ag/ Ag Cl to detect any sign of degradation of the membrane. 

Under continuous applied potential for 5 days. a slight increase in sensitivity was 

observed each day. However, the sensitivity difference was rather small, less than 5% 

over 5 days [.1.S < 2.5 pA/ µM H20 2], thus supponing the significant stability of the 

modified surfaces. Reduced background current (less than 0.3 nA) is also a desirable 
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consequence of the presence of the polymeric layer. 

b. Selectivity of the permselective membrane: TI1e modification of the Pt surface 

by the polymeric layer results in a loss of sensitivity for hydrogen peroxide of a factor 

of about 68. However, even greater decreases arc observed for interfcrants such as 

ascorbic acid, acetaminophen and uric acid (Table 11-1 ). The polymeric membrane is 

sufficiently compact that it impedes molecules larger than hydrogen peroxide. It is 

assumed that the small faradaic currents from interferants occur either by long-range 

slow electron transfer across the membrane,28 or by electron transfer at a few microscopic 

defect sites in the membrane.29 Ion-exchange membranes such as cellulose acetate and 

Nation TM used for in vivo sensors arc limited in their permselcctivity after implantation 

because charged sites in membranes eventually become saturated. The silanol groups 

would be expected to be neutral at physiological pH.30 There will be some free thiol 

groups present. Assuming that pKa of the thiol of 3-MPS is about 8.0, the ratio of 

deprotonated 3-MPS over protonated 3-MPS is about 0.25 at pH 7.4. Therefore, the 

polymeric layer is partially negatively charged at pH 7.4. Therefore, the selectivity of 

the polymer layer may come from both size-discrimination and charge-repulsion. To 

further clarify this, molecular modeling was pursued. The size of the interf erants are 

estimated by employing SYBYL modeling. The volume and size of the interferants 

obtained from modeling are listed in Table II-2. To get an idea of the size for the 

smallest box for each interferant, the length and breadth of the models are measured at 

right angles to one another, choosing the longest dimension of the model to be x. and 
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Table 11-1. Selectivities of the Pt electrodes modified with 3-

mercaptopropyltrimethoxysilane• 

response, .1i (nA) 

analytes bare electrodes modified electrodes ratio(NB) selectivityb 
(0.1 mM) (A) (B) 

H202 313 4.76 (±0.35) 66 

ascorbic acid 337 0.13 (±0.02) 2592 37 

uric acid 495 0.19 (±0.02) 2605 25 

acetaminophen 341 0.43 (±0.03) 793 11 

a The modified Pt electrodes (n=6) were applied at the potential of +600 m V 

vs. Ag/AgCl and their sensitivities were measured in pH 7.4 PBS solution at 

room temperature. 

b Selectivity of hydrogen peroxide over interferants. 
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Table 11-2. Physical properties of interferants. 

ascorbate urate acetaminophen 

------------ -------------------

pKa J1 4.17 5.27 10.26 

volume (A3) 124.6 106.8 127.0 

length and breadth: X I 0.71 9.70 10.98 
y 8.19 8.05 7.32 
z 6.43 4.83 6.99 

smallest box to fit (A3) 563.7 377.2 561.7 
= xyz 

number of the possible 6 7 3 
sites for hydrogen 
bonding with nitrogen 
or oxygen 
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keeping x>y>z. It is realized that urate is the smallest among interfcrants tested. If the 

selectivity of the polymeric membrane were coming from size-discrimination only, urate 

would be the most interfering molecule. However, bigger acetaminophen is the most 

interfering molecule. Therefore, the concept of charge-repulsion must be involved for 

the selectivity of the polymeric layer. Ascorbatc and uratc arc negatively charged at pH 

7.4. Ascorbatc is bigger than uratc. Ascorbatc is the least interfering molecule. ·11te size 

of ascorbatc is about the size of acetaminophen. Since acetaminophen is mostly neutral 

at pH 7.4, it will be least affected by the negative charges of the polymeric layer. Since 

the interf erants arc in an aqueous solution, the number of sites for hydrogen bonding may 

need to be considered for the estimation of the actual sizes of molecules. 

c. Dependence of enzyme immobilization methods on sensor perfommncc: We 

used two different methods to immobilize the enzyme. In the first method, glucose 

oxidase (GOx) was immobilized covalently to thiol groups located on the outer surface 

of the polymeric layer (Figure 2-3). The maleimido group of 3-maleimidopropionic acid 

(3-MPA) was allowed to react at pH 6.0 ,-.ith free sulfhydryls to form stable covalent 

bonds. Then the carboxyl group of 3-MPA was activated by 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDAC). This was followed by 

reaction of an amino group of GOx to form a bond with the activated carboxyl group 

(See Figure 2-3). It is believed that covalent attachment of GOx to silanol on the surface 

requires that specifically activated functionalities be present on GOx.31 In the second 

method. to increase the amount of the enzyme on the polymeric layer, GOx was 
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immobilized by crosslinking with bovine scrum albumin (BSA) using glutaraldchyde 

(GA). In this case, there may be no real covalent bonds between the pennselcctive 

membrane and the enzyme. 1l1e ratio of GOx:BSA:GA was optimized for the maximum 

sensitivity as reported previously by our group.~0 Usually, use of too much 

glutaraldehyde for crosslinking results in loss of enzyme activity. It was found that after 

immobilization by crosslinking, it takes about 3 days for GOx to reach its maximum 

activity. The increase in activity during this period may be due to enzyme hydration or 

establishment of a more favorable configuration. Creation of defects in the polymeric 

layer could also lead to increased current. 

The relative activity of the immobilized enzymes 1s easily measured 

amperometrically. The response of sensors covalently immobilized with GOx was 

measured continuously in pH 7.4 PBS solution for 5 days. It was observed that the 

activity of GOx decreased gradually (less than 5% per day). However, for the sensors 

left in air, the activity of GOx decreased very rapidly. Leaving the sensors to dry 

overnight at room temperature caused large losses of activity [47(±6)% (n=5)]. ll1is can 

result either through denaturation or desorption of GOx. Considering data from both 

continuous and discontinuous measurements, loss of GOx activity in air is probably 

caused by denaturation of the enzyme. A similar observation was reported for P-
galactosidase on cellulose tricarbanilate.33 However, collapse of the inner membrane 

cannot be ruled out. 

Sensor linearity up to 15 rru'\I of glucose is desired. Figure 2-5 shows the 
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sensitivity and linearity of the sensors prepared by different immobilization methods, 

with and without the outer membrane. The sensor enzyme-immobilized by crosslinking 

with BSA and GA has higher sensitivity compared to the sensor enzyme-immobilized 

by covalent bonding. This is due, no doubt, to differences in the amount of enzyme 

immobilized. In terms of linear response range, immobilization by covalent bonding is 

better than immobilization by crosslinking because a smaller amount of enzyme is 

immobilized by covalent bonding and therefore less oxygen is required. Ultimately, the 

linearity of a glucose sensor is defined by efficiency of enzyme turnover. If the enzyme 

is not rapidly oxidized, it will become saturated and non-linear response results. The 

oxygen supply can be enhanced through regeneration (1-120 2 0 2 +Ir+ 2e·). In fact. 

the closer the enzyme is located to the electrode, the more hydrogen peroxide is collected 

and oxidized to regenerate oxygen. As the enzyme layer becomes thicker as is the case 

for immobilization method ii, more peroxide escapes back into solution and cannot be 

recycled. This leads to degraded linearity. Thus a thin layer of active enzyme close to 

the electrode surface should yield both optimal linearity and sensitivity. Covalent 

attachment does block the electrode surface, but this is compensated in part by the 

closeness of the enzyme to the electrode surface yielding an increased peroxide 

concentration gradient. To increase the linearity of the sensor, the enzyme layer was 

coated \\ith 5% polyurethane. The polyurethane membrane is more permeable to oxygen 

than to glucose, and thus keeps the ratio of oxygen/glucose concentrations high. making 

the enzymatic reaction essentially independent of Po2 over a \\ide range. This outer 
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membrane is especially important for in vjvo measurements because of its ability to 

exclude red blood cells, tissue, catalase, and other oxidizable interfering substances at 

the electrode. 

d. Oxygen dependence of the sensor: Since the oxygen level in subcutaneous 

tissue is around 25 mm Hg,34 the glucose sensor should be designed to perfonn under that 

condition. Oxygen levels in the system were controlled by changing the flow rate of 

argon gas and by simultaneously monitoring the signal from the oxygen sensor, which 

had been calibrated at two points; one in deoxygcnated buffer solution (0 mml-lg), the 

other in air saturated buff er solution ( 150 mm Hg). Figure 2-6 shows the glucose sensor 

performance at various oxygen levels. l11e issue of the oxygen dependence should be 

addressed in two ways: i) a steady state condition where oxygen levels arc constant, and 

ii) a non-steady state condition where initially low Po2 levels are changing. Decrease in 

sensitivity was observed at low Po2 levels as expected. Under these conditions, the 

sensor response is significantly affected by changing Po2 levels. It was observed that 

below 10 mm Hg of oxygen, small fluctuations in Po2 level significantly affect the 

response of the sensor (sharp increase or decrease in current). This phenomenon is due 

to the fact that at low Po2 levels glucose accumulates in the enzyme layer and is 

subsequently rapidly oxidized when the Po2 level increases.35 At Po2 values higher than 

20 mm Hg, the sensor shows good linearity, although a small deviation is noticed at 

glucose concentrations higher than 12 mM ( 4.2% at Po2 = 20 mm Hg, 12 mM glucose). 

e. Response time: The response time of the sensors was measured at the outlet 
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of 1.2 mm i.d. glass tube. Flow injection analysis (FIA) is one way of presenting to the 

sensor a glucose concentration step function. Right before injection, an air bubble was 

generated to sharpen the leading edge of the analyte plug. I lcre, the response time is 

defined as the time needed to reach 90% of the maximum response (T cxi), 1~0 will be 

affected by various factors such as the thickness of the sensing layer, analyte 

concentration, flow rate, temperature and so on. It was found that the apparent 

sensitivity increased with increasing flow rate. Flow rate was adjusted to 5.5 ml/min 

so as to obtain the highest sensitivity. TI1e difference in response time for 20 ~tM H20~ 

between bare Pt electrodes and Pt electrodes modified with polymeric 3-MPS was 0.5 

seconds [11.2 (±0.2) seconds for bare electrodes (n=5); 11.7 (±0.2) seconds for modified 

electrodes (n=5)]. For sensors immobilized with GOx. T 90 changes as glucose 

concentration increases. At the concentrations where the sensors respond linearly to 

glucose, T <xJ increases as glucose concentration increases. However, at the concentrations 

where the sensor response is independent of glucose (saturated). the opposite is true. In 

the case of the sensor immobilized by cross-linking without an outer membrane (its 

linearity is less than 1 rru\,1 glucose). T <xJ increases as glucose concentration increases up 

to 1 mM. However, at glucose concentrations higher than 1 mM. T w decreases as the 

glucose concentration increases. T w values at 1.0 mM and 5.0 mM of glucose were 20.5 

(± 1.3) and 11.5 (±0.8) seconds (n=5), respectively. This can be explained by the fact that 

the sensor response at concentrations above the linear range is quickly saturated and 

reaches the point where the rate of the enzymatic reaction is limited by the oxygen 
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supply. For sensors whose linearity extends to values higher than 15 mM glucose. T90 

increases as glucose concentration increases at least up to 15 mM. When an outer 

membrane is present, there is a significant increase in the response time. Longer 

response times were observed for the sensors with covalently immobilized enzyme 

(Sensor X) than for those with enzyme immobilized by cross-linking plus an outer 

membrane (Sensor Y). This means that the outer membrane helps sensors to reach a 

steady-state response quickly by controlling transport of glucose. T Q(J values at 5 mM of 

glucose for Sensor X and for Sensor Y were 132.0 (±5.5) and 51.5 (±3.2) seconds (n=5), 

respectively. 

f. Summary: Table 11-3 summarizes the overall characteristics of the sensor with 

enzyme immobilized by crosslinking and coated with polyurethane. Comparing the 

performance of the sensors having the outer membrane with that of the sensors having 

no outer membrane shows that the outer membrane cuts down the transport not only of 

glucose but also of interferants. The errors resulting from interferants arc calculated 

based on the assumption that the background current is zero (no intcrferants initially 

present). It is possible to prepare sensors for glucose measurements in vivo with a 

maximum error from interferants under 3.1 % at normal glucose levels (5.5 mM). 

4. Conclusion 

The permselective polymeric membrane developed in this work is negatively 

charged. Therefore, its blocking ability depends on both the charge of a diffusing 
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Table 11-3. The overall characteristics of the sensors (n=6) 

immobilized by crosslinking and coated with polyurethane• 

> 15 mM of glucose linearity: 

response time: 

sensitivity: 

intcrf erants: 

<I minute at 5.0 mM of glucose 

0.47(±0.30) nNmM glucose 

ascorbic acid: <0.1 nAfmM 

uric acid: <0.04 nAfmM 

acetaminophen: <0.5 nNmM 

% error:b 

<0.39 

<0.78 

<).95 

a All measurements were perfonncd at +600 mV vs. Ag/AgCI in pH 7.4 PBS 

solution at room temperature. 

bValues are calculated assuming that the nonnal glucose level is 5.5 mM, and the 

maximum physiological levels are; ascorbic acid (0.1 mM), uric acid (0.5 mM) and 

acetaminophen (0.1 mM). 
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molecule and size. The thin inner membrane is helpful for the efficient collection of 

hydrogen peroxide and regeneration of oxygen at the Pt electrode, which makes the 

sensor less dependent on the oxygen partial pressure of the system. The polymeric 

membrane on the platinum electrode is stable over reasonable periods of time and 

selective to hydrogen peroxide in the presence of endogenous or exogenous interforants. 

The linearity of the sensor is related to 0 2 concentration and can be controlled 

either by immobilizing a small amount of GOx or by keeping the concentration of 

glucose in the enzyme layer low by applying an outer membrane. Applying an outer 

membrane increases the linearity of the sensor to glucose up to 15 mM. l11e linearity of 

the sensor is not affected noticeably at oxygen levels higher than 20 mml-lg and response 

times (T 90) of less than I minute arc observed. 
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Chapter 3 

Glucose Bioscnsors with Covalently Immobilized Ferrocene Mediator on ~, Self-

Assembled Monolnycr 

1. Introduction 

We arc interested m the development of high pcrfomrnnce oxidase-based 

bioscnsors, which arc not affected by oxygen partial pressure and which have freedom 

from clcctrochcmical interferences by oxidimblc species such as ascorbic acid, uric acid 

and acetaminophen. Among metallocenes, fcrroccne and its derivatives have been the 

most intensively studied for the purpose of mediation between oxidascs and 

electrodes. 1•22 Since we arc trying to measure in vivo glucose concentrations 

continuously for long periods of time, the sensor should be non-toxic, which means that 

there should be no leaching components in the sensor. When mediators arc covalently 

immobilized, their mobility is significantly reduced. Fcrroccnc has been immobilized 

onto siloxane polymers to achieve good flcxibility.2•4•13 Spacer length between glucose 

oxidase and ferrocene has been varied to achieve efficient mcdiation. 17 Electrochemical 

interference by oxidizable species can be reduced by applying a potential. where 

oxidation current of interferants is negligible. However, it \\ill be difficult to eliminate 

the oxidation of ascorbic acid at electrode surfaces because of its low redox potential 

(about -130 mV vs Ag/AgCl).::?J Therefore, extremely thin films, which may block 

interferants, have been developed and tested in this work. It has been knm\n that thio 
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compounds arc strongly adsorbed onto Au.14•34 Although the Au-S bond is strong, long 

tenn stability could be problematic. 3-Mercaptopropyltrimethoxysilane is chosen in this 

work to take advantage of additional stabilization to fonn Intern! Si-O-Si bonds to 

enhance the stability of the resulting thin film on Au. We focus here on the flexibility 

of mediator complex for efficient mediation, stability of the self-assembled thin film on 

Au, and the freedom from the electrochemical interferences of the sensor. 

2. Experimental 

a. Reagents and Materials: Ferrocene, ferrocenecarboxylic acid, I, I'-

ferrocenedicarboxylic acid and nickclocene were purchased from Aldrich (Milwaukee, 

WI). High-purity glucose oxidase (type VII, Aspergillus nigcr, EC 1.1.3.4 ; 236 

units/mg) was obtained from Biozymc Laboratories International Ltd. (San Diego. CA). 

Ascorbate oxidase (from Cucurbita species. EC I. I 0.3.3, 197 units/mg) was purchased 

from Sigma (St. Louis, MO). Ethylcneglycoldiglycidyl ether (EGDE) and 

polyallylarnine (average M.\V. = 8,500 ~ I I ,000) were purchased from Aldrich 

(Milwaukee, \VI). All buffer solutions were prepared with water from a Barnstead 

Nanopure II System (Rochester, NY). Phosphate-buffered saline (PBS), pH 7.4, was 

prepared from phosphate salts (0.1 M) and sodium chloride (0.15 M) with sodium azidc 

(0.1 g/L) as a preservative. L-Ascorbic acid and acetaminophen \\'ere purchased from 

Sigma (St. Louis, MO). Uric acid was purchased from Aldrich (Milwaukee, WI). These 

interferant solutions were prepared immediately before use. as they are subject to 

45 



oxidative decomposition in solution. o-glucose (from Sigma) solutions were allowed 

to mutarotatc for 24 hours before use. Polyurethane (SG 85A) was obtained from 

Thennedics, Inc. (Woburn, MA). l-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and N-Hydroxysulfosuccinimide (Sulfo-NHS) were purchased 

from Pierce (Rockford, IL). Eastman AQ-55D, 28% dispersion in water was purchased 

from Eastman Kodak Co. (Rochester, NY). Poly-1.-lysine hydrobromidc (M.W. > 

300,000) was purchased from Fluka (Ronkonkoma, NY). Hydrogen peroxide 30% 

solution was purchased from Fisher (Fair Lawn, NJ) and standardized with 1.0 N KMnO4 

solution, purchased from Aldrich (Milwaukee, WI). Dialysis membrane (molecular 

weight cutoff, 2000 dalton) was purchased from Spectrum Medical Industries. Inc. 

(Houston, TX). 

b. Apparatus: Amperometry was perfonned by using a Bioanalytical Systems. 

Inc. (W. Lafayette, IN), Model LC4A Amperometric Detector. Current-time curves were 

recorded on a Kipp and Zonen (Holland), Model BD 40 Strip-Chart Recorder. Cyclic 

voltammetry was perfonned by using a Computer-Controlled Elcctroanalytical System 

(Model CS-I 090) and a OMNI 90 Potcntiostat (analog system) both from Cypress 

Systems, Inc. (La,,rence, KS). Atomic absorption spectroscopy was perf onncd by using 

a Thenno Jarrell Ash Corporation (Franklin, MA), Model Smith-Hieftje 4000. 

c. Indicating electrode: The gold disk electrodes (0.5 mm o.d., 0.196 mm2 area) 

were fabricated by sealing gold ,,ires (from Johnson Matthey, Ward Hill, MA) into soft 

glass. These gold disks were polished successively on billiard cloth with 0.3- and 0.5-
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µm alumina (Buchler Co., Lake Bluff. IL). The Au electrodes were pretreated by 

dipping into hot H2O2:H2SO4 (I: 10) for IO seconds. Caution! A solution ,f hydro~en 

peroxide in H:SO4 is a very strong oxidalll. It should he handled with extreme care. 

Copious rinsing with deionized water and drying with air followed. The Au electrode 

surface was dcrivatized by dipping the Au electrodes in a 50 mM solution of 3-MPS 

overnight (chloroform was used as a solvent). The modified Au electrodes arc rinsed 

with chloroform and dipped into water overnight. The nominal surface stmcturc is 

shown in Figure 3-1. 

d. Preparation of fcrrocenc-containing clcctroactive complex: 

Ferroccnccarboxylic acid (I 00 mg, 0.48 mmol) was dissolved in I mL of 

dimcthylformarnidc. Polyallylaminc (100 mg, 0.01 mmol) was dissolved in I mL of pH 

4 buffer. The solutions of fcrroccnccarboxylic acid and polyallylaminc arc mixed 

together and stirred for an hour. EDC (200 mg. 1.04 mmol) and sulfo-NHS (100 mg. 

0.46 mmol) were added and stirred overnight. TI1e reaction mixture was dialyzed in 

water (M.W. cutoff, 2000 dalton). The dialysate is washed with chlorofom1. The 

reaction scheme is shom1 in Figure 3-3. The resulting mediator complex is concentrated 

to a slurry phase (final volume ~I mL). 

e. Determination of the ferrocene content in the mediator complex: Nuclear 

magnetic resonance (NMR) was employed. The f errocene content was dctcm1incd by 

counting the nun1ber of protons of methylene groups attached to ferrocenccarboxamide 

groups of polyallylamine. 
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Au 

Figure 3-l(a). Self-assembled monolayer on Au using (3-mercaptopropyl)-
trimethoxysilane. 
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Au 

Figure 3-l(b). The nominal structure of the thin film after hydrolysis 

and condensation. 
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Figure 3-2 (a). Cyclic voltammograms of the background current at the bare Au 

electrode (larger one) and the modified Au electrode using 3-MPS (smaller one) 

in pH 7 .4 PBS at room temperature. Scan rate = 100 m V Is. 
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Figure 3-2 (b). Cyclic voltammograms of lmM ascorbate at the bare Au electrode 

(upper one) and the modified Au electrode using 3-MPS (lower one) in pH 7.4 

PBS at room temperature. Scan rate= 100 m V /s. 
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Figure 3-2 (c). Cyclic voltammograms of lmM acetaminophen at the bare Au 

electrode (upper one) and the modified Au electrode using 3-MPS (lower one) in 

pH 7.4 PBS at room temperature. Scan rate= 100 mV/s. 
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Figure 3-2 (d). Cyclic voltammograms ofO.lmM urate at the bare Au electrode 

(upper one) and the modified Au electrode using 3-MPS (lower one) in pH 7.4 

PBS at room temperature. Scan rate= 100 mV/s. 
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Figure 3-2 (e). Cyclic voltammograms of0.2 mM ferrocenecarboxylic acid at the 

bare Au electrode (larger one) and the modified Au electrode using 3-MPS 

(smaller one) in pH 7.4 PBS at room temperature. Scan rate= 100 mV/s. 
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Figure 3-3. Preparation scheme for ferrocene-containing complex. 
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f. Determination of the fcrrocene concentration in th!.! solution of the mediator 

complex: Atomic absorption spectrometry was employed. The mediator complex was 

digested in the solution of diluted HN03 in water (I: 1 by volume). Standard addition 

method was used to minimize the matrix effect. 

g. Sensor fabrication: A solution mixture of IO µL of 5% (w/v) GOx, 1 0 µL of 

2% (w/v) ascorbate oxidase and 10 µL of fcrrocene-containing polyallylamine complex 

above was prepared. EGDE 2 µL was added, mixed and allowed to react overnight to 

form a gel. Using a microsyringe, 2 µL of this solution was delivered onto the Au 

electrode self-assembled with 3-MPS. l11e resulting layer was coated with 5% (\v/v) 

Eastman AQ-55D, 2% (w/v) poly-lysine and 2% (w/v) polyurethane dissolved m 

tetrahydrofuran. The prepared sensors were kept in pH 7.4 PBS. 

h. Electrochemical measurements: A two electrode system employing a working 

and reference/counter electrode was used for electrochemical measurements. A Ag/ Ag Cl 

reference electrode, which also served as a counter electrode, was made by anodizing 

silver wire (0.25 mm o.d.) in 2 M KCI solution at a constant current of 0. 1 mA for 10 

minutes. The sensor was dipped into a cell containing 10 mL of stirred PBS solution. pH 

7.4, 37°C, and the potential of +400 mV vs. Ag/AgCI was applied for the ampcrometric 

glucose detection. When necessary, oxygen was removed from the working solution by 

purging v,ith argon for 30 min. 

3. Results and Discussion 
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a. Self-assembled monolayers on Au electrodes 

6-Mercaptohexanol and 11-mercaptoundecanol have been used to reduce 

background and anodic currents by interferants.35 However, the stability of these thin 

films will be problematic for long term operation. To overcome this problem, 3-

mercaptopropyltrimethoxysilane is chosen to modify the Au electrodes. It has two 

functional groups. The thiol forms a covalent bond to Au through the sulfur atom. and 

trimethoxysilane undergoes hydrolysis to fom1 trihydroxysilane. Then, condensation 

occurs followed to form -Si-O-Si- bonds, which will promote the stability of the self-

assembled film on Au. The modification is illustrated in Figure 3-l(a) and (h). The 

membrane is not allowed to grow three dimensionally because the rate of the electron 

transfer between mediators and electrodes will decrease exponentially as the thickness 

of the membrane increases. The stability of the film is tested by injecting ascorbic acid 

to assess the changes in sensitivity with time. A potential of +400 m V vs Ag/ Ag Cl is 

applied continuously over 20 hours. The change in sensitivity is less than 16(±2)% in 

20 hours [75(±3) nA/mM ascorbic acid at t=0. 90(±5) nNmM at t=20h, n=3). Potential-

dependent stability of self-assembled organothiols on gold electrodes has been reportcd. 31 

It has been observed that about 12% of dodecanethiol is desorbcd after I hr of potential 

held at 200 mV vs Ag/AgCl and the rate of desorption increases as the potential 

increases. After the modification of Au electrodes. the sensitivity for ascorbic acid is 

decreased by a factor of 18(±2). We detected no changes in sensitivity for ascorbic acid 

after I hr with the potential held at +400 m V vs Ag/ AgCI. TI1is shows that the film 
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prepared by both self-assembly and condensation is significantly more stable than those 

produced by self-assembly with n-alkylmcrcaptans. We believe that the -Si-0-Si-

bonds fanned after condensation enhance the stability of the film significantly, which is 

very important for sensor applications involving long tcnn measurements. The thickness 

of the film is estimated by calculation from the covalent radii of atoms involved36 and 

from the assumption that the chains arc tilted about 25° from the surface nonnal to 

achieve as dense a packing as possiblc.37•38 l11e calculated thickness of the film is about 

10.76 A. The cyclic voltammograms of interferants and FcCA on bare and modified Au 

electrodes arc sho\lm in Figure 3-2. As shown in Figure 3-2(a), non-Faradaic background 

currents, mainly charging current, arc significantly reduced in the modified electrode 

because the film prevents the approach of solvent and ions to the electrode surface and 

therefore the double layer capacitance is decrcascd.38 The double layer capacitance can 

be obtained by employing the following cquation:39 

(3.1) 

where i is a charging current· A, electrode area; C di • double layer capacitance; and 
C ' 

(dV/dt), scan rate. The capacitance is calculated from the sum of the cathodic and anodic 

current divided by 2 times the scan rate and the electrode area. The capacitance is 

determined by employing both analog system and computer-controlled system as shown 

in Figure 3-4. The capacitance of the bare Au electrode obtained from the computer-
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3-MPS. bare Au measured with the analog system; e, bare Au measured with the 
computer-controlled system; *. modified Au measured ,,ith analog system; T, modified 
Au measured \\ith the computer-controlled system. 
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controlled system is 54.3 (±7.7) ~JF/cm2 (n=5). ll1e capacitance obtained from the analog 

system is 82.6 (±12.41) ~JF/cm2 (n=5). 1l1e difference in the capacitance is coming from 

the different way of the potential ramp of each system. The actual wave fonn of a 

computer-controlled system is staircase signal. The charging current exponentially 

decays over time. This is why smaller capacitance is observed in the computer-

controlled system. Therefore, the capacitance obtained from the analog system is used 

for the calculation of the thickness of the film. It is noticed that the capacitance is related 

with the scan rate: smaller capacitance is observed at faster scan rate. A similar 

observation has been reported by Cheng and Brajter-Toth.34 It will be necessary to find 

out the real surface area of the Au electrode for the calculation of the film thickness. ·me 

roughness factor of a surface is defined as the ratio of the real surface area to the 

geometric area. According to the values reported by Oesch and Janata,40 the roughness 

factor of the Au electrode used in this work is about 3.6. Taking the roughness factor 

into account, the capacitance of the bare Au electrode would be 22.9 µF/cm2• a very 

reasonable number. The capacitance of the self-assembled Au electrode taking the 

roughness factor into account is 6.9 µF/cm2• 1l1e thickness of the self-assembled layer 

on Au is calculated from the follo\\ing equation:•• 

(31) 

where C is the capacitance per unit area; e0 _ the permittivity of the vacuum (8.85 x I 0·14 

60 



F /cm); d, the film thickness; and c,. the relative dielectric constant of the film. In this 

work, the reported relative dielectric constant of hydroxy thiols (c, = 3.0)4 1 is used in 

equation 3.2 to determine the film thickness d. TI1e calculated value of the film thickness 

is 3.8 A. Consequently, the film thickness dctem1incd from equation 3.2 is much smaller 

than the value (I 0. 76 A) calculated by the covalent radii of atoms and the chain tilting. 

A similar observation has been reported by Cheng and Brajter-Toth.34 The short chain 

length of the film could be a part of the reason. It has been reported that as the chain 

length decreases, the structure becomes increasingly disordered with lower packing 

density and coverage.38 A large deviation from the structural model has been observed 

in short chains. Also, there is a possibility that the electrode capacitance of hydroxythiol 

may not be used for the calculation for determining the thickness of the film developed 

in this work. The ratio ofCimodified Au)/Cibare Au) is 0.30. Reduced back ground 

current is desirable for analytical sensor sensitivity. Faradaic currents also will be 

reduced at modified electrodes. As seen in Figure 3-2(b) through (e), the Faradaic 

currents for electrochemically oxidizable inf erants such as ascorbic acid. uric acid and 

acetaminophen are decreased dramatically at the modified electrodes. while the 

sensitivitv for F CA is decreased to a much lower extent. TI1is shows that the film • C 

prepared \\ith 3-MPS on Au selectively suppresses Faradaic currents. However. it is not 

clear whv the Faradaic current of F CA is least suppressed among molecules tested 
• C 

above. The Eo- of 332 mV vs Ag/AgCI is obtained for FcCA from Figure 3-2 (e). 

b. Preparation of ferrocene-containing mediator complex 
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Ferroccnecarboxylic acid (F,CA) is chosen as a mediator for glucose 

oxidation employing glucose oxidase because it has a carboxylatc functional group. 

which can be covalently bound with amines to fonn amide bonds. In fact, F,CA is a 

more efficient mediator than ferrocenc (F,) or I, I '-fcrroccnedicarboxylic acid (F,DCA) 

according to the work by Cass ct al. 1 Nickcloccne has been investigated as an 

electrochemical mediator in GOx amperometric electrodes, because it has a lower 

potential than ferroccne.42 However, the electron transfer rate constant for nickclocene 

is much smaller than that of fcrroccne. 43 Additionally, nickclocene is not very soluble 

in pH 7.4 buffer solution. The flexibility of the mediator complex is extremely important 

for efficient mediation. Therefore, F,CA is immobilized onto the water soluble 

polyallylamine matrix (See Figure 3-3). TI1e degree of F,CA immobilization onto 

polyallylamine is detennined by employing NMR. As sho,\n in Figure 3-5. the protons 

of the methylene groups attached to ferrocenecarboxamide are shifted do,\nfield by o 0.3 

ppm from the protons of the methylene groups attached to the unmodified amino groups 

(o 3.0 ppm). This is obviously from the carbonyl groups. which withdraw electrons. By 

integrating the number of the methylene protons. the ratio of I :7.2 (q:p) of fcrrocene 

modified to unmodified monomeric units is obtained (Sec Figure 3-3). TI1e peaks at o 

1.1-3.4 ppm correspond to the methylene or methynyl groups of polyallylamine. The 

peaks at o 4.0-4.5 ppm correspond to the cyclic pcntadienyl groups of ferrocene. The 

peaks at o 7.2-7.6 ppm correspond to the amino groups of polyallylamine. The 

concentration off, in the solution of the mediator complex is detennined by employing 
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Figure 3-5. Proton NMR spectnDn of the ferrocene-immobilized polyallylamine. 
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atomic absorption spectroscopy (See Figure 3-6). The monochromator is set at 248.30 

nm. Taking the dilution factor into account, the Fe concentration of 8.07 mM in the 

solution of the mediator complex is obtained. 

c. The sensor performance and its oxygen dependence 

Two typical cyclic voltammograms of catalytic responses of the glucose 

sensor are shown in Figure 3-7. Upon addition of glucose, the increase of the anodic 

current is caused by the regeneration of fcrrocene (the reduced fonn) resulting from the 

reaction of ferricinium (the oxidized fonn) with F ADH2 according to the following 

reactions: 

GOx (FAD) + glucose + H20 GOx (F ADH2) + gluconolactone (33) 

GOx (F ADH2) + 2 ferricinium GOx (FAD) + 2 ferrocene (3.4) 

Titis behavior is particularly apparent at the slower scan rate. A steady-state response for 

glucose is measured at the potential of +400 m V vs Ag/ AgCI, where the response 

reached a plateau. Although the self-assembled layer on Au electrodes is helpful for the 

elimination of the signal from interferants, the ascorbate signal is still high [ I 35(± 7) 

nA/0.l mM on bare Au; 7.5(±0.5) nA/0.l mM on 3-MPS modified Au. n=5]. Ascorbate 

oxidase (AOx) is employed to convert ascorbate into an electrochemically inactive form 

and its use has been reported.44 The signal from ascorbate becomes virtually zero after 

coimmobilizing AOx along with GOx. Oxygen is the natural oxidant for GOx, and it 

competes with mediators and attenuates the amperometric signal of sensors. Its 

interference is shown in Figure 3-8. Where there is no oxygen-diffusion limiting layer 
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Figure 3-6. The determination of ferrocene content in the mediator complex 
using atomic absorption spectroscopy. Standard addition method is employed 
to minimize the matrix effect. Absorption wavelength is set at 248.30 nm. 
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Figure 3-7. Current-voltage characteristics of the ferrocene-based glucose sensor. 

The sensor is covered with a dialysis membrane (molecular cutoff, 2000). Scan 

rate= 10 m V /s. A, no glucose; B, 30 mM glucose in the absence of oxygen in pH 

7.4 PBS at room temperature. 
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Figure 3- 8 Sensitivities for glucose. The potential was applied at +400 m V vs Ag/ AgCl 
in pH 7.4 PBS. Sensor A: The sensing layer was coated with polyurethane and 
measurements were made under air (v) and under Sensor B: The sensing 
layer was coated with Eastman AQ-55D, poly-L-lysine and polyurethane and 
measurements were made under air (o). 
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(Sensor A), low glucose sensitivity is observed in the presence of oxygen at low glucose 

concentrations. This is because of the strong competition with ferrocene for reoxidation 

of GOx at low glucose concentrations, resulting in a substantial decrease in the catalytic 

amperometric response. The ratio of F /GOx is about 25.8. Not considering the swelling 

of the mediator complex or GOx, the Fe concentration in the sensing layer is about 2.7 

mM, which is higher than that of oxygen in air-saturated condition (approximately 0.24 

mM). Therefore, the strong oxygen competition is due to the fact that the mobility of Fe 

is significantly confined by covalent linkages. In the absence of glucose, there is no 

competition between oxygen and ferrocene, resulting in higher sensitivity for glucose at 

low glucose concentrations. The sensor performance (Sensor B) is improved by applying 

Eastman AQ-55D and poly-lysine. Eastman AQ-55D is negatively charged and poly-

lysine is positively charged. The electrostatic barrier between Eastman AQ-55D and 

poly-lysine cuts down oxygen transport, resulting in improved sensitivity at low glucose 

concentrations. Although hydrogen peroxide is oxidized much readily on Pt than on Au, 

there is some oxidation of hydrogen peroxide on Au at +400 m V vs Ag/ AgCI. 

Therefore, there will be some contribution by hydrogen peroxide oxidation to overall 

sensitivity to glucose in the presence of oxygen. The sensitivity of the modified Au 

electrode to hydrogen peroxide is 0.1 (±0.02) nNmM (n=4). Urate and acetaminophen 

are major interferants (See Table III-I). In addition, since ascorbate oxidase requires 

oxygen as a co-substrate, ascorbate can be a potential interferant at low oxygen levels. 

The long term operational stability of the sensor is an important criterion for continuous 
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Table 111-1. The characteristics of ferrocene-based glucose biosensors (Sensor B8, 

n=S). 

Linearity: 10 mM glucose 

Sensitivity: 0.65(±0.4) nA/mM glucose 

Interferants: 

ascorbate: ~ 0 nA/0.1 mM 

urate: 0.05(±0.01) nA/0.l mM 

acetaminophen: 1.2(±0.2) nA/0.1 mM 

% error' 

0 

7 

34 

a Au electrodes were modified with 3-mercaptopropyltrimethoxysilane. GOx and AOx 

were coimmobilized for glucose sensing and ascorbate elimination. Measurements were 

performed at +400 mV vs Ag/AgCl in pH 7.4 PBS solution at 37°C. 

b Values are calculated assuming the nonnal glucose level is 5.5 mM and maximum 

physiological levels are; ascorbate (0.1 mM), urate (0.5 mM) and acetaminophen (0.1 

mM). 
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in vivo measurements. The sensor loses its sensitivity by ~20% under continuous 

operation for an hour. It has been reported that either fcrrocenecarboxylic acid or 

ferroceneacetic acid is not suitable for use in an amperometric sensor because of the poor 

stability of ferricinium form of the mediator in neutral aqueous solution.45 •46 It is 

suspected that the poor stability of ferricinium form is in part due to the low solubility 

for Fe(OH)3 (l<sp ~1.lxl0·36). 

4. Conclusion 

The glucose biosensors based on ferrocenecarboxylic acid as a mediator arc 

developed. The high redox potential of ferrocenecarboxylic acid (E°' = 332 m V vs 

Ag/ AgCI) mandates the use of an applied potential higher than its E0'. Electrochemically 

active endogenous species are oxidized at high applied potentials. The Au electrode is 

self-assembled with 3-MPS to prepare a extremely thin film yet more stable than normal 

alkylmercaptans through the lateral polymerization of -Si-O-Si- to solve the problem of 

electrochemical interferences. The presence of thin membrane is helpful for the 

elimination of interferants. Interference from ascorbate is completely eliminated by 

employing ascorbate oxidase. However, signals from urate and acetaminophen are still 

large compared with that of glucose. It will be possible to solve the problem of 

electrochemical interferences if a thicker film is employed. However, the rate of electron 

transfer between mediator molecules and the electrode surface exponentially decreases 

as the thickness of the film increases. Therefore, the idea of employing thin membranes 
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for mediator sensors may not be a viable approach. It can be concluded that mediators 

of low redox potential should be employed for oxidase-based sensors to solve the 

problem of electrochemical interferences. 
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Chapter4 

Gold Electrodes for Glucose Biosensors Based On Covalently Immobilized 

Thionine Mediator and Glucose Oxidase 

I. Introduction 

Oxidases are key biological elements in amperometric biosensors. Under normal 

conditions, glucose oxidase (GOx) selectively catalyzes the oxidation of glucose, 

consuming oxygen and producing hydrogen peroxide, which is measured 

electrochemically. The resulting current is then related to the concentration of glucose.' 

However, endo/exogenous oxidizable species, such as ascorbic acid, uric acid and 

acetaminophen, undergo oxidation easily at the fairly high operating potential required 

for the oxidation of hydrogen peroxide ( +0.6 V vs Ag/ AgCI). Furthermore, the 

measurements are affected by oxygen partial pressure, especially when the oxygen 

concentration is low or fluctuating. The problem can be partially solved by using a 

sensor oflow sensitivity, which is designed to depend less on oxygen partial pressure by 

controlling the diffusion of glucose toward GOx.2 A more satisfactory solution may be 

the use of artificial mediators in place of oxygen. The detection mechanism is illustrated 

in Figure 4-1. The strategy is to facilitate the electron transfer between the F AD/F ADH2 

centers (oxidized and reduced forms of the prosthetic groups) of GOx and the electrode 

surface by employing artificial mediators. A number of mediators have been used for 

oxidase-based glucose measurements: hydroquinonesulfonate. 3 3 ,5 ,3' ,5'-

76 



Au 
~x FAD X glucose 

GOx 

M0x F ADH2 gluconolactone 

Figure 4-1. The glucose detection mechanism based on glucose 
oxidase and mediators. 
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tetramethylbenzidine,4 Os,5•12 Co,13•14 Mn 15 and ferrocene and its derivatives 16•28 
' 

methylene green, 29 tetrathiafulvalene-tetracyanoquinodimethane (ITF-TN CQ). 30,31 The 

applied potential for the oxidation of mediators should be low enough not to oxidize 

interferants. However, ferrocene and its derivatives are oxidized at potentials higher 

than 0.3 V vs. Ag/AgCl. Cobalt octaethoxyphthalocyaninc is oxidized at higher than 

0.45 V vs Ag/AgCl. Manganese tetrakis(o-aminophenyl)porphyrin is oxidized at 0.4 V 

vs. SCE. Although methylene green has a low EO' value of -0.04V vs SCE, there arc no 

functional groups available for mediator immobilization. Recently, 4-[(3'-

carbohydroxypropyl)thio]-5-methylthio)tetrathiafulvalene, a derivative of ITF (E0' = 

0.13) was synthesized and covalently immobilized to GOx.32 The use of self-assembled 

monolayers has been suggested for blocking interferants.33 For long term measurements 

in vivo and to avoid toxicity resulting from mediator leaching, mediators must be 

immobilized. Since oxygen is a co-substrate for GOx, it will be necessary either to 

exclude oxygen from the GOx layer or make the mediation much more efficient than the 

direct oxidation of GOx by oxygen. Otherwise, a negative error is produced because the 

oxygen has a parasitic effect on the sensor response to glucose. 

Here we focus our attention on making glucose biosensors having the 

characteristics of both insensitivity to oxygen partial pressure and freedom from 

interferences. We have chosen thionine as a mediator for enzymatic glucose oxidation 

because of its low redox potential (E0' = -65 mV vs. Ag/AgCI at pH 7.4) and itsk'0 ,.Jor 

the oxidation of GOx comparable to ferrocene {k'0 ,.r (thionine) = l.6xl0"' M·1s·1; k~,., 
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(ferrocene) = 2.5xl04 M·1s·1; k'ohs, bimolecular rate constant for the oxidation of FADH2 

by mediators}.34 For in vivo glucose measurements, both mediators and GOx should be 

immobilized. Here we report the immobilization of GOx and thionine, the sensitivity of 

the resulting sensor, its oxygen-dependence, freedom from electrochemical interferences 

and operational stability. 

2. Experimental Section 

a. Chemicals: Thionine was purchased from Fisher (Pittsburgh, PA) and 

recrystallized with ethyl acetate before use. High-purity glucose oxidase (type VII, 

Aspergillus niger, EC 1.1.3.4 ; 236 units/mg) was obtained from Biozyme Laboratories 

International Ltd. (San Diego, CA). Ascorbate oxidase (from Cucurbita species, EC 

1.10.3.3, 197 units/mg) and catalase (from bovine liver, EC 1.11.1.6, 20000 units/mg) 

are purchased from Sigma (St. Louis, MO). l-Methyl-2-pyrrolidinone, diglycolic 

anhydride, ethyleneglycoldiglycidyl ether (EGDE) and polyallylamine (average M.W. 

= 8,500 ~ 11,000) were purchased from Aldrich (Milwaukee, WI). All buffer solutions 

were prepared with water from a Barnstead Nanopure II System (Rochester, NY). 

Phosphate-buffered saline (PBS), pH 7.4, was prepared from phosphate salts (0.1 M) and 

sodium chloride (0.15 M) with sodium azide (0.1 g/L) as a preservative. L-Ascorbic acid 

and acetaminophen were purchased from Sigma (St. Louis, MO). Uric acid was 

purchased from Aldrich (Milwaukee, WI). These interferant solutions were prepared 

immediately before use, as they are subject to oxidative decomposition in solution. o-
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glucose (from Sigma) solutions were allowed to mutarotate for 24 hours before use. 

Polyurethane (SG 85A) was obtained from Thermedics, Inc. (Woburn, MA). l-Ethyl-3-

(3-dimethy laminopropy l)carbodiimide hydrochloride (EDC) and N-

Hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Pierce (Rockford, IL). 

Eastman AQ-55D, 28% dispersion in water was purchased from Eastman Kodak Co. 

(Rochester, NY). Poly-L-lysine hydrobromide (M.W. > 300,000) was purchased from 

Fluka (Ronkonkoma, NY). Hydrogen peroxide 30% solution was purchased from Fisher 

(Fair Lawn, NJ) and standardized with 1.0 N KMnO4 solution, purchased from Aldrich 

(Milwaukee, WI). 

b. Apparatus: Amperometry was performed by using a Bioanalytical Systems, 

Inc. (W. Lafayette, IN), Model LC4A Amperometric Detector. Current-time curves were 

recorded on a Kipp and Zonen (Holland), Model BD 40 Strip-Chart Recorder. Cyclic 

voltammetry was performed by using a Cypress Systems, Inc. (Lawrence, KS), Model 

CS-1090. Absorption spectra were recorded by using a UV-Visible Recording 

Spectrophotometer, Model UV-160 (Shimadzu Corporation, Kyoto, Japan). H1-NMR 

spectra were measured with a Bruker Instruments, Inc., Model Bruker AM-500 

(Billerica, MA). 

c. Indicating electrode: The gold disk electrode (from Aldrich, 0.5 mm o.d., 

0.196 mrn2 area) was fabricated by sealing gold wires (from Johnson Matthey, Ward Hill, 

MA) into soft glass. These gold disks were polished successively on billiard cloth with 

0.3- and 0.5-µm alumina (Buehler Co., Lake Bluff, IL). The Au electrode was pretreated 
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by dipping into hot H2O2:H2SO4 (1: 10) for IO seconds. Ca11tio11! A solution of H2O2 in 

H~O4 is a very strong oxidant. It should be handled with extreme care. Copious rinsing 

with deionized water and drying with air followed. 

d. Thionine-derivatized polyallylamine: Thionine (0.5 g, 1. 74 mmol) was 

dissolved in 3 mL of 1-methyl-2-pyrrolidinone by stirring at room temperature in the 

dark for 2 h. Upon dissolution, 0.1 g (0.86 mmol) of diglycolic anhydride was added at 

once to the stirred thionine solution and the temperature was raised to 40°C with an oil 

bath. After 24 h of stirring at 40°C in the dark, the reaction product was precipitated in 

50 mL of cold, well-stirred distilled water. The precipitate is washed with pH 4.5 buffer 

solution and dried in vacuo overnight. Then, the derivatized thionine (THDG) was 

purified by silica gel column chromatography (methanol/ethyl acetate/H2O/ammonium 

acetate;80/100/20/3;v/v/v/w) and recrystallized in methanol. Proton NMR (DMSO-d6): 

o (ppm) = 6.5-6.8 (doublet, 2H), 7.2-7.5 (m, 4H), 4.1-4.4 (m, 4H). The molar 

absorptivity ofTHDG is 33,200(±400) M·'cm·' (n=5) at 601 nm. To immobilize THDG 

onto polyallylamine, 0.2 g ofTHDG was dissolved in 5 mL of pH 7.0 phosphate buffer 

solution and polyallylamine (0.05 g) was added and mixed for 1 h. EDC (0.5 g), and 

Sulfo-NHS (0.1 g) were added and run at room temperature overnight. The reaction 

scheme is described in Figure 4-2. Sulfo-NHS has been reported to greatly enhance the 

yields of water soluble carbodiimide couplings.35 The resulting product was purified by 

dialysis (from Spectrum Medical Industries, Inc., Houston, TX. molecular weight cutoff, 

2000) in distilled water and concentrated to 2 mL. 
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Figure 4-2. The scheme for the preparation of thionine derivatized 
polyallylamine. 
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e. Sensor fabrication: A solution mixture of 10 µL of 5% (w/v in water) GOx 

and 10 µL of thionine-derivatized polyallylamine was prepared. EGDE (1 µL) was 

added, mixed and allowed to react overnight to fonn a gel. The reaction in the mixture 

is described in Figure 4-3. Using a microsyringe, 2 µL of this solution was delivered to 

the Au electrode, and the electrode was dried in air. To eliminate the interference from 

ascorbate, 10 µL of 2% (w/v in water) ascorbate oxidase was added to the solution 

mixture above. For mass transport limiting layer, 4% (v/v) aqueous solution of Eastman 

AQ-55D and 2% aqueous solution of poly-L-lysine were applied and dried. The resulting 

layer was coated 2% (w/v) polyurethane dissolved in tetrahydrofuran. The schematic 

drawing of the sensor is shown in Figure 4-4. The prepared sensors arc kept in pH 7.4 

PBS at least overnight before measurements. 

f. Electrochemical measurements: A two electrode system employing a working 

and reference/counter electrode was used for electrochemical measurements. A Ag/ Ag Cl 

reference electrode, which also served as a counter electrode, was made by anodizing 

silver wire (0.25 mm o.d.) in 2 M KCl solution at a constant current of 0.1 mA for 10 

minutes. The sensor was dipped into a cell containing 10 mL of stirred PBS solution. pH 

7.4, 37°C, and the potential of +230 mV vs. Ag/AgCl was applied for the amperometric 

glucose detection. When necessary, oxygen was removed from the working solution by 

purging with argon for 30 min. To measure oxygen concentrations, the potential of -600 

m V vs Ag/ AgCl was applied. 
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Figure 4-3. The general reaction of ethyleneglycoldiglycidyl ether with amines. 
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Figure 4-4. The schematic drawing of sensor constituents. 
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3. Results and Discussion 

a. The derivatization and immobilization of thionine 

Cyclic voltammetry is performed for thionine. At pH 7.4, the redox 

reaction ofthionine shows two electron transfer and Eo- of-65 mV vs Ag/AgCI. TI1is low 

E0' is very important for successful glucose measurements in the presence of intcrfcrants 

because the potential applied to sensors should be low enough not to oxidize interfcrants. 

The electrochemistry of self-assembled thionine on gold has been reported.36 To increase 

the mediator content and to solve the problem of mediator leaching, polyallylaminc is 

used as a matrix for the covalent bonding of thionine. Although glutaraldehyde was used 

for preparing the GOx-thionine complex, the resulting complex showed very slow 

electron transfer probably because of the relatively rigid structure of the complex 

resulting from crosslinking, which tends to deactivate the enzyme and limit the mobility 

of the mediator (Unpublished result). Although thionine has two aromatic amino groups, 

attempts to modify GOx with thionine by using EDC and NHS for the activation of 

carboxylic groups have been unsuccessful, probably because the aromatic amine group 

of thionine is a poor nucleophile.34 Therefore, in this work, thionine is derivatized to 

have a functional group available for covalent immobilization, a carboxylate group, 

which then can be activated for the formation of amide bond with amino groups of 

polyallylamine. To make thionine accessible close to the prosthetic groups of GOx, only 

one of the amino functions of thionine is derivatized. To minimize the derivatization on 

both sides of thionine, the amount ofthionine was added in excess in the reaction vessel 
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compared to that of diglycolic anhydride. Diglycolic anhydride is very reactive toward 

amino groups forming amide bonds and leaves carboxylic acids, which are not reactive 

to amino groups unless activated. 1-methyl-2-pyrrolidinone was used as a polar aprotic 

solvent, which tends to stabilize the carboxylic groups by formation of strong hydrogen-

bonded complexes, thereby driving the reaction in the forward direction (See Figure 4-

2). 37 The degree of thionine immobilization onto polyallylamine is determined by 

employing NMR. The protons of methylene groups attached to the amides formed from 

THDG are shifted downfield by o 0.4 ppm from the protons of unmodified amino groups 

(o 2.8 ppm). This is obviously from the carbonyl groups, which withdraw electrons. By 

integrating the number of methylene protons, the ratio of 1 :2.5 (n:m) of thionine 

modified to unmodified monomeric units is obtained (See Figure 4-2). The 

concentration ofthionine is determined by employing UV-Visible spectrophotometry. 

The absorption is measured at 601 nm. The thionine concentration of 21.0 (±0.5) mM 

in the solution of the mediator complex is obtained. The control reaction between 

polyallylamine and THDG performed in the absence of EDC and sulfa-NHS coupling 

reagents yields no detectable mediator reaction with polyallylamine following dialysis, 

indicating that THDG does not adsorb electrostatically to polyallylamine. Gold is used 

as an electrode material because of its low sensitivity to H20 2, which can be produced 

in the enzymatic oxidation of glucose in the presence of 0 2• 

b. Sensor constituents 

The glucose biosensor has two layers: the glucose sensing layer and the 
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mass transport limiting layer (Figure 4-4). The glucose sensing layer is comprised of 

GOx and thionine-derivatized polyallylamine. Although each GOx has 30 lysine 

residues, direct immobilization of mediators onto GOx results in a decrease in enzyme 

activity and extreme conditions are required to achieve significant levels of 

immobilization.34 Therefore, we chose not to modify GOx but to employ a polymer 

matrix, polyallylamine, for the mediator immobilization, which may minimize loss of 

enzyme activity and may increase the mediator content in the sensing layer. GOx and 

the mediator complex are immobilized using ethylene glycol diglycidyl ether (EGDE). 

EGDE reacts primarily with amino groups and it is chosen because it is much less 

reactive than glutaraldehyde. The ratio of thionine/GOx is about 67. 1l1in layer 

chromatography (TLC) shows that EGDE does not react with the amino groups of 

thionine in aqueous solution at room temperature. Eastman AQ-55D, a poly(ester 

sulfonic acid) cation exchanger and poly-L-lysine are used for limiting oxygen transport. 

Eastman AQ-55D has been used for coating the enzyme layer in a number of mediator 

based biosensors. 10•26•27 The polymer is obtained as a homogeneous dispersion; when 

dried, the polymer coating is not water-soluble. Because the polymer is cast from an 

aqueous dispersion, and not from an organic solvent, enzyme activity is easily 

maintained on coating. The material improves the performance of the sensor through the 

exclusion of anionic interferants. Two tightly electrostatic interfaces among polycationic 

polyallylamine, polyanionic Eastman AQ-55D and polycationic poly-L-lysine reduce the 

O/glucose permeability ratio. However, Eastman AQ-55D coating and poly-L-lysine are 
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not mechanically strong. Therefore, polyurethane (2%) is employed for the outermost 

coating. It is mechanically strong and controls the diffusion of glucose to increase the 

linearity of the sensor.2 

c. The sensor performance and its oxygen dependence 

Figure 4-5 represents two typical cyclic voltammograms of catalytic 

responses. Upon addition of glucose, the increase of the anodic current is caused by the 

regeneration ofleuco-thionine (the reduced form) resulting from the reaction of thionine 

(the oxidized form) with F ADH2 producing FAD according to Scheme I: 

Scheme 1 

GOx(F AD) + glucose + H20 --+ 

GOx(F ADH2) + thionine --+ 

GOx(F ADH2) + gluconolactone 

GOx(F AD) + leuco-thionine + H• 

(4.1) 

(42) 

Since two protons are involved for the oxidation of F ADH2 and only one proton is 

involved for the reduction of thionine into leuco-thionine (thionine + H· + 2e· - leuco-

thionine) in neutral solution, protons are produced as a result of the enzymatic reaction 

involving thionine as a mediator. Although the E0' of thionine is heavily dependent on 

pH,38 the system is well buffered and pH changes in the system will be negligible. 

A steady-state response for glucose is measured at the potential of+ 230 m V vs 

Ag/ AgCI. The reduction of 0 2 occurs at potentials lower than +60 m V vs Ag/ Ag Cl. 

while the reduction of H20 2 occurs at potentials lower than +220 mV vs Ag/AgCl. 
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Figure 4-5. The cyclic voltammograms of enzymatic oxidation of glucose mediated 

by covalently immobilized thionine. The sensing layer was covered with a dialysis 

membrane (molecular cutoff, 2000). Scan rate, 5 mV/s; pH 7.4 PBS room 

temperature under argon. A, no glucose; B, 30 mM glucose. 
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Therefore, at the potential of +230 mV vs Ag/AgCl, the sensor is completely insensitive 

to direct 0 2 reduction or Hi Di oxido-reduction. This is very important because once 

consumed by the enzymatic oxidation of glucose produ.;ing hydrogen peroxide, oxygen 

cannot be regenerated through the oxidation of hydrogen peroxide at the electrode 

surface as given below. 

(43) 

Therefore, oxygen concentration decrease in the proximity of the sensing layer in the 

presence of glucose is beneficial for effective mediation. As seen in Figure 6. sensor A 

without a sufficient oxygen limiting layer exhibits low glucose sensitivity in the presence 

of oxygen at low glucose concentrations. A similar phenomenon has been observed in 

case of a ferrocene28 and in an osmium mediated glucose biosensdr. This initial 

nonlinear response is explained by the strong oxygen competition with the mediator for 

reoxidation of GOx at low glucose concentrations, resulting in a substantial decrease in 

the catalytic amperometric response. The free, fully reduced glucose oxidase reacts with 

oxygen39 at rate of about 2xl 06 M·1sec·1 and with free thionine 34 at a rate of about l .6x 1 O 4 

M·1sec·1• After the immobilization of thionine, the k'0 b, will probably be still smaller. 

In addition, the direct oxidation ofleuco-thionine by oxygen is very probable. Therefore, 

the removal of oxygen in the sensing layer is the key for successful glucose 

measurements independent of oxygen partial pressure. With increasing glucose 
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concentrations, oxygen is depleted within the glucose sensing layer and the GOx is 

mainly reoxidized via the mediator, resulting in higher sensitivities for glucose. An 

assessment of mediators as oxidants for glucose oxid,1se in the presence of oxygen has 

been well discussed.40 In the absence of oxygen, there is no competition between 

oxygen and mediator, resulting in higher sensitivity for glucose at low glucose 

concentrations. It is observed that upon glucose injection, the steady-state is reached 

faster under argon than under air. The linear response range of sensor A in the absence 

of oxygen is estimated from a Michaelis-Menten analysis of the glucose calibration curve 

in Figure 4-6. The apparent Michaelis-Menten constant (KM') can be determined from 

the electrochemical Eadie-Hofstee formulation: 41 

(4.4) 

where j is the steady state current, jmax is the maximum current measured under 

conditions of enzyme saturation, and C is the glucose concentration. The KM' can be 

obtained from the slope of the plot ofj vsj/C from Figure 4-7. The KM. of sensor A in 

the absence of oxygen is 10. 7 mM. The sensor performance is significantly improved 

by applying poly-L-lysine (Sensor B). The~- of sensor Bis 17.9 mM. The additional 

electrostatic barrier between Eastman AQ-55D and poly-L-lysine cuts down oxygen 

transport, resulting in improved linearity in the low glucose concentration region. The 

sensors show good linearity at least up to 15 mM glucose with a sensitivity of 3.0(±0.7) 
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Figure 4-6. Sensitivities for glucose in the presence or absence of 
oxygen. Sensor A: The sensing layer was coated with Eastman 
AQ-55D and polyurethane and measurements were made under argon 
( •) and under air (.A). Sensor B: The sensing layer was coated with 
Eastman AQ-55D, poly-L-lysine and polyurethane and measurements 
were made under The potential was applied at +230 mV vs 
Ag/AgCl in pH 7.4 PBS. 
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nA/mM (n=5). It is observed that the background current is related to the amount of 

mediator loaded on Au electrodes; the more the mediator, the higher the background 

current. No interference from uric acid or acetaminophen is observed. The half wave 

potentials for uric acid and acetaminophen are +330 mV and +400 mV vs Ag/AgCI, 

respectively.42 However, it is not possible to eliminate the interference from ascorbic 

acid at the potential of +230 mV vs Ag/AgCl because of its low E0 ' (about -130 mV vs 

Ag/AgCl).43 The sensitivity of the sensor to ascorbic acid is 4.2(±0.5) nNmM (n=5). 

The response for ascorbic acid is 27(±2) nA/mM (n=5) at bare gold electrodes. The 

relatively small response for ascorbic acid in the sensor is due to the influence of the 

negatively charged Eastman AQ-55D, which tends to retard negatively charged species. 

Nevertheless, the signal from ascorbic acid is fairly large compared with the signal from 

glucose. Therefore, ascorbate oxidase (AOx) is employed at the sensing layer. 

Ascorbate becomes electrochemically inactive by AOx according to the following 

reaction. 44 

Ascorbate + ½02 -+ dehydroascorbate + H20 (45) 

Unlike other oxidases, the oxidation product is water instead of hydrogen peroxide. 

Consuming oxygen during reaction is an important advantage for the sensor 

performance. When AOx is co-immobilized, the ascorbate signal becomes virtually zero. 

d. Sensor stability 
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The stability of the sensor is disappointing. Upon glucose injection, the 

current rises and then decays steadily. The time to 50% loss in current under continuous 

operation under argon is about 2 and a half hours. The sensor is more stable in a 

deoxygenated system than in oxygen-saturated system. This suggests that the instability 

may be related to the H20 2 produced by the enzyme in the presence of oxygen and 

glucose. Mixing thionine (deep blue) with H20 2 overnight resulted in a yellow solution 

consistently. UV-Vis study shows that the absorption peak at 598 nm, which is the 

characteristic peak of thionine in water, disappears after the reaction with hydrogen 

peroxide. Instead, a new peak appears at ~340 nm. The disappearance of the absorption 

peak at 598 nm is an indication of the disruption in the aromatic system of thionine. It 

has been reported that phenothiazines can be oxidized to sulfoxides or sulfones by 

hydrogen peroxide,45 and the amino groups of thionine can be hydrolyzed into 

corresponding alcohols.46 To further clarify the reaction between thioninc and hydrogen 

peroxide, mass spectrometry is employed. Figure 4-8 shows the mass spectrum of the 

reaction product(s). The proposed reaction mechanism illustrated in Figure 4-9. Since 

the reaction is run in aqueous solution, it is not clear which reaction occurs first. the 

oxidation ofthionine by hydrogen peroxide, or the hydrolysis of thionine by water. The 

formation of sulfoxide renders the increase in molecular weight by I 6. The protonation 

at nitrogen of the ring in the middle is noticed, which renders the increase in molecular 

weight by I. The hydrolysis of two amines renders the increase in molecular weight by 

2. From the appearance of the molecular ion (M+Hr of m/z = 248, it is noticed that the 
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Figure 4-8. The mass spectrum of the product(s) resulting from the reaction between 

thionine and hydrogen peroxide. Chemical ionization with ammonia was used to 

minimize fragmentation. 
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Figure 4-9. The proposed reaction mechanism between thionine and 
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formation of sulfoxide on sulfur of thionine occurs. The fragmentation of m/z = 214 

supports the formation of sulfoxide (See Figure 4-9). The potential of -400 m V vs 

Ag/AgCl was applied to the sensor to attempt to reduce sulfoxides back to the native 

thionine and recharge the sensor. And potentials were scanned between -400 m V to +400 

mV vs Ag/AgCI and no electrochemistry was observed. Therefore, the deactivation of 

thionine seems to be a part of the cause of the sensor sensitivity loss. However, it is still 

not possible to exclude the possibility of sensitivity loss from the mediator leaching. It 

has been reported that the instability of glucose biosensors with covalently immobilized 

TTF is due to the oxidation on sulfur of TTF.32 To decompose hydrogen peroxide, 

catalase is employed. Catalase catalyzes the following reaction:47 

-+ (4.6) 

When catalase is co-immobilized in the sensing layer, the stability of the sensor is 

slightly improved. The period of 50% loss in current under argon is about 3 hours. The 

sensor output depends on several factors; a) the rate of glucose flux through outer 

membrane, b) the activity of GOx, c) the activity of mediator and d) the electric 

communication among GOx, mediator and electrode surface such as direct electron 

transfer, electron tunneling and electron hopping. We have been successful in 

developing oxygen-based glucose biosensors with stable response for more than 2 weeks 

under continuous operation.48 In those sensors, GOx is immobilized in excess by 
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crosslinking and polyurethane is employed to control the transport of glucose. The 

overall sensor output is then controlled by the flux of glucose through the outer 

membrane rather than the enzymatic reaction because the enzymatic activity far exceeds 

the glucose supply. Obviously for mediator-based sensors, the sensor output is decided 

by all of the factors listed above. The stability of the osmium complex based glucose 

sensor has been improved by overcoating the sensing layer to attenuate the glucose 

flux. 9·io However, the above idea should be carefully applied because of the strong 

oxygen interference at low glucose concentrations. 

4. Conclusion 

To achieve glucose measurements with both freedom from electrochemical 

interferences and independence of oxygen partial pressure, a new glucose biosensor with 

covalently immobilized thionine on polyallylamine matrix is developed. The potential 

applied (+230 mV vs Ag/AgCI) for the oxidation of mediator is low enough to avoid 

direct oxidation of electroactive interferants except for ascorbic acid. The interference 

from ascorbic acid can be reduced or eliminated by employing appropriate permselective 

membranes. However, the immobilized thionine cannot effectively compete with freely 

diffusing oxygen for the reoxidation of F ADH2• Therefore. the loss of sensitivity for 

glucose in the presence of 0 2 especially at low glucose concentrations must be 

minimized both by achieving fast mediation and by lowering 0 2 levels in the glucose 

sensing layer using an appropriate membrane. Since mediators can react with 
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electroactive species, the effect of homogeneous redox reactions between mediators and 

electroactive species in the medium must be investigated. For long-term glucose 

measurements, extremely robust mediators in both oxidized and reduced states must be 

found. 
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Chapter 5 

The Development of PotentiaUy Implantable High Performance Microbiosensors 

based on Oxidases and TTF-TCl~Q Mediator 

I. Introduction 

Our ultimate interest has been in developing oxidase-based biosensors for 

continuous monitoring of physiologically important molecules such as glucose, 

glutamate and lactate. Glucose oxidase (GOx) is the most available enzyme among 

oxidases and it is well characterized. Therefore, GOx is used as a representative oxidase 

in this work. It will be never possible to over-emphasize the importance of the 

continuous glucose measurement in brain or subcutaneous tissues because glucose is the 

major source of energy for vertebrates.• Glutamate also is an important molecule because 

it is one of the principal neurotransmitters in the mammalian brain and has consequently 

been the subject of considerable physiological interest.2•5 Therefore, it will be necessary 

to develop glucose and glutamate biosensors. The level of glutamate in brain is much 

lower than that of glucose. This presents an interesting analytical challenge. Various 

detection methods for glutamate and glucose have been developed for understanding its 

function in the central nervous system (CNS). High performance liquid chromatography 

(HPLC) has been widely used to determine various biocompounds by combining it with 

microdialysis sampling and derivatization.6•7•8 This method is capable of achieving a low 

detection limit with a small sample volume. However, it requires time for the 
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derivatization and column separation. Therefore, real-time measurement techniques 

employing biosensors have attracted much attention because the time resolution is much 

better than that of HPLC combined with microdialysis sampling. 

Enzyme-based sensors have been developed for monitoring glutamate and 

glucose releases in CNS. The strategy is based on the immobilization of oxidases. 

Glutamate oxidase (EOx) selectively catalyzes the oxidative dcamination of glutamate 

according to the following reaction in the presence of oxygen: 

glutamate + 0 2 (5.1) 

A fiber optic sensor measuring the changes in pH, which is induced by the production 

of ammonia as a result of the enzymatic reaction has been developed for glutamate 

measurements. However, its response time ranges from 2 to 5 min.9 The 

electrochemical detection of hydrogen peroxide oxidation gives much faster response 

time. However, the measurements are affected by oxygen partial pressure and oxygen 

levels in the CNS fluctuate. Electrochemical interference from oxidizable species is 

another source of problem since a high potential should be applied for hydrogen peroxide 

oxidation (e.g. +600 mV vs Ag/AgCl). To eliminate interference from oxidizable species 

by applying a low potential to electrodes, the EOx/horseradish peroxidase (HRP)/Os 

poly(vinylpyridine) system has been reported. 10 Ho\vever, those two measurements 

systems above rely on oxygen. Under ischemic conditions, oxygen levels are very low, 
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and glutamate is released. 11 •12 Therefore, it will be necessary to develop sensors where 

response is independent of oxygen levels. The use of electrochemical mediators is an 

approach to solve the oxygen-dependence of oxidase-based sensors. However, for long 

term in-vivo measurements, mediators must be either immobilized or non-leaching. 

When mediators are covalently immobilized, their mobility is significantly confined, 

resulting in slow electron transfer between enzyme and mediators and between mediators 

and electrodes, again resulting in low sensitivity and slow sensor response. 

Tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) is an attractive 

mediator because of its low solubility in water, which enables its retention in the 

electrode, and meets the requirement oflow potential for its reoxidation. 13•14•15 The 

mechanism of electron transfer is not completely understood, but may involve 

homogeneous mediation by dissolved electrode components or heterogeneous redox 

catalysis involving a mobile surface species. 16·17·18 In this report, TTF-TCNQ is 

---- s "' / s -------> = < CN 
) -===< 

------- s / NC CN 

TTF TCNQ 

employed as the mediator for glucose biosensors. In addition, ascorbate oxidase is 

employed to eliminate the ascorbate interference. Ascorbate oxidase (AOx) has been 
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used to eliminate the interference from ascorbic acid. 13•19 Ascorbic acid becomes 

electrochemically inactive by AOx according to the following reaction: 

ascorbate + ½02 --> dchydroascorbate + H2O (53) 

What makes it possible to employ AOx is that unlike other oxidases, the reduction 

product of oxygen is H2O instead of H2O2• Herc we focus on various analytical criteria 

required for in vivo measurements, such as detection limit, electrochemical interferences, 

oxygen dependence, response time, and so on. 

2. Experimental 

a. Reagents and Materials: Tctrathiafulvalcne (TTF) and 

tetracyanoquinodimethane (TCNQ) were purchased from Aldrich (Milwaukee, WI). 

Glucose oxidase (type VII, Aspergillus niger, EC 1.1.3.4, 236 units/mg) was purchased 

from Biozyme (San Diego, CA). Ascorbate oxidase (from Cucurbita species. EC 

1.10.3.3, 197 units/mg) and bovine serum albumin (BSA) were purchased from Sigma 

(St. Louis, MO). All buffer solutions were prepared with water from a Barnstead 

Nanopure II System (Rochester, NY). Phosphate-buffered saline (PBS). pH 7.4. was 

prepared from phosphate salts (0.1 M) and sodium chloride (0.15 M) with sodium azide 

(0.1 g/L) as a preservative. L-Ascorbic acid. uric acid, dopamine and acetaminophen 

were purchased from Sigma (St. Louis, MO). These interferant solutions were prepared 
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immediately before use, as they are subject to oxidative decomposition in solution. 

Glucose, Nation (5% solution in a mixture of aliphatic alcohols and water) and 

glutaraldehyde were purchased from Aldrich (Milwaukee, WI). Poly-L-lysine 

hydrobromide (M.W. > 300,000) was purchased from Fluka (Ronkonkoma, NY). 

Hydrogen peroxide 30% solution was purchased from Fisher (Fair Lawn, NJ) and 

standardized with 1.0 N KMnO4 solution, purchased from Aldrich (Milwaukee, WI). 

Teflon-coated platinum/iridium (9/1) wire (0.178 mm o.d.) was purchased from Med wire 

Corp (Mount Vernon, NY). 

b. Apparatus: Amperometry was performed by using a Bioanalytical Systems, 

Inc. (W. Lafayette, IN), Model LC4A Amperometric Detector. Current-time curves were 

recorded on a Kipp and Zonen (Holland), Model BD 40 Strip-Chart Recorder. Cyclic 

voltammetry was performed by using a Cypress Systems, Inc. (Lawrence, KS), Model 

CS-1090 Electrochemical System. 

c. Sensor Fabrication 

(1) Indicating electrode: Figure 5-1 shows the schematic diagram of the 

biosensor. The sensing element is located 1.5 mm from the tip and has a cylindrical 

cavity of 1 mm in length. The electrode is a Pt/Ir (9/1) wire of 0.178 mm diameter (area. 

0.56 mm2). 

(2) Preparation ofTTF-TCNQ crystal: The sensing cavity of the Pt/Ir 

,vire was pretreated by dipping into hot H2O2:H2SO4 ( 1: 10) for 10 seconds. Caution: A 

solution of H2O2 in H2SO4 is a very strong oxidant. It should be handled with extreme 
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Sensing Compartment 

Epoxy 

Ascorbate Oxidase ( optional for 
sensor B) 
Mass transport limiting layer 
(polylysine, Nation) 

TTF-TCNQ and glucose oxidase 
Pt:lr wire 

Teflon 
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1.5 1 
0.178 o.d. 

44 3 

Figure 5-1. The diagram of the glucose sensors. Dimensions are given in 
millimeters. For the mass transport limiting layer. poly-L-lysine is used for 
sensor B, and both poly-L-lysine and Nafion are used for sensor C. No mass 
transport limiting layer is employed for sensor A. 
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care. Copious rinsing with deionized water and drying with air followed. Next, 2 µL 

of 10 mM TCNQ (in tetrahydrofuran) was dropped into the sensing cavity and dried. A 

2 µL aliquot of 10 mM TTF (in acetonitrile) was dropped into the sensing cavity and 

dried. After several minutes, when the film became completely dry, it was gently 

washed with plenty of acetonitrile to remove the loosely bound TTF-TCNQ crystals or 

the unreacted TTF or TCNQ. 

(3) Glucose sensor preparation 

(a) Sensor A: The TTF-TCNQ electrode above prepared was 

soaked in 5% (w/v) GOx overnight. After that, unadsorbed enzyme is rinsed away with 

water. 

(b) Sensor B: The TTF-TCNQ-GOx layer prepared as Sensor A 

was coated with 2%(w/v in water) polylysine and dried at room temperature. GOx was 

immobilized in 5% (v/v in water) glutaraldehyde for IO s. The excess glutaraldehydc 

was rinsed off with water. On top of the poly lysine layer. A Ox was immobilized as 

follows. A solution of 5µL of 5% (w/v in water) A Ox, 5µL of 2% (w/v in water) BSA 

and 1 µL of 5% (v/v in water) glutaraldehyde was prepared. A 1 µL aliquot of this 

solution was delivered on top of the poly lysine and dried in air. 

(c) Sensor C: The ITF-TCNQ-GOx layer prepared as Sensor A 

was coated with 2%(w/v in water) polylysine and dried at room temperature. GOx was 

immobilized in 5% (v/v in water) glutaraldehyde for IO s. The excess glutaraldehyde 

was rinsed off with water. The polylysine layer was coated with Nation and dried in air. 
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The prepared sensors are kept m pH 7.4 PBS at 4°C at least overnight before 

measurements. 

d. Oxygen sensor preparation: A platinum disk electrode (0.5 mm o.d., 0.196 

mm2 area) was fabricated by sealing platinum wire (from Johnson Matthey, Ward Hill, 

MA) into soft glass. This Pt disk was polished successively on billiard cloth with 0.3-

and 0.5-µm alumina (Buehler Co, Lake Bluff, IL). The Pt electrode was pretreated by 

dipping into hot H2O2:H2SO4 ( 1: 10) for IO s. The Pt disk electrode was anodized in 50 

mM 3-mercaptopropyltrimethoxysilane solution in pH 7.4 buffer:ethanol (6:4) solution 

for 4 h. During the process, the membrane of polysiloxane was prepared. The 

membrane was coated with 3% (w/v in tetrahydrofuran) polyurethane (from 1l1ermedics, 

Inc., Woburn, MA). The resulting oxygen sensor was two-point calibrated at zero and 

240 µM oxygen at an applied potential of -600 m V vs Ag/ Ag Cl. 

e. Electrochemical measurements: A two electrode system employing a working 

and reference/counter electrode was used for electrochemical measurements. A Ag/ Ag Cl 

reference electrode, which also served as a counter electrode, was made by anodizing 

silver wire (0.25 mm o.d.) in 2 M KC! solution at a constant current of 0.1 mA for 10 

minutes. The sensor was dipped into a cell containing 10 mL of stirred PBS solution. pH 

7.4, room temperature, and the potential of + 150 m V vs Ag/ AgCI was applied for 

arnperometric glucose detection. The oxygen concentration in the working solution was 

controlled with the flow rate of argon while measuring oxygen concentrations using an 

oxygen sensor at the potential of -600 m V vs Ag/ AgCI. 
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3. Results and Discussion 

a. Description ofITF-TCNQ based glucose sensors 

It will be very important to develop electrodes of optimal geometry for 

in vivo application. The sensor should be small so that the damage to tissue during 

implantation is minimal. It is attempted to prepare ITF-TCNQ crystals directly on the 

cylindrical surface of the Pt/Ir wire (See Figure 5-1 ). An electrode geometry using the 

disk tip of silver wire or carbon fiber has been reported. 13•20 To minimize the damage in 

brain tissue during insertion of sensors, it is desirable to be able to insert sensors without 

the use of a cannula. Disk tips are subject to damage during the insertion of sensors 

unless guided with needles. TCNQ dissolved in THF deposits on the Pt/Ir wire after 

drying the solvent. Upon dropping ITF (in acetonitrile), TCNQ slowly dissolves in 

acetonitrile and starts to grow TTF-TCNQ crystal trees. These crystals stick reasonably 

well to the Pt/Ir wire surface. The structure does not collapse during nomrnl handling 

unless the crystals are brushed off. In fact, powdery ITF-TCNQ crystals prepared by 

mixing ITF with TCNQ in solution do not stick to the Pt/Ir wire surface. The idea of 

usingITF-TCNQ paste with silicone oil may not be appropriate for the small sensors 

used in this work. It is observed that the ITF-TCNQ electrode is stable upon the 

successive cycling of the potential ranging from -I 00 m V to + 300 m V vs Ag/ Ag Cl. 

Figure 5-2 shows the cyclic voltammograrn of the ITF-TCNQ electrode. Glucose 

oxidase (GOx) is immobilized by adsorption and then crosslinking. It will be important 

to locate the enzyme molecules in close proximity to the ITF-TCNQ crystals for fast 
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response. That is why the TIF-TCNQ electrodes arc soaked in the glucose oxidase 

solution overnight. The adsorbed enzyme molecules and the polylysinc layer arc further 

stabilized by crosslinking using glutaraldehyde. 

b. Selection of applied potential 

The main reason for employing mediators for biosensors is to achieve 

both freedom from electrochemical interferences and independence of oxygen partial 

pressure. Freedom from electrochemical interferences can be achieved by applying a 

potential low enough not to oxidize interfcrants. It will be an important issue to find the 

right potential to apply. A potential of+ 150 m V vs Ag/ AgCl is chosen for glucose 

measurements. The current increases with increasing positive potential. But, 

interferants will be more easily oxidized at higher applied potentials. At + 150 m V vs 

Ag/AgCl, there is no oxidation or reduction of hydrogen peroxide and oxygen. This is 

very important because hydrogen peroxide is possibly produced and oxygen is consumed 

as a result of enzymatic oxidation of glucose in the presence of oxygen (Sec Equation 

5.2). In addition, at potentials higher than+ 150 mV vs Ag/AgCI, oxygen is regenerated 

through the oxidation of hydrogen peroxide at the Pt surface as given below: 

(5.4) 

The above process should not be allowed to occur because oxygen is the natural oxidant 

for GOx, and will attenuate the amperometric signal in sensors based on mediators. It 
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has been reported that rapid destruction ofTTF-TCNQ crystal occurs upon exceeding the 

potential limit.21 The crystal is destroyed because TTF· is fom1cd which is soluble in 

solution. The stable potential limit depends upon the stabilization gained upon 

complexation and the relative electrode potentials of the constituent compounds. It has 

been observed that +250 mV vs Ag/AgCI is the upper limit for stable sensor response. 22 

In subsequent experiments, a potential of+ 150 m V vs Ag/ AgCl is applied to glucose 

measurements. 

c. Performance of glucose sensors 

The performance of glucose sensor A is shown in Figure 5-3. In the 

absence of oxygen, the reduced glucose oxidase is oxidized by the electrode material, 

resulting in high sensitivity for glucose at low glucose concentrations. The apparent 

Michaelis-Menten constant (KM) is determined from the electrochemical Eadie-Hofstee 

• '3 '4 equat10n: - ·-

(55) 

where j is the steady state current, jma~ is the maximum current measured under 

conditions of enzyme saturation, and C is the glucose concentration. KM' can be obtained 

from the slope of the plot of j vs j/C. The K~1· of the sensors without mass transport 

limiting layer is about 2.3 mM [see Figure 5-4). which is close to the value (~2.5 mM) 

observed by Kawagoe et al. 13 The pattern of the sensor performance in the solution 
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Figure 5-3. The perfonnance of sensor A. No mass transport limiting layer was 
employed. The measurements were made in the solution under air (v) and in the absence 
of oxygen (n=5). Eapp = + 150 m V vs Ag/ AgCl. 
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under air is like a sigmoidal curve. Sensor A exhibits low sensitivity at low glucose 

concentrations under air. This nonlinear response is due to the strong oxygen 

competition with the TIF-TCNQ for reoxidation of GOx at low glucose concentrations, 

resulting in a substantial decrease in the catalytic ampcrometric response. With 

increasing glucose concentrations, oxygen is depicted in the system and the GOx is 

mainly reoxidized via the TIF-TCNQ, resulting in higher sensitivity for glucose. As 

discussed in the introduction, it is challenging to measure glutamate in CNS because 

glutamate is a neurotransmitter and its release and uptake occur quite rapidly and because 

the level of glutamate is much lower than those of electrochemically oxidizable 

interferants. Therefore, attempting to employ TIF-TCNQ for glutamate sensors may 

not be a viable approach because of the strong oxygen competition at low glutamate 

levels (~micromolar levels). In addition, ascorbatc interference can be a big problem. 

It has been reported that ascorbate is present at concentrations of greater than 200 µM 

in the extracellular fluid of the brain. 25.26-27 At the potential of+ 150 m V vs Ag/ AgCI, the 

problem of electrochemical interference is significantly reduced. There is no observable 

signal from the injection of uric acid, dopamine or acetaminophen at the TTF-TCNQ 

modified Pt/Ir electrodes. However. a large signal from ascorbate is observed at the 

TIF-TCNQ modified Pt/Ir electrodes [195 (±25) nA/0.1 mM ascorbate. n=4 ]. On the 

other hand, the ascorbate signal at the bare Pt/Ir electrodes is quite small (I 6 (±4) nA/0.1 

mM ascorbate, n=4]. Therefore, it is realized that ascorbate is catalytically oxidized at 

TIF-TCNQ electrodes. The ascorbate interference in TTF-TCNQ based glucose sensors 
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has been reported. 13•20 A differential method has been used to remove the interference 

from ascorbate.20 The method uses two ITF-TCNQ electrodes with equal area; one with 

active GOx, and the other with denatured GOx. However, it will be difficult to produce 

sensors with exactly the same sensitivity for ascorbatc. In addition, it should be 

guaranteed that the concentration of ascorbate around the two sensors is the same, which 

may be a subject of debate because brain functions in the CNS are highly localized. An 

interesting idea has been reported for the elimination of ascorbatc interference. The idea 

is based on employing AOx. 13 However, AOx requires oxygen as a co-substrate (sec 

Equation 5.3), which limits its application for in vivo measurements. The range of 

oxygen levels in the rat brain has been demonstrated to vary dramatically from 4 to> 145 

µM throughout the capillary zone in the brain owing to the distributions of the diffusion 

zones of oxygen in tissue around capillaries.29·3° Figure 5-5 shows the performance of 

sensor B, in which AOx is employed. The AOx layer should not electrochemically 

interact with the TIF-TCNQ-GOx layer. Therefore, a poly lysine layer is placed between 

the TTF-TCNQ-GOx layer and the AOx layer. The polylysine layer is stabilized by 

crosslinking using glutaraldehyde. The ascorbate signal is completely removed in air-

saturated solution, where the oxygen concentration is about 240 µM. However. a large 

signal is seen in the absence of oxygen. This is because A Ox requires oxygen as a co-

substrate. Figure 5-5 shows the ascorbate signal depending on oxygen partial pressure. 

To clarify the relationship between oxygen and ascorbate interference. the system is first 

equilibrated with air, in which condition the approximate oxygen concentration is 240 
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sensor B in the absence of glucose. For oxygen measurements, the oxygen sensor 
is applied at -600 m V vs Ag/ AgCI. The sensor B is applied at + 150 m V vs 
Ag/AgCI. 

122 



µM. Two consecutive injections of ascorbate are made, with each injection giving a I 00 

µM increase in concentration in the cell, to create a total ascorbate concentration of 200 

µM. Argon is bubbled through the solution to reduce the oxygen level. The oxygen 

level is monitored with the oxygen sensor. Since there is no glucose present in the buff er 

solution, AOx is the only enzyme consuming oxygen for the catalytic oxidation of 

ascorbate. At oxygen levels higher than 55(±5) µM (n=6), ascorbate is effectively 

converted to dehydroascorbate, which is not electrochemically active, resulting in no 

sensor response to ascorbate. However, as the oxygen level decreases to the value lower 

than 55 µM, the signal from ascorbate starts to increase. This is obviously because 

ascorbate oxidase cannot effectively convert ascorbate into dehydroascorbate under that 

situation. Therefore, there is some limitations to employing AOx for in vivo 

applications. 

When the TfF-TCNQ-GOx layer is coated with polylysine and Nation (Sensor 

C), the ascorbate interference is remarkably reduced [1.6 (±0.3) nA/0. I mM ascorbate, 

n=5]. This is mainly because Nation, which is a negatively charged polymer for cation 

exchanger, repels anionic ascorbate. Glucose, which is not charged, is retarded by 

Nation to much less extent. The sensitivity of 10.7 (±2.3) nNmM glucose (n=5) is 

obtained. It has been reported that Nation is very effective for the selective 

measurements of cationic species such as dopamine and epinephrine in the presence of 

anionic ascorbate or urate.30.3 1 The basal brain extracellular glucose concentration in 

normoglycemic rats under anesthetized conditions has been reported to be about 2.6 
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mM. 32 Assuming that the average ascorbate level is 0.2 mM,25•26·27 the ascorbate 

interference in the glucose sensors is less than 12% of the glucose signal at 2.6 mM 

glucose in the conditions of oxygen absence. By the way, Nation may not be employed 

for the mass transport limiting layer for glutamate sensors because it is negatively 

charged and repels not only ascorbate but also glutamate, which is negatively charged 

in physiological pH. An additional advantage of applying poly lysine and Nation on top 

ofTIF-TCNQ-GOx layer is that the linearity for glucose is significantly improved (Sec 

Figure 5-6). The KM' of the sensors with poly lysine and Nation is about 48 mM. This 

is achieved by controlling glucose transport through the layer of polylysine and Nation. 

The large value of KM' means that the diffusion of glucose is rate limiting at 

concentrations where the response is linearly proportional to concentration. It is 

relatively easy to achieve good linearity at high glucose levels because oxygen is 

partially depleted by the enzymatic reaction at high glucose levels so that there is not 

enough oxygen to compete with mediators for the reoxidation of prosthetic group 

(FADH2) ofGOx. The reduced GOx reacts with oxygen at rate of about 2xl06M·1sec·'.33 

The real challenge is to achieve good linearity at low glucose levels. This is achieved 

in this work by both immobilizing GOx close to TIF-TCNQ crystals and coating with 

poly lysine and Nafion to cut d0\\11 the transport of oxygen. Polyallylamine and Nation 

have been used to control the diffusion of oxv!!en.34·35 Figure 5-7 shows the influence -- -
of oxygen in the glucose sensors fabricated with polylysine and Nation layers. The 

oxygen concentration in the solution under air is about 240 µM. The glucose sensors in 
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the solutions under air show about 55% of the response in the absence of oxygen at 2 

mM glucose, which is a significant improvement compared to the work of Kawagoe ct 

al, 13 considering the fact that the actual glucose concentration around the TTF-TCNQ-

GOx layer is much lower than 2 mM because of the poly lysine and Nation layer. The 

electrostatic interface between cationic polylysine and anionic Nation reduces the 

oxygen/glucose permeability ratio. The current obtained under air by Kawagoc ct al was 

less than 40% of the current obtained under nitrogen at 2 mM glucose using TfF-TCNQ 

electrodes without any mass transport limiting layer. 13 The response time, defined as the 

time for current to rise 90% of its maximum, of less than 30(±5) sec (n=5) is observed 

in the absence of oxygen. A longer response time is observed at conditions where the 

system is saturated with air and the response time is related to glucose levels. More 

specifically, longer response time is observed when the concentration of glucose is 

changed from O to 2 mM than when changed from 2 to 4 mM. This is because, as 

discussed previously, at low glucose levels, the oxygen competition is stronger. 

The background current of 5(±3) nA (n=5) is observed. It seems that the 

background current is mainly from the oxidation of TTF as follows: 

2TTF-TCNQ --> 2TCNQ + 2TTF• + 2e· (5.6) 

A decrease in the anodic background current has been observed in the presence of 

hydrogen peroxide, 14 which suggests a following reaction: 
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(5.7) 

From the equation (5.6) and (5.7), the following equation can be derived: 

Therefore, the above reaction supports the notion that the oxidation current of TTF 

contributes the anodic background current. It is also observed that the background 

current is related to the amount ofTTF-TCNQ loaded; the more the TTF-TCNQ crystals, 

the higher the background current, which further supports the above hypothesis. 

The working stability of the sensor C is tested for 5 day period. Each day the 

sensor was used continuously for more than 3 hours. As seen in Figure 5-8, after 5 days, 

the sensors remain active with more than 60% (n=4) of the initial response. The increase 

in sensitivity on day 2 may be due to the establishment by GOx of a more favorable 

configuration or to the increase in glucose flux through the polylysine and Nation layers 

resulting from the increase in the number of pores or the pore size in the layers. A 

similar phenomenon has been observed by Khan et al.22 It has been reported that the life 

time of glucose biosensors is related \Vith the amount of TTF-TCNQ loading; the more 

the TTF-TCNQ, the longer the lifetime.21 It is possible that the sensitivity loss is from 

the mediator leaching. The sulfoxide formation through the oxidation on sulfur of TIF 

by hydrogen peroxide could be a possible reason for the sensitivity loss. 36 Although the 

128 



130 

120 

110 

100 

90 -"#, 80 -Cl) 
(I) 
C 70 0 
C. 
(I) 

! 60 
Cl) 

.::!: - 50 ca 
'ii ... 

40 

30 

20 

10 

0 

0 1 2 3 4 5 
day 
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lifetime of glucose biosensors reported by Khan et al is much longer (e.g. a relative 

response higher than 80% after 20 days), it seems that the shorter life time observed in 

this work is because the amount ofITF-TCNQ loading is limited by the sensor geometry 

for potential implantation (see Figure 5-1 ). However, there is a possibility of GOx 

inactivation, which causes short life time of the glucose sensors. 

4. Conclusion 

The glucose biosensors based on ITF-TCNQ as a mediator arc developed. TTF-

TCNQ crystals directly formed on Pt/Ir wire arc very effective for the mediation between 

enzymes and electrodes. Both low potential applied and fast mediation make the glucose 

sensors respond to glucose specifically with complete freedom from electrochemical 

interferences with the help from Nation. Improvement in linearity is an additional 

advantage of employing the mass transport limiting layer with polylysine and Nation. 

Although sensors with ascorbate oxidase eliminate the ascorbatc interference very 

effectively (e.g. under oxygen levels higher than 55 µM), its effectiveness is limited by 

the availability of oxygen in the system. The possibility of using ITF-TCNQ electrodes 

for glutamate sensors is implied. However, hugh parasitic effect of oxygen at low 

glutamate concentrations (~micromolar concentration) and ascorbate interference will 

be the major obstacles for reliable glutamate measurements. 
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Chapter 6 

Overall conclusion: Why is it so difficult to develop mediator-based biosensors 

for long term in vivo measurements? 

I. Discussion 

Our interest has been in developing oxidase-based amperometric biosensors for 

continuous in vivo monitoring of physiologically important molecules such as glucose, 

glutamate and lactate. We have approached this goal in two different ways; i) measuring 

the oxidation of hydrogen peroxide, which is produced as a product of the enzymatic 

oxidation of substrates in the presence of oxygen, ii) measuring the oxidation of artificial 

mediators in their reduced states, which are produced as a result of the electron transfer 

between oxidases in reduced state and mediators in oxidized state. The fundamental 

concepts of each method are illustrated in Chapter I. The discussion in this chapter is 

focused on the issue, "Will it be possible to develop mediator-based biosensors for long 

term in vivo measurements?" To say "yes" as the answer to the above question, the 

sensor should satisfy the following criteria: 

a. Stability of sensors for a long period of time (at least several days). 

b. Freedom from electrochemical interferences. 

c. Independence of oxygen partial pressure. 

The above criteria are very much dependent upon the particular application. Glucose and 

glutamate are good exemplary analytes for the discussion in this chapter. Glucose is the 
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major energy source in brain and body for humans.' In normal man, blood glucose 

concentrations are usually maintained within the range of 2.5 to 7.3 mM.2 In diabetes, 

blood glucose concentrations range from 2 to 30 mM.3 Glutamate is one of the 

principal neurotransmitters in the mammalian brain.4•7 The level of glutamate is much 

lower than that of glucose. The basal extracellular concentration of glutamate in brain 

ranges from 1 to 5 µM. 8•9 Under pathological conditions, such as anoxia and ischemia, 

the extracellular concentration of glutamate has been shown to increase by as much as 

160 times. 10- 12 Talking about the sensing sites, ascorbatc is a major interfcrant in the 

extracellular environment of the brain because of its high concentration and rapid 

concentration fluctuations evoked by neuronal stimulation. 13 Therefore, the sensors for 

the implantation in brain should be almost completely free from electrochemical 

interferences. In addition, since glutamate release is followed by fast uptake. the 

response time is of fundamental importance for the application of the sensor to 

glutamate measurements in brain. Now, we would like to discuss more specifically the 

criteria mentioned above. 

a. Stability and calibration 

It has been observed that the sensitivities of electrochemical sensors arc 

altered after implantation. A decrease in sensitivity with exposure to subcutaneous tissue 

and to brain tissue is generally observed. 14-16 This decrease is presumably the result of 

adsorption of endogenous species on the sensor surface. 17 The degree of sensitivity 

decrease varies from experiment to experiment and is hardly predictable. Therefore, 
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calibration is an essential requirement for in vivo measurements. In cases of 

measurements in subcutaneous tissue, calibration can be pursued relatively easily by 

taking blood while measuring the analyte of interest. However, this approach to 

calibration is not applicable to the measurements in brain. Immediate calibration right 

after explantation of sensors may be the only way to estimate in vivo sensitivity. 18 If 

frequent calibrations were to be made due to the lack of the long term stability of sensors, 

the advantage of continuous measurements would be diminished. Therefore, the long 

term stability of sensors is very important for successful in vivo measurements. 

Oxidases may lose their activity by three different pathways; a) loss of prosthetic group, 

b) chemical changes in the prosthetic group, and c) changes in conformation due to the 

alteration of amino acid residues. There have been no reports specifically dealing with 

the inactivation mechanism of oxidases. However, it can be said that oxidation is one 

of the major degradation pathways for proteins. 19 The side chains of methionine, 

histidine, tyrosine, tryptophan and cysteine are all potential oxidation sites in many 

proteins. Hydrogen peroxide produced during enzymatic reaction is a fairly good 

oxidant and can stoichiometrically oxidize methionine to methionine sulfoxide.20•21 In 

addition, other residues including tryptophan, tyrosine, cysteine and histidine are known 

to be sensitive to hydrogen peroxide.22 Other modifications include oxidation of 

carbohydrate. Therefore, we can cautiously predict that hydrogen peroxide is involved 

in the activity loss of oxidases. For the mode detecting the oxidation of hydrogen 

peroxide, the problem of instability due to the loss of enzyme activity can be easily 
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solved. In the case of glucose sensors, glucose oxidase is immobilized in excess and a 

mass transport limiting layer is employed. Polyurethane, possessing a high 'hard block' 

content, is fairly hydrophobic. Therefore, it allows oxygen to penetrate while retarding 

hydrophilic glucose penetration. As a result, only a small amount of hydrogen peroxide 

is produced because the actual glucose concentration in the enzyme layer is much lower 

than that in bulk. In addition, hydrogen peroxide is actively transported toward the 

electrode surface and converted into relatively less reactive oxygen. Although the 

activity of glucose oxidase decreases over time, the sensor output remains constant 

because the sensor output is controlled by the flux of glucose through the external 

polyurethane membrane rather than the enzyme activity as long as the activity of the 

enzyme is high enough to oxidize all glucose as soon as it arrives in the enzyme layer. 23 

The limited long-term operational stability of mediator-based sensors is attributed in part 

to mediator leaching or deactivation.24 Approaches such as attachment of the mediator 

to high molecular weight compounds, entrapment of the mediator and enzyme in 

conducting polymer films, covalent attachment of mediator to a polymer film, 

modification of oxidases with mediator molecules. and the use of polymeric mediators 

have all been investigated to overcome mediator leaching.24•32 A combination of 

mediator-modified enzyme entrapped in osmium-modified gel results in particularly high 

current densities (2-5 µA/cm2/mM glucose). This so called 'electrical wiring' of the 

redox center of glucose oxidase with the electrode surface via redox gels may offer 

benefits in the development of a stable implantable glucose sensor.33•38 The poor 
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stability of the osmium complex-based glucose sensor has been reported by Zakeeruddin 

et al.39 The stability of the osmium complex-based glucose sensor has been improved 

by overcoating the sensing layer to attenuate the glucose flux.37•38 Bartlett et al showed 

that glucose oxidase modified with either fcrrocenemonocarboxylic acid or 

ferroceneacetic acid was not suitable for use in an amperometric sensor because of the 

poor stability of ferricinium form of the mediator in neutral aqueous solution. 31 4-[(3'-

Carbohydroxypropyl)thio ]-5-(methylthio )-tctrathiafulvalenc was synthesized and used 

as a mediator after covalent attachment to glucose oxidase.40 The study shows that the 

sensor loses its sensitivity rapidly over time. The catalytic current decreased to half of 

its original value in 1-2 h under argon atmosphere. Even faster loss in sensitivity was 

observed W1der air saturated solution. Bartlett et al claim that the operational instability 

appears to arise from reactions between the tetrathiafulvalene and hydrogen peroxide 

generated by the enzymatic reaction with oxygen present in the solution. A similar 

phenomenon is observed for the glucose biosensor with covalently immobilized thionine 

as a mediator. The ,vork is presented in Chapter 4 of this dissertation. "Could long term 

stability be achieved by immobilization of an excess of mediator molecules?'' "Maybe 

no." Practically it is difficult to covalently immobilize mediator molecules in excess 

because there should be functional groups available in enzyme molecules for covalent 

attachment. When a polymer matrix is used for high mediator loading, the amount of 

mediator can be significantly increased. However, the solubility of the resulting polymer 

complex is very much dependent on the amoW1t of mediator loaded. When the polymer 
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precipitates, its mediation efficiency will be significantly reduced because of the lack of 

mobility of mediator molecules. The mechanism of electron transfer for mediator-based 

sensors is somewhat diverse because when mediator molecules arc covalently 

immobilized, the mobility of each molecule is significantly confined. The sensor output 

will depend upon the overall electric communication among enzyme molecules, mediator 

and electrode surface involving mechanisms such as direct electron transfer, electron 

tunneling and electron hopping. Therefore, the activities of each enzyme molecule and 

mediator molecule arc very important for consistent sensor output during the entire 

period of operation. "Will it be a good idea to employ a membrane, which is designed 

to control the flux of an analytc of interest and oxygen to achieve the advantages such 

as extended stability and improved linearity, observed in the sensor detecting the 

oxidation of hydrogen peroxide?" The perfect membrane would completely block 

oxygen transport allowing substrate transport. The idea is based on the fact that oxygen 

can be "salted out" at high electrostatic membranes. However, there have been no 

reports of the existence of such a membrane. It may well be because oxygen is much 

smaller than enzyme substrates of our interest and it will be extremely difficult to 

fabricate a membrane with that property. Adversely. membranes attenuating the flux of 

substrate are not desirable for mediator-based sensors because of the nonlinear behavior 

of sensors especially at low substrate concentrations. Further discussion may be found 

in a later section where oxygen influence is presented. 

An important parameter related to in vivo calibration is the residual current. Zero 
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or close to zero residual current will be the best situation for easy calibration. Or at least, 

constant residual current should be maintained tlm n1ghout the period of operation. 

However, this is not the case for mediator-based sensors. It has been observed that the 

residual current is related to the electrode potential and the amount of mediator loaded; 

the higher the electrode potential, the higher the residual current, and the more the 

mediator, the higher the residual current."11 A similar phenomenon is observed for the 

sensors employing thionine and TIF-TCNQ as mediators as presented in Chapter 4 and 

5 of this dissertation. It is difficult to explain because once oxidized mediators at the 

electrode should stay in the oxidized form, and there should be no anodic current unless 

the mediator is reduced by the reduced enzyme, which is generated during enzymatic 

reactions. However, the anodic current is maintained after applying a potential to an 

electrode. It seems that mediators, which transfer charges and therefore arc conducting, 

function like a virtual electrode. It will be easy to accept the notion that the residual 

current is related to the surface area of the electrode. This may be why the residual 

current of mediator-based sensors is typically much higher than that of a sensor without 

mediators. The residual current generates a serious problem for in vivo applications. 

As discussed earlier, mediators are subject to decay during operation. When a mediator 

loses its ability to transfer charge. the residual current is affected. thus complicating the 

maintenance of the in vivo calibration. 

b. Freedom from electrochemical interferences 

The advantages of employing mediators in biosensors should include the 
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sensor perfonnance with the freedom from electrochemical interferences and the 

independence of oxygen partial pressure. The freedom from electrochemical interference 

can be achieved by choosing a right potential, where endogenous species such ascorbate, 

urate and acetaminophen are not oxidized. Therefore, the overpotential for regeneration 

of the oxidized mediator should be low enough not to oxidize endogenous clectroactive 

species. An important thing to consider is that the applied potential should not be too 

low because the reduction of oxygen or hydrogen peroxide may occur at such low 

applied potentials. The oxygen levels may fluctuate in the brain, and oxygen is the 

natural substrate of oxidases. The half wave potentials for uratc and acetaminophen arc 

+330 mV and +400 mV vs Ag/AgCI, respcctively.42 The ascorbate interference has been 

the most difficult to solve because of its low Err ( -130 mV vs Ag/AgCI). 43 l11e problem 

of ascorbate interference has been reported in osmium-based glucose sensors34 and TTF-

TCNQ-based glucose sensors.44 It has been proven in Chapter 3 of this dissertation that 

putting extremely thin membranes on electrode surface is not a viable approach for the 

complete elimination of interferants because extremely thin membrane cannot efficiently 

block interferants. When a thicker membrane is employed for the complete elimination 

of interferants, electron transfer between the mediator and the electrode may not occur. 

The use of ascorbate oxidase is an interesting idea because the oxidation product is water 

instead of hydrogen peroxide. Its use has been reported.45-47 However, since oxygen is 

required as a cosubstrate for the enzyme. the oxygen level in the system will be an 

important factor for the successful elimination of ascorbate interference. The work on 
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the ascorbate elimination depending on oxygen partial pressure has been reported in 

Chapter 5 of this dissertation. In the case of glucose measurements, negatively charged 

membranes can be employed as an outer membrane to retard the ascorbatc flux. Nation 

is successfully employed for the TIF-TCNQ based glucose sensor as reported in Chapter 

5, mainly because the level of glucose in vivo is higher than those of interfcrants and 

glucose is not charged. Nation will not be applicable for other sensors designed to 

measure glutamate or lactate because glutamate and lactate arc negatively charged in the 

physiological pH of vertebrates. 

c. Independence of oxygen partial pressure 

Ideally, the performance of a mediator-based sensor should not be affected 

by oxygen partial pressure. So far, there have been no reports of mediator sensors 

performing independent of oxygen partial pressure. "Why is it?" In many cases, rapid 

electrochemical reoxidation of the prosthetic group of oxidase is inhibited because the 

redox center is buried in a deep pocket that is covered by a protein or glycoprotein shell. 

For example, flavin adenine dinucleotide (FAD) is the redox center of glucose oxidase 

and F ADH, is its reduced form. The prosthetic group is deeply buried in the enzyme and 

is highly bound, so it is unable to contact to the electrode for reoxidation. Therefore, it 

\\ill be necessary to use mediator to facilitate the electron transfer between enzyme and 

electrode. However, irrespective of the degree or method of immobilization. mediators 

have failed to out-compete oxygen. A sigmoidal response curve in the presence of 

oxygen is commonly found in all mediator-based sensors. The initial nonlinear response 
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in the presence of oxygen can be explained by the competition between oxygen and the 

mediator for reoxidation of enzyme at low substrate concentrations. Oxygen is depicted 

within the enzyme layer with increasing substrate concentration and under such 

conditions the enzyme is mainly reoxidized via the mediator, resulting in higher 

sensitivity. The hypothesis that oxygen depiction is the cause of the sigmoid calibration 

curve shown by mediated oxidase electrodes in the presence of both mediator and oxygen 

has been confirmed by Martens et al.48 We have developed sensors with three different 

mediators; a) covalently immobilized fcrrocenecarboxylic acid (work shown in Chapter 

3), b) covalently immobilized thionine (work shown in Chapter 4), and c) TTF-TCNQ 

(work shown in Chapter 5). It is shown that TTF-TCNQ is the most efficient mediator 

among those three mainly because the mediation is performed by the soluble mediating 

components from the TfF-TCNQ crystals.49•51 The sigmoid calibration curve will be a 

significant drawback of mediator-based sensors, considering the complex in vivo 

calibration along with the inherent instability of the sensor as discussed previously. 

The response time of mediator-based sensors is an interesting subject to discuss. 

Longer response time is observed at low analyte concentration than high analyte 

concentration in the presence of oxygen. Csoregi et al reported the response time when 

the concentration of glucose was abruptly changed from 5 to IO mM.38 It be normal to 

present the response time when concentration is changed from zero to some finite 

concentration. We have observed slower response at low analyte concentration rather 

than high anal)1e concentration, which must be a bad sign for the development of sensors 
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for analytes oflow physiological concentration, for example glutamate. Obviously, the 

slow response at low concentrations is caused by the strong oxygen competition as 

discussed previously. 

d. Consumption of analytes 

Analyte consumption is inevitable in amperometric biosensors because 

the determination method is not equilibrium-based. When an analyte is significantly 

consumed by the sensor, two things may occur; a) the physiology in the vicinity of the 

site of sensor implantation may be affected. b) if the analyte is not replenished by the 

surroundings, the sensor will "see" lower analyte concentration than that characteristic 

of the region. Therefore, it will be very important to minimize the analyte consumption 

by the sensor operation. Employing a membrane to cut down the transport of an analyte 

should be the answer to the problem of analyte consumption. The beneficial side effect 

of employing a mass transport limiting layer is an improved linearity and improved 

stability of sensors because the output current is determined not by the enzyme kinetics 

but by the diffusion through the membrane. However. the above idea should be carefully 

applied for mediator-based sensors because the oxygen interference is strong at low 

analyte concentrations. 

e. Electrode fouling 

A negative error can be produced by electrode fouling. which is the 

passivation of the electrode surface by the adsorption of biocompounds, resulting in a 

decrease in current over time. It has been kno\m that species of high molecular weight 
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such as proteins, lipids and sugars are the major source of fouling. It has been reported 

that the electrode fouling is caused by the electrooxidation products of ascorbate. 52 narc 

platinum and modified platinum electrodes have been compared in terms of their 

responses to hydrogen peroxide.53 According to the report, the bare Pt electrodes arc 

fouled considerably in a buffer solution containing 20% bovine scrum, resulting in a 

significant decrease in response to hydrogen peroxide. Alternatively, the Pt electrodes 

covered with poly(l,3-diaminobenzenc/resorcinol) arc not fouled by the scrum solution, 

and the response to hydrogen peroxide docs not change. And the performance of 

biosensors with the above permselectivc membrane has been tested for the determination 

of glucose in human serum. Glucose in human scrum can be accurately determined with 

no fouling. 

On the other hand, it has been reported that the current of osmium-based glucose 

biosensors drops drastically but reversibly when used in scrum; the current is restored 

when the sensors are removed from serum and arc retested in buffer.54 The significant 

fouling may be coming from the absence of inner membrane in mediator-based sensors. 

Inherently, no membrane is employed on the surface of electrodes for mediator-based 

sensors. The reason was explained earlier. Therefore. the problem of electrode fouling 

will be a big obstacle for in vivo application of mediator-based sensors. 

f. Miscellanies 

In mediator-based biosensors. the problem of cross-reactivity becomes 

quite complicated because mediators. enzyme. electroactive species. oxygen and 
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hydrogen peroxide may all participate in an enzymatic reaction and contribute to the 

overall output current. It has been reported that hyd -~xymethyl fcrroccne reacts with 

ascorbate.55 Ideally, the mediator should be reduced only by FADH2• When fcrricinium 

is reduced by ascorbate, the output current of the sensor will be higher than it should be. 

The degree to which such a homogeneous reaction would contribute to the current would 

depend on many factors, including the relative concentrations of enzyme. substrate, 

mediator, and interferants in the reaction layer, and the relative rate constants for reaction 

of mediator with interfcrants and substrate. The problem of cross-reactivity would be 

serious in applications where low analyte concentrations must be detected. 

The natural O/H20 2-based amperometric sensors are safe, because vertebrates 

are abundantly equipped with catalase, which decomposes H20 2 to water and oxygen. 

On the other hand, although it is claimed that artificial mediators are fully immobilized, 

there still will be a constant threat of mediator leakage into the body fluid. Such escape 

would cause the equivalent of an electrical short in delicately interconnected biological 

electron-transfer routes. 

2. Conclusion 

We have discussed in detail the possibility of in vivo application of mediator-

based biosensors for long term measurements through extensive review of others· work 

and our results. Obviously, the problem includes strong oxygen influence at low analyte 

concentrations, ascorbate interference and limited operational stability. To solve the 
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problem, we can attack in two ways. First, it will be necessary to develop membranes 

to attenuate the oxygen flux completely. Second, mediators with the characteristics of 

fast electron transfer with oxidases, long tenn stability and low E0' must be developed. 

To be completely free from the complication associated with oxygen, the use of 

dehydrogenases could be considered. In this case, the immobilization of the cofactor will 

be a key to success. Relatively recently discovered pyrroloquinoline quinone (PQQ) 

bound dehydrogenases will relieve the difficulties of the cofactor immobilization. 

However, only a small number of these enzymes have been characterized. In general. 

the size of NAD(P)H is bigger than those of analytes. Therefore, it may be possible to 

develop membranes which hold NAD(P)H inside allowing analytes to penetrate. Still. 

the effort to lower the overpotential for the oxidation ofNAD(P)H should be continued 

to solve the problem of electrochemical interferences. 

147 



References for Chapter 6 

I. Siesjo, B.K. Brain Energy Metabolism Wile:·. New York, 1978. 

2. Alberti, K.M.; Dornhorst, A.; Rowe, A.S. l,;r. J. Med Sci. 1975, 11, 571-580. 

3. Claremont, DJ.; Pickup, J.C. Biosensors: Fundamentals and Applications 

(Turner, A.P.F.; Karubc, I.; Wilson, G.S., eds.) Oxford: Oxford Science 

Publications 1987, pp 356-376. 

4. Curtis, D.R.; Phillis, J.W.; Watkins, J.C . .I. Physiol. 1960, 150, 656-682. 

5. Johnson, J.L.; Aprison, M.H. Brain Res. 1970, 24, 285-292. 

6. Bliss, T.V.P.; Collingridge, G.L. Nature 1993, 361, 31-39. 

7. Vali, K.; Vijayan, E. Biochemistry International 1992, 26, 7-15. 

8. Benveniste, H.; Drejer, J.; Schousboe, A.; Diemer, N.H . .I. Neurochem. 1984, 

43, 1369-1374. 

9. Hagberg, H.; Lehmann, A.; Sandberg, M.; Nystrom, B.; Jacobson, I.; Hamberger, 

A. J. Cereb. Blood Flow Metab. 1985. 5, 413-419. 

IO. Attwell, D.; Barbour, B.; Szatkowski, M. Neuron 1993. 11, 401-407. 

11. Sarantis, M.; Attwell. D. Brain Res. 1990, 516, 322-325. 

12. Szatkowski, M.; Barbour, B.; Attwell, D. Nature 1990. 348, 443-446. 

13. Grunewald, R.A. Brain Res. Rev. 1993, 18, 123-133. 

14. Thome-Duret, V.; Gangnerau, M.N.: Zhang, Y.; Wilson. G.S.: Reach. G. 

Diabetes Metab. (Paris) 1996, 22, 174-178. 

15. Woodward, S.C. Diabetes Care 1982, 5278-281. 

148 



16. Stamford, J.A. J. Neurosci. 1986, 17, 1-29. 

17. Elbicki, J.M.; Weber, S.G. Biosensors 1989, -t. 251-257. 

18. Hu, Y.; Wilson, G.S. J. Neurochem. 1997, 68, 1745-1752. 

19. Nguyen, T.H. Formulation and Delivery of Proteins and Peptides 1994. 58-71. 

20. Li, S.; Schoneich, C.; Wilson, G.S.; Borchardt, R.T. Pharm. Res. 1993, JO. 

1572-1579. 

21. Schoneich, C.; Zhao, F.; Wilson, G.S.; Borchardt, R.T. Biochim. !Jiophys. Acta 

1993, 1158, 307-322. 

22. Brot, N.; Weissbach, H. Arch Biochem. Biophys. 1983, 223, 271-281. 

23. Wilson, G.S. Biosensors: Fundamentals and Applications (Turner, A.P.F.: 

Karube, I.; Wilson, G.S., eds.) Oxford: Oxford Science Publications 1987, pp 

165-179. 

24. Schuhmann, W.; Wohlschlager, H.; Lammert, R.; Schmidt. H.L.; Loffler, U.; 

Wiernhofer, H.D.; Gopel, \V. Sensors Actuators B 1990, I, 571-574. 

25. Mitzutani, F.; Asai. M. Denki Kagakui 1988, 56. 1100-1 IOI. 

26. Lee, H.S.; Lui, L.F.; Hale, P.O.; Yokomato. Y. Heteroat. Chem. 1992. 3, 303-

3 I 0. 

27. Foulds, N.C.; Lowe, C.R. Anal. Chem. 1988. 60. 2473-2478. 

28. Iwakura. C.; Kajiya, Y.: Yoneyama, H. J. Chem. Soc. Chem. Commun. 1988. 

1019-1021. 

29. Dicks, J.M.; Hattori, S.; Karube, I.: Turner, A.P.F.: Yokozmva. T. Ann. Biol. 

149 



Clin. 1989, 47, 607-619. 

30. Degani, Y.; Heller, A. J. Phys. Chem. 1987, 91, 1285-1289. 

31. Bartlett, P.N.; Whitaker, R.G.; Green, M.; Frew, J. J Chem. Soc. Chem. 

Commun. 1987, 1603-1604. 

32. Hendry, S.P.; Cardosi, M.F.; Neuse, E.W.; Turner. A.P.F. Anal. Chim. Acta 

1993, 28 l, 453-459. 

33. Gregg, B.A.; Heller, A. Anal. Chem. 1990, 62, 258-263. 

34. Maidan, R.; Heller, A. Anal. Chem. 1992, 64, 2889-2896. 

35. Ohara, T.J.; Rajagopalan, R.; Heller, A. Anal. Chem. 1993, 65, 3512-3517. 

36. Ohara, T.J.; Rajagopalan, R.; Heller, A. Anal. Chem. 1994, 66, 2451-2457. 

37. Csoregi, E.; Quinn, C.P.; Schmidtke, D.W.; Lindquist. S.-E.; Pishko. M.V.: Ye, 

L.; Katakis, I.; Hubbell, J.A.; Heller, A. Anal. Chem. 1994, 66, 3131-3138. 

38. Csoregi, E.; Schmidtke, D.W.; Heller, A. Anal. Chem. 1995, 67, 1240-1244. 

39. Zakeeruddin, S.M.; Gratzel, M.: Fraser. D.M. Biosensors & Bioelectronics 

1996, 11, 305-315. 

40. Bartlett, P.N.; Booth, S.; Caruana. D.J.; Kilburn. J.D.: Santamaria, C. Anal. 

Chem. 1997, 69, 734-742. 

41. Kulys, J.; Wang, L.; Hansen, H.E.: Buch-Rsamussen. T.; Wang. J.: Ozsoz. M. 

Electroanalysis 1995, 7, 92-94. 

42. Palleschi. G.; Rahni, M.A.N.; Lubrano. G.J.; Ngwainbi. J.N.; Guilbault. G.G. 

Anal. Biochem. 1986, 159. 114-121. 

150 



43. Borsook, H.; Keighley, G. Proc. Natl. Acad. Sci. U.S.A. 1933, 19, 875-878. 

44. Boutelle, M.G.; Stanford, C.; Fillcnz, M.;Albcry, W.J.; Bartlett. P.N. 

Neuroscience Lett. 1986, 72, 283-288. 

45. Walker, M.C.; Galley, P.T.; Errington, M.L.; Shorvon, S.D.; Jefferys, J.G.R. ,/. 

Neurochem. 1995, 65, 725-731. 

46. Kawagoe, J.L.; Niehaus, D.E.; Wightman, R.M. Anal. Chem. 1991, 63, 2961-

2965. 

47. Hu, Y.; Mitchell, K.M.; Albahadily, F.N.; Michaelis, E.K.; Wilson, G.S. Brain 

Res. 1994, 659, 117-125. 

48. Martens, N.; Hindle, A.; Hall, E.A.H. Biosensors & Bioelectronics 1995. 10, 

393-403. 

49. Bartlett, P.N. J. Electroanal. Chem. 1991, 300, 175-189. 

50. Hill, B.S.; Scolari, C.A.; Wilson, G.S. J. Electroanal. Chem. 1988, 252, 125-

128. 

51. Zhao, S.; Korell, U.; Cuccia, L.; Lennox. R.B . .!. Phys. Chem. 1992, 96, 5641-

5652. 

52. Palmisano, F.; Zambonin. P.G. Anal. Chem. 1993. 65. 2690-2692. 

53. Geise, R.J.; Adams, J.M.; Barone, N.J.: Yacyncych. A.M. Biosensors & 

Bioelectronics 1991, 6. 151-160. 

54. Heller. A. J Phys. Chem. 1992. 96, 3579-3587. 

55. Creager, S.E.; Olsen, K.G. Anal. Chim. Acta 1995, 307, 277-289. 

151 


	FN-000001
	FN-000002
	FN-000003
	FN-000004
	FN-000005
	FN-000006
	FN-000007
	FN-000008
	FN-000009
	FN-000010
	FN-000011
	FN-000012
	FN-000013
	FN-000014
	FN-000015
	FN-000016
	FN-000017
	FN-000018
	FN-000019
	FN-000020
	FN-000021
	FN-000022
	FN-000023
	FN-000024
	FN-000025
	FN-000026
	FN-000027
	FN-000028
	FN-000029
	FN-000030
	FN-000031
	FN-000032
	FN-000033
	FN-000034
	FN-000035
	FN-000036
	FN-000037
	FN-000038
	FN-000039
	FN-000040
	FN-000041
	FN-000042
	FN-000043
	FN-000044
	FN-000045
	FN-000046
	FN-000047
	FN-000048
	FN-000049
	FN-000050
	FN-000051
	FN-000052
	FN-000053
	FN-000054
	FN-000055
	FN-000056
	FN-000057
	FN-000058
	FN-000059
	FN-000060
	FN-000061
	FN-000062
	FN-000063
	FN-000064
	FN-000065
	FN-000066
	FN-000067
	FN-000068
	FN-000069
	FN-000070
	FN-000071
	FN-000072
	FN-000073
	FN-000074
	FN-000075
	FN-000076
	FN-000077
	FN-000078
	FN-000079
	FN-000080
	FN-000081
	FN-000082
	FN-000083
	FN-000084
	FN-000085
	FN-000086
	FN-000087
	FN-000088
	FN-000089
	FN-000090
	FN-000091
	FN-000092
	FN-000093
	FN-000094
	FN-000095
	FN-000096
	FN-000097
	FN-000098
	FN-000099
	FN-000100
	FN-000101
	FN-000102
	FN-000103
	FN-000104
	FN-000105
	FN-000106
	FN-000107
	FN-000108
	FN-000109
	FN-000110
	FN-000111
	FN-000112
	FN-000113
	FN-000114
	FN-000115
	FN-000116
	FN-000117
	FN-000118
	FN-000119
	FN-000120
	FN-000121
	FN-000122
	FN-000123
	FN-000124
	FN-000125
	FN-000126
	FN-000127
	FN-000128
	FN-000129
	FN-000130
	FN-000131
	FN-000132
	FN-000133
	FN-000134
	FN-000135
	FN-000136
	FN-000137
	FN-000138
	FN-000139
	FN-000140
	FN-000141
	FN-000142
	FN-000143
	FN-000144
	FN-000145
	FN-000146
	FN-000147
	FN-000148
	FN-000149
	FN-000150
	FN-000151
	FN-000152
	FN-000153
	FN-000154
	FN-000155
	FN-000156
	FN-000157
	FN-000158
	FN-000159
	FN-000160
	FN-000161

